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Summary

Human organism has always been exposed to a vagta@rchemicals encountered in
the environment. Chemical revolution has signifttamnfluenced biological evolution of
humans leading to serious unpredictable toxicitiesiesponse to continual chemical stress
they have developed a variety of enzymes to tramsfihese xenobiotics. Xenobiotics are
mostly highly lipophilic and cannot readily be est&d from the body without metabolism to
more hydrophilic, water-soluble metabolites. Notyornvironmental chemicals represent
xenobiotics but also drugs, dietary components etc.

Biotransformation studies play an important role time drug discovery and
development process. Usually data from drug meisinak required before a new substance
can advance towards the development stages of dhseapeutic agent. Data on metabolism
is frequently used to optimize drug candidatesgesfymore active compounds or support
toxicology studies. The increased flux of new cheahentities into drug discovery has placed
an increased need for fast and reliable informatinrthe metabolism of these substances.
Liquid chromatography coupled with mass spectroynein meet demands for rapid drugs
and metabolites analysis imposed by modern drugpdesy strategies.

This dissertation thesis presents an evidence ofatiee usability of liquid
chromatography and mass spectrometry in drug miabstudy and brings new approaches
to solve questions of drug metabolism. Metabolidésquinlukast and sibutramine were
characterized using a direct infusion of samplés the ion trap mass spectrometer. Coupling
of liquid chromatography and mass spectrometry ledastudy of amlodipine metabolism in
detail. Differences in amlodipine metabolism frame thiral point of view, i.e. differences in
metabolism ofrac-, R- and S-amlodipine were specified. Further iinetabolic profile of
amlodipine was investigated and metabolic pathwgigdding twenty-one characterized
metabolites suggested. Liquid chromatography cauplgh mass spectrometry was utilized
in combination with “cocktail strategy”, in whichraixture of substrates is incubated at once,
and the metabolites of the substrates are detedmintbin a single assay. This combination
enabled to develop rapid and reliable quantitamethod for determination of glucuronides
and human recombinant UDP-glucuronosyltransferasé$ o.



Summary in Czech

Lidsky organismus byl od nepaitnvystaven Skale chemikalii, které se vyskytuji v
Zivotnim prostedi. Chemicka revoluce vyrazwovlivnila biologickou evoluci lidi a vedla k
vaznému nefedvidatelnému toxickémuupobeni &chto chemickych latek. Odpédi na
neustaly chemicky stres byl vyvoj Siroké paletyznych enzym, které jsou schopné
prenmenovat xenobiotika. Xenobiotika jsou obvykle vysogeofilni, a proto nemohou byt
vylouceny z €la bez pedchozi biotransformace na hydrofilni, ve ¥@dzpustné metabolity.
Mezi xenobiotikafradime nejen chemické latky Zivotniho ptedi, ale také kéva, slozky
potravy a dalSi latky cizi organismu.

Biotransformani studie hraji dleZitou roli ve vyzkumu i ve vyvoji lék Udaje o
metabolismu l&v jsou obvykle vyZadovany ipdtim, nez nova latka projde vSemi
vyvojovymi stadii a stane se Iékem. Informace o abelismu jsoucasto vyuZivany ke
zlepSovani vlastnosti budoucickilé umoziuji navrhnout Ginngjsi sloweniny, nebo jsou
vyuzivany v ramci toxikologickych studii. Se wustajicim pdtem now vyvijenych latek
stoupaji naroky na rychlé ziskani spolehlivych infaci o metabolismwthto latek. Spojeni
kapalinové chromatografie a hmotnostni spektrometaphuje pozadavek na rychlost a
spolehlivost analyzy tév a jejich metabolii, ktery udava strategie moderniho vyzkumu.

Tato disertéani prace pedklada dkaz o mnohostranné vyuzitelnosti kapalinové
chromatografie a hmotnostni spektrometrie pro simdmetabolismu v a @inasi nové
piistupy @i feSeni otazek biotransformaceiile Pomoci hmotnostni spektrometrie byly
charakterizovany metabolity quinlukastu a sibutranpo gimém nagiku vzorki do iontové
pasti. Spojeni kapalinové chromatografie a hmotriospektrometrie umoznilo detailni
studium metabolismu amlodipinu. Byly deny rozdily v metabolismu amlodipinu
z chiralniho hlediska, tedy rozdily v metabolismag-, R-, a S-amlodipinu. Byl prostudovan
metabolicky profil amlodipinu a navrzeny metaboéakesty vedouci ke vzniku jednadvaceti
charakterizovanych  metabdilit Spojeni kapalinové chromatografie s hmotnostni
spektrometrii bylo vyuzito v kombinaci s ,koktejlow strategii“, pi které je najednou
inkubovana sws substrdt a metabolity dchto substrdit jsou determinovanydmem jediné
analyzy. Tato kombinace umozZznila vyvinout rychlosplehlivou kvantitativni metodu pro
stanoveni koncentrace glukurofiih enzymové aktivity lidskych rekombinantnich UDP-

glukuronosyltranferam vitro.
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1. INTRODUCTION

A vast array of chemicals is encountered in the enodenvironment, where the
chemical revolution has outpaced biological evolutiof humans leading to serious
unpredictable toxicities. Organisms have alwaysnbegyosed to environmental chemicals,
and they have developed a variety of enzymes tsfivam these xenobiotics. The majority of
xenobiotics is highly lipophilic and cannot readibe excreted from the body without
metabolism to more hydrophilic, water-soluble spsciNot only environmental chemicals
represent xenobiotics but also drugs, dietary corapts etc.

Biotransformation studies play an important role time drug discovery and
development process. Usually data from drug meistinak required before a new substance
can advance towards the development stages of dheeapeutic agent. Data on metabolism
is frequently used to optimize drug candidatesgesfjmore active compounds or support
toxicology studies. The increased flux of new chehentities (NCES) into drug discovery
due to combinatorial chemistry and high-throughpateening techniques has placed an
increased need for fast and reliable informationtlo® metabolism of these substances.
Determination of the metabolic fate of drugs issttan essential and important part of the
drug development process. The study of how a drupsorbed, distributed, metabolized,
and eliminated by the body is vital but costly dimde-consuming step in the drug discovery
process. Thus biotransformation studies are conyrariformed in the early drug discovery
to determine metabolic pathways and to detect dmaracterize phase | and phase Il
metabolites. Metabolism can dictate the rate ofogii®n into the body, lead to the
production of new species with possibly adverseatffor activate the drug. Until recently,
drug metabolism studies only took place once a cam@ had been chosen for drug
development. However, the discovery of toxic meliddaan set a research program back
significantly.

Liquid chromatography coupled with mass spectroynetm meet the demands for
rapid drug metabolite profiling imposed by modemgldiscovery strategies by decreasing
sample preparation steps, and automating metaladiteification and making the analysis of
polar molecules feasible without the need for derpation. The technique is well suited to
the direct identification of drug metabolites. Ogito the selectivity and specificity of the
mass spectrometry and to high efficiency of ligeisdromatography, LC-MS allows the

separation and identification of the analytes ametomplex matrices, like urine or plasma.



1.1 Drug metabolism

Drugs are xenobiotics to living organisms and aegatolized by organisms as a
protection. There are a number of enzymes in hunaalsanimals, which are capable to
biotransform lipid-soluble xenobiotics in such wayg to render them more water-soluble.
Drug metabolism reactions are commonly divided iptease |, phase II, and phase Il
reactions. In phase | reactions functional grougsaalded to or generated in the molecule,
while in phase Il reactions the molecule is confjadawith some endogenous component.
Transport of metabolites of xenobiotics may be mered as phase Il of the detoxification
mechanisms. Phase | reactions are involved in hyglsp oxidation, and reduction reactions
whereas phase Il type reactions have been refesrad conjugative reactions. The principal
enzymes responsible for phase | reactions areytloeloome P450s (Gibson and Skett, 2001,
Guengerich, 2006; Sheweita, 2000), although otmayree systems such as the flavin-
containing monooxygenases (Cashman, 2005; CashmdnzZhang, 2006; Krueger and
Williams, 2005), alcohol dehydrogenases belongingo t medium-chain
dehydrogenase/reductase superfamily (Gallejoal., 2006), members of short-chain
dehydrogenase/reductase (Kallbergl., 2002; Oppermand al., 2001), aldo-keto reductase
superfamilies (Jezt al., 1997b; Jezt al., 1997a; Jin and Penning, 2006), and enzymes
catalyzing peroxidation of xenobiotics i.e., prggémdin synthase, lipoxygenase, and
peroxidase( Kulkarni, 2001a Kulkarni, 2001h Vogel, 2000, may also serve this
function for certain substrates. Phase | reactio®duce or unmask a functional group
(-OH, -NH,, -COOH, etc.) and make the compound more wateibal If the metabolites of
phase | reactions are sufficiently polar, they nbayreadily excreted at this point. Phase I
reactions have been referred to as conjugativetioeac which include glucuronidation,
sulfation, acetylation, methylation, conjugatiorttwglutathione (mercapturic acid synthesis),
and conjugation with amino acids (e.g., glycinayritee, and glutamic acid) (Gibson and
Skett, 2001). Phase lll reactions are usually mediby ATP dependent transporters. They
can be found in a variety of tissues. ATP depenttansporters are often involved in tumour
resistance to chemotherapy and may function agygrmpendent efflux pump (Bod al.,
2003; Suzuket al., 2001).

The net result of the combined phase I, Il anddéctions is generally to detoxify and
eliminate xenobiotics from the body. However, tlzens pathways can also carry out the
activation of most toxic and carcinogenic chemidalslectrophilic forms, which can react

irreversibly with macromolecules as proteins andli@ia acids (Goldstein and Faletto, 1993).



In the theory, a balance between the cytochromeOP4d&d conjugation enzymes is
responsible for either the detoxification or thewanulation of toxic metabolites in the body
(King et al., 2000).

1.2 Systems for studies of drug metabolism

Systemic metabolism is the leading drug disposiiathway, thus major emphasis is
placed on a comprehensive assessment of drug nlistabdn vivo experiments are
performed with animals or humans and the metalsolire analyzed in urine, plasma, bile,
and feces samples (Kostiaineral., 2003). Studies on living subjects have many htioins
and drawbacks. Of principle importance is the issigsk to human subjects. Increasingly
stringent regulatory requirements for the contrad gore-marketing studies, as well as
scientific needs for appropriate design and sarsjge cause these studies to be costly and
time-consuming. Therefore well designedvitro methodologies are essential. Because it is
not possible to use humans in long-term toxicolalggtudies, the use of animal models will
continue.

In vitro methods play a critical role during the pre-clalidrug development phase as
well as in non-clinical studies conducted post-appl and launch of the drug. During the
pre-clinical phase of drug development such studsses the metabolic stability, metabolic
phenotyping (elucidation of specific enzymes inwalvin phase | and Il metabolism),
metabolic profiling (identification and structuciaracterization of the metabolites), and drug
interaction issues pertaining to enzyme inhibitiand induction. Such studies are now
increasingly being used for qualitative and quatitie prediction of drug biotransformation
in humans and in the identification of likely det@nants of metabolism following drug
administration to humans, including possible dmigractions. Results from a multitude of
such experiments help in identifying/optimizingead compound and sorting out compounds
that are likely to be problematic with regards tmusing toxicity or adverse drug-drug
interactions (Hariparsaet al., 2006; Masimirembwat al., 2003).

The liver is the major organ involved in the biosérmation of drug, though also
extrahepatic organs intestine, kidneys, lungsnboaiskin contribute to metabolism of drugs
(Krishna and Klotz, 1994; Schwenk, 1988). The alality of human liver tissue dropped
due to extensive use for transplantation and tmiusal tissues are often used and results
extrapolated. There are 2 basic categoriemaofitro methods for the examination of liver

drug metabolism. The first group of vitro methods consists of the cellular models, which
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include primary hepatocytes, liver slices, and dieés. The second group is the use of
preparations of the drug-metabolizing enzymes sashtissue homogenates, subcellular
fractions — microsomes, cytosol, S9, and isolatedombinant) enzymes (Hariparsetdal.,
2006; Wrightoret al., 1995).

1.3 Analysis of drug metabolites

The metabolism of a drug can be extremely compiexolve multiple enzymatic
pathways, and lead to a range of metabolites wattying concentrations. Other drugs can
have one or two major metabolic pathways that dateitheir metabolism, but several minor
pathways can produce at least one metabolite. fifogmation required to determine the
metabolic fate of an NCE includes detection of roelites, structure characterization and
quantitative analysis. In some cases the concesnigabf the metabolites may be extremely
low and highly specific and sensitive analyticalthoels are then required. Several methods
have been applied in the analysis of drugs and thetabolites, such as radioimmunoassay
(RIA), gas chromatography/mass spectrometry (GC/M&Y liquid chromatography (LC)
with ultraviolet (UV), fluorescence, radioactivi;md mass spectrometric detection (MS).

MS has emerged as an ideal technique for the famion of such structurally
diverse metabolites. After the introduction of thBmospheric pressure ionization (API)
techniques, electrospray and atmospheric presseraical ionization (APCI), it was possible
to couple liquid chromatography with mass specttoyméLC/MS). The technique is
extremely robust, rapid, sensitive, and easily matted. LC/MS and especially liquid
chromatography coupled with tandem mass spectrgn{e€/MS/MS) have become the
methods of choice for drug metabolism studies,dyigl concentration versus time data for
drug compounds as well as information on structirenetabolite from complex biological
samples.

Concerning LC, good separation is often required dafficient specificity of the
LC/MS analysis. The selection of an LC method depeon the complexity of the sample
matrix and also on the specificity of the mass spetetric detection method. In the case of
quantitative analysis of a parent drug or a fewatnelites in a simplen vitro matrix, the
speed of the LC method is a key issue to ensutedagiple throughput. Good resolution has
clear benefits in drug and metabolite analysis,abse co-eluting matrix components may
decrease the signal owing to competition in thézetion process, further the metabolism of a

drug may lead to the formation of several isobadmpounds that should be separated prior
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to quantitation, and labile metabolites, such asxile, glucuronides and sulfates, may
degrade to give the original drug either by in-seudissociation or by thermal degradation in
the heated capillary. In this case, co-elutionhd tnetabolites with the original drug will

interfere with quantitation. Reversed-phase LC igstmoften used in metabolite analysis
owing to the universality and its good compatiiktith APCI- and ESI-MS. Nevertheless,

for routine use of LC/MS separations should be igezl using volatile eluting solvents and
buffers.

The analytical strategy for metabolite analysidapendent on the information sought.
In the early stage of drug discovery, metabolibitityg, drug-drug interactions and enzyme
kinetic studies are based on the quantitative amalgf a parent drug or a few of its
metabolites. In these types of analyses the kayeiss high throughput and therefore the
analytical method should be as fast as possibleveider, the determination of metabolite
profiles is usually performed for a limited numlaélead molecules and in these experiments
the key issues are high specificity and sensitivdather than a speed. The first step in
metabolite profiling is to identify all the posstbimetabolites. The second step is their
structural characterization and finally quantitaticAn analytical strategy for metabolite
profiling by LC/API-MS is presented in Scheme 1.

Mass spectrometric detection of ionized metabolig£an be carried out in a linear
mode or in the more selective and sensitive motedcaelected ion monitoring (SIM). In the
linear mode a range of mass to charge rati@)(is constantly monitored. In SIM a particular
ion (or ions) of a specific m/z value is selectedrhonitoring. Sensitivity of identification of
metabolites in the full-scan MS using QqQ may naresufficient sensitivity, which can be
achieved by ion trap mass spectrometer (ITMS) and-bf-flight mass spectrometer (TOF-
MS) (Clarkeet al., 2001).

12



Production !

Collection of biological animal or human samples after drug administration or incubation of drug with liver slices, cells,
microsomes or recombinant enzymes

Purification

v

Extraction and isolation of metabolites; e.g. protein precipitation, LLE, SPE, LPME,

and

microdialysis

Detection

v

Detection of
radioactively
labeled metabolites
by LC using
radioactivity
detection

Detection of new
peaks in LC/MS
total ion and LC/UV
chromatograms.
Comparison to the
chromatograms of
blank

Detection of
expected
metabolites in ion
chromatograms:
drug +16, -14, +176,
etc.

Detection of
metabolites in ion
chromatograms
using stable isotope
labeling, if available

Detection of
possible metabolites
by neutral loss and
precursor ion scans,
and using specific
marker ions.

Detection of
possible metabolites|
by LC-high
resolution TOF-MS

Characterization

Comparison of
product ion spectra
of a metabolite and
parent drug.

Detection of
structure specific
marker ions by
MS/MS or MS"

Determination of
elemental
composition by
accurate mass
measurements

Complementary MS
analysis; e.g.
reversed polarity,
different ionization
method.

Synthesis of the
presumed
metabolites and
comparison of
retention times and

LC/NMR/MS ar
Off-line NMR
analysis after
production and
purification of the
metabolites in large

spectra. scale.

Scheme 1Strategy and possibilities for metabolite profiliny LC/MS. Reprinted with permission from
Kostiainenet al., 2003.

1.3.1 Metabolites identification

Identifying metabolites remains a time-consumingcpess because a range of
instrumental techniques and software applicatiorsn@eded to obtain the appropriate data.
The analyst must be quite experienced to handlsethvarious instruments and software
packages. Data is rarely obvious or completely kmnge, but rather requires previous
experience to unravel it. For all these reasongrpreting the data is typically the largest
bottleneckin metabolite identification.

A common method in metabolite identification inahsdthe production of metabolites
by in vitro or in vivo experiments, collection of samples at differemeipoints including
blank sample at time-point zero and analysis of gdas by using full-scan MS. The
metabolites are identified by comparison of thd &dan ion chromatograms of the blank,
control and the full samples. The comparison migihtachieved manually, which is usually
enormously time-consuming, or by means of softviarenetabolite identification.

Manual interpretation of the data is still a majdrawback in the metabolite
identification process because it is so time consgmThese new approaches to data
acquisition have led to many more samples beingrrihe same time period, which, in turn,

increase the amount of data. Software that canceedperator workload by using a series of
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criteria to analyze data and report apparent métabaignificantly improves throughput in
metabolite identification.

Instrument manufacturers are creating software gk that facilitate the metabolite
identification process such as Metabolynx (Microg)adletabolite ID (PE Sciex), and the
new Metabolite Data Browser (Thermo Finnigan). Bh@sckages automatically perform
functions that researchers presently complete by sach as the background subtraction of a
control data file or the application of an isotapaster analysis for chlorine- and bromine-
containing compounds. At a minimum, the softwardees for a list of expected metabolites
from full-scan data and returns a list of possitite. This allows discarding noise responses
automatically.

As these packages evolve, they will handle coimianalysis of tandem MS data and
data-dependent tandem MS acquisition of potentietabolites. All of these factors aid in
reducing the data set that the analyst has to earthereby increasing throughput. The new
direction for metabolite identification is the igtation of automated data interpretation with
LC/MS/MS in combination with the protocols descdbén this report. This approach
significantly accelerates metabolite identification

To improve the reliability of metabolite identifitan by full-scan MS, stable isotopic
labeling €H, *3C, N, 0, 3'S) has been used. The disadvantage is a time-camgtand
expensive synthesis step. A mixture of known an®ohtabeled and nonlabeled drug is used
for the metabolic experiments. The samples coltkefféer certain time periods are analyzed
by LC/MS. The identification of a metabolite is thbased on criteria that two peaks with
identical shapes and retention times must be redond the ion chromatograms, the mass
difference of the two peaks must be the same am#ss difference between the labeled and
the unlabeled parent drug; and the relative abwelaatio of the peaks must be the same as
the concentration ratio of the labeled and the heiltd parent drug. These criteria can be
linked also to specific software packages aimethatidentification of the metabolites. The
labeling is not necessary in the cases where thgcoond includes one or more chlorine or
bromine atom, which will show abundant M+2 isotopgth known abundance ratios in the
mass spectra (Kostiainehal., 2003).

Tandem MS (MS/MS) is the keystone of metaboliterabizrization and it offers more
specific detection of metabolites in complex maisithan unit resolution full-scan MS. When
tandem mass spectrometry is used, there is a agsab combining linear and SIM modes
at the different stages within the instrument. Irtypical triple stage quadrupole mass

spectrometer (QQQ), four main detection modes (sec ion scan, constant neutral loss
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scan, product ion scan, and selected reaction ororg) are possible and will be discussed
further (Oliveira and Watson, 2000). Tandem maggtspmeters usually contain an isolation
stage and a fragmentation stage within the sameale&lthough many different ways exist
to complete a tandem MS experiment, all of thento¥olthe same basic series of events.
First, the ion of interest is isolated on the basfigts m/z ratio and then passed into the
collision cell - a region of local high pressure. trapping instruments, the isolation and
fragmentation normally take place within the sap&ce, and the stages are separated by time
rather than space. In order to facilitate intemgien, the parent compound standard is
normally infused into the mass spectrometer inpaisge experiment and forced to undergo
collisional fragmentation. The resulting fragmewois can then be compared with the
unknown and used as a guide during interpretatidarkeet al., 2001).

Precursor ion and constant neutral-loss scans

A unique feature of QqQ is its capability to idéptiamilies of metabolites by using
constant neutral loss and precursor ion scans.eTh@s scanning modes are especially
important in early drug discovery because they jpl@wa large amount of information and
require very little knowledge regarding the struetaf metabolites.

Precursor ion scanning experiments identify likelgtabolites by determining if they
contain an unaltered portion of the parent moleoulan expected alteration (e.g., +16 Da for
oxidation). The power of such an approach is that the opemtty needs to know the
fragmentation pattern of the parent compound, het dlteration to the parent compound
(Clarkeet al., 2001). This detection strategy is also used where is the need to determine
or to ascertain the origin of a particular prodiact. It operates with the first quadrupole in
linear mode and the second in SIM mode which méaatsthe first quadrupole is set to scan
linearly within a range covering the fragment demest up to higher masses, while the second
quadrupole operates in SIM modemt of the product ion in question (Oliveira and Watso
2000).

Constant neutral-loss experiments require no kndgdeof the parent compound. This
scanning technique searches for expected neusaedofrom the analyte of interest. In a
metabolite identification study, the neutral lossewmally are the characteristic losses
detected when a conjugate moiety is broken apamt & conjugated metabolite (e.g., loss of
176 Da from a glucuronide conjugate). This techaigtovides data on the molecular weights
of the conjugated metabolites (Buseh al., 1988). The first quadrupole and the third

quadrupole both operate in linear scan mode. Tise dne operates with a mass range that

15



coversm/z ratios of target analytes. lons are fragmentethéncollision cell of the second
guadrupole. The third quadrupole operates with masge that differs from the first by a
mass that corresponds to the loss of a partictdgnient. In this mode, all components of the
sample reaching the detector share the same fragtioen pattern (Oliveira and Watson,
2000).

These two scanning techniques are incredibly effecat detecting molecules that
closely resemble the dosed drug and greatly retheeamount of data the operator has to
analyze. Reducing the data set size narrows thefligossible metabolites for further study.
While the triple quadrupole is the only instrumeimat possesses the hardware to perform
precursor ion and constant neutral loss experimantsal time, software is being developed
to allow rapid evaluation of data “on-the-fly” aitml provide this type of information on other
types of mass spectrometers in “pseudo real-timgthin the run time of the LC) (Clarket
al., 2001).

Product ion scans

In this detection mode the first quadrupole is apst in SIM mode to select ions with
mass to charge ratios corresponding to the prec(atsm called parent) ions that fragment to
generate product ions of the target analytes. €lect®d ion (or ions) monitored by the first
guadrupole is then fragmented in the collision oélthe second quadrupole while the third
guadrupole operates in linear scan mode to debectptoduct ions — ions generated by
fragmentation of a parent ion and exiting the sl cell. This mode affords abundant
structural information, which can further be usedset up more selective and sensitive
detection strategies for quantitative analysis sashselected (SRM) or multiple (MRM)

reaction monitoring (Oliveira and Watson, 2000).

Multiple stage mass spectrometry

Multiple stages (MY of MS can provide large amounts of structurabinfation
regarding each analyte, thereby allowing for a mdetailed characterization of the
metabolites. Completing MSxperiments requires a mass spectrometer thataggnre and
store ions (Lourigt al., 1987). While the ions are stored, they can bgestdx to excitation
and collisional fragmentation. The trapping instaucan then capture the resultant fragment
ions, which can then be forced to undergo furthegrhentation. The second-generation mass
spectrum will now give structural information rediag the isolated fragment, allowing easier

characterization of that ion. Because this procedan be applied to each of the initial parent
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ion fragments, detailed structural information danacquired rapidly. This technique often
allows the isolation of a small region of the panem molecule that has been modified and,
in some cases, even the individual atom that dferelnt.

At present, the Fourier transformation (FTMS) amelibn trap mass spectrometers are
the only trapping mass spectrometers available. FTiMdtruments are not yet capable of high
throughput on a regular basis because they arensigeand require skilled operators. Thus,
cheaper and simpler quadrupole ion trap mass speeters are typically used for these types
of trapping experiments.

Although MS' experiments can often pinpoint the site of modifien very accurately,
occasionally a metabolite fragments in a mannet th@es not provide the required
information to identify the type of modificationhik is typically the case when an expected
fragment ion appears as a modified entity withie tandem MS/MS spectrum, but the
modification cannot be explained by a common médiabalteration (e.g., M+4 to a
dimethylbenzene ring). In these cases, the ansamrsometimes be determined by using
accurate mass measurement, which, in turn, alloevgalculation of an empirical formula for
the fragment (Clarket al., 2001).

Accurate mass measurements

The use of accurate mass measurements in metaludiection and structure
characterization has increased significantly sitiee introduction of enhanced performance
API-TOF mass spectrometers. TOF and hybrid quadedpOF (Q-TOF) nowadays make
accurate mass measurements a feasible part oheontetabolite identification. The current
commercial instruments provide fast mass specpre¢d with high full-scan sensitivity and
resolution 5 000-10 000. Continuous internal masdib@tion provides accurate mass
measurements with mass errors better than 10 ppimeimccurate mass TOF experiments.
Accurate MS/MS measurements for determining emgdifiormulae of fragment ions were
also reported (Williams and Scrivens, 2005).

When using Q-TOF, the accurate mass measurementoaected using a reference
compound. Different methodologies to introduce th&erence compound, used as a lock
mass, have been investigated. The most basic a@miguous post-column infusion, where
the lock mass is continuously introduced using angg pump into the chromatographic
effluent. However, this configuration suffers framany drawbacks, the main one being an
alteration of both the reference and the unknowmpmmnd ionization efficiencies. This is

particularly true when gradient LC is used, andultesin poor control of their relative
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response. Some instruments have been designediwathelectrospray ion sources to allow
intermittent introduction of calibration standarthe use of a double sprayer circumvents
solvent and gradient elution effects while elimingtpotential mass interferences. Also a new
technique was described, where flow injection asialyof the lock mass compound was
performed into the LC column effluent so that teerence compound band partially overlaps
that of the investigated analyte at the ionizaioarce (Charles, 2003).

Recently, a new technique using a hybrid linear trap/orbitrap mass spectrometer
for accurate mass full scan MS and MS/MS measurentes been reported (Peterneaal .,
2006).

Data-dependent acquisition
In conventional LC/MS/MS experiments a sample isalty analyzed to identify the

molecular ions of the peaks of interest. The sangphllen further analyzed by performing
product ion MS/MS scans on the selected peaks. iShastime-consuming process because
the sample needs to be run at least twice and tB@M8& data is only recorded for a limited
number of components. In data-dependent acquiditi®mass spectrometer performs the MS
and MS scans without any user intervention. ITMS is paittrly well suited to this sort of
experiment, not only due to its inherent sensitiuit full scan mode but also because of the
ease of switching between MS and M&nalyses. The experimental process is greatly
simplified, since the ITMS uses the same heliumaate same pressure to both collect ion

and perform fragmentation.

1.3.2 Metabolites quantitation

Quantitative analysis of the parent drug or itsahelites is needed in the early stage
of drug discovery for example in fast screeningnadtabolic stability, in enzyme activity
studies and in drug-drug interaction studies. Thantjtative method in metabolite analysis
must be sensitive, selective, reliable, robustfast It is widely accepted that LC/MS fulfils
these requirements.

The main advantages of LC/MS are high selectivitg gensitivity that allow the
guantitative analysis of drugs and their metabsléé very low concentrations in complex
biological matrices. QgQ using SRM or MRM is mos$ten used in quantitative LC/MS
analysis, but ITMS, TOF, and Q-TOF have also beelely and increasingly used.

In SRM or MRM, single or multiple precursors to guat ion pairs can be monitored.

In addition, SRM or MRM mode is the best way to im@xe signal/noise ratio of
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compounds. When the fragmentation pattern of theysa of interest is known, the first

quadrupole can be used in SIM mode to filter thecprsor ion (ions) of target analyte
(analytes). Fragmentation is then induced in tHesam cell of the second quadrupole and
the third stage is also operated in SIM mode terfibnly one product ion for each analyte. In
this way, particular MS/MS transition can be moreth If for example the glucuronide of a
parent drug is expected, the transition M-177 @sponding to the loss of a glucuronic acid
moiety) can be used to detect this metabolite. @atection is extremely powerful, especially
with complex matrices such as biological samplebene sensitivity and selectivity are

particularly important. MRM is primarily used fougntitation studies (Oliveira and Watson,
2000).

1.3.3 Sample preparation

Although detection modes such as SRM or MRM usetdlGAMS/MS can provide
very selective and sensitive analysis for drug aredabolites present in complex biological
matrices, sample preparation step is still an ingmrstep in LC/MS analysis, especially
when tandem mass spectrometry is not available ifiHegt al., 1998). Interfering matrix
compounds, such as proteins, salts and endogemuli®ackground compounds, must be
removed in sample pretreatment, not only to avéagging of columns and capillaries but
also to improve the selectivity, sensitivity andiakility of analysis. Common pretreatment
methods for biological samples include protein piggtion and centrifugation followed by
liquid—liquid extraction (LLE) or solid-phase extteon (SPE). Attention must be paid to
precipitation of proteins with acids, since it maatalyze the hydrolysis of some conjugates
such as glucuronides and sulfates. This can bededdby using organic solvents in the
precipitation. Also, care must be taken that thghlyi polar or ionic compounds with low
retention factors are not lost in reversed-phade. Paddition to these well known methods,
new, interesting sample pretreatment techniques) s on-line column switching with a
restricted access media (RAM) column (Keski-Hynnga al., 2001; Kubalec and
Brandsteterova, 1999), liquid-phase membrane didra¢LPME) and microdialysis have
also been introduced for metabolite analysis (Bevgs and Markides, 2002; Kuuransgieal .,
2003).
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2. AIMS OF THE STUDY

The primary aim of the study was to evaluate th@iegbility and feasibility of different
analytical techniques employing liquid chromatodmapnd mass spectrometry in the study of
drug metabolism.

Specifically, the aims of the research were

to elucidate structure of the principal metaboldésguinlukast ()

- to develop rapid LC/MS/MS method for determinatadrglucuronides in biological
matrices [ )

- to elucidate structures of the major sibutramin¢atnaites (11 )

- to study amlodipine metabolism from the chiral pahview using LC-UV and
LC/MS/MS (V)

- to characterize metabolic profile of amlodipinengsLC/MS/MS and accurate mass

measurementy/)
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3. MATERIALS AND METHODS

Materials, samples, instrumentation and analytamaiditions are briefly described in this
section. More detailed information can be founddprints of original publicationH -V. In
original publicationl no detailed information on the method is givenystlit is described

thoroughly in this section.

3.1 Reagents and samples

Chemicals and standard compounds used in the stutfi@re listed in Table 1. Structures of
studied compounds are shown in Figure 1. Sevarsitro models were utilized in studies.
Quinlukast and sibutramine were incubated withmatrosomes and hepatocytes in pabper
and Il . In paperll, a mixture of substrates was incubated with humatombinant
UDP-glucuronosyltransferases (UGTS). In paperandV amlodipine (AML) was incubated
with primary culture of rat hepatocytes.

Table 1. List of chemicals and standards used in the ssueié

Compound Source Paper
2-(aminoethoxy)methyl-4-(2-chlorophenyl)-3-ethoxglmanyl-5-  Research Institute for Pharmacy and Biochemistry* ,\W
methoxy-carbonyl-6-methylpyridine

4 - (2 - chlorophenyl) - 3 -ethoxy-carbonyl-5-metficarbonyl- Research Institute for Pharmacy and Biochemistry* ,\W
2(carboxymethoxy)methyl-6-methyl-1,4-dihydropyridin

4 - (2- chlorophenyl) - 3- ethoxycarbonyl - 5- metiicarbonyl- ~ Research Institute for Pharmacy and Biochemistry* ,\W
2(carboxymethoxy)methyl-6-methylpyridi

4-methylumbelliferone Sigma-Aldrich Chemie (Steinheim, Germany) Il
4-methylumbelliferylg-D-glucuronide Sigma-Aldrich Chemie (Steinheim, Gany) I
Acetonitrile Riedel-deHaen (Seelze, Germany) |
Acetonitrile Merck (Darmstadt, Germany) 1l
Acetonitrile Sigma-Aldrich (Prague, Czech Republic) \%
Ammonium acetate (NH4Ac) J.T. Baker (Deventer, Ne#mal) v, vV
Ammonium hydroxide J.T. Baker (Deventer, Netherland) v, v
Antibiotics Sigma-Aldrich (Prague, Czech Republic) 1, -V
Collagen Sigma-Aldrich (Prague, Czech Republic) 1, -V
Collagenase Sevapharma (Prague, Czech Republic) 1, -V
Desmethylsibutramine Dept. of Organic Chemistry, Faculty of Pharmacy ** 1
Didesmethylsibutramine Dept. of Organic Chemistry, Faculty of Pharmacy ** 1
Dimethyl sulfoxide Riedel-deHaen (Seelze, Germany) |
Disodium hydrogen phosphate dihydrate Merck (Dardtst@ermany) 1l
D-saccharic acid 1,4-lactone Sigma-Aldrich Chemie (Steinheim, Germany) Il
Entacapone Orion Pharma (Espoo, Finland) I
Entacapone-3-O-glucuronide Dept. of Pharmaceutical Chemistry, Faculty of Preayt¥* I

Estriol Sigma-Aldrich Chemie (Steinheim, Germany) Il
estriol-16:-(B-D-glucuronide) Sigma-Aldrich Chemie (Steinheim, Bany) 1]
estriol-1P-(B-D-glucuronide) Sigma-Aldrich Chemie (Steinheim, @any) 1]

Ethyl acetate Merck (Darmstadt, Germany) 11
Fetal calf serum Sigma-Aldrich (Prague, Czech Republic) 1, -V
Formic acid (98-100%) (FA) Sigma-Aldrich Chemie {Bkeim, Germany) 1]

Ham F12 medium Sigma-Aldrich (Prague, Czech Republic) 1, -V
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Compound Source Paper
Insulin Sigma-Aldrich (Prague, Czech Republic) 1, -V
Magnesium chloride hexahydrate Merck (Darmstadtn@ery) 1l
Methanol Riedel-deHaen (Seelze, Germany) |
Methanol J.T. Baker (Deventer, Netherland) 1l
Methanol Merck (Darmstadt, Germany) 1}
Metoprolol ICN Biomedicals (Costa Mesa, CA, USA) \%
NADPH Sigma-Aldrich (Prague, Czech Republic) |
Paracetamol Orion Pharma (Espoo, Finland) Il
paracetamol glucuronide Sigma-Aldrich Chemie (Steinheim, Germany) 1l
Perchloric acid (70-72%) Merck (Darmstadt, Germany) I
p-nitrophenol Sigma Chemicals Co. (St. Louis, USA) 1l
p-nitrophenylg-D-glucuronide Sigma Chemicals Co. (St. Louis, USA) [
Quinlukast Research Institute for Pharmacy and Biochemistry* |
R- and S-sibutramine enantiomers Research Insfiut@harmacy and Biochemistry* I
Rac-, R-, S- amlodipine Research Institute for Pharmacy and Biochemistry* , W
Sibutramine Dept. of Organic Chemistry, Faculty of Pharmacy)** I
Sodium dihydrogen phosphate dihydrate Fluka CheBuel{s, Germany) 1l
Tolcapone Orion Pharma (Espoo, Finland) Il
Tolcapone-3-O-glucuronide Dept. of Pharmaceutical Chemistry, Faculty of Preayf* |l
Toluene Merck (Darmstadt, Germany) 1}
Umbelliferone Sigma-Aldrich Chemie (Steinheim, Germany) 1l
Umbelliferone glucuronide Ultrafine (Manchester, UK) I
uridine 5’-diphosphoglucuronic acid Sigma-Aldrich &hie (Steinheim, Germany) 1l
William's E medium Sigma-Aldrich (Prague, Czech Republic) I, NI-v

a-naphtol
a-naphtyl$-D-glucuronide

Sigma Chemicals Co. (St. Louis, USA)
Sigma Chemicals Co. (St. Louis, USA)

* Research Institute for Pharmacy and Biochemi@nague, Czech Republic)

** Dept. of Organic Chemistry, Faculty of Pharmdejradec Kralove, Czech Republic) synthesized afingrto (Jefferyet al., 1996)
*** Dept. of Pharmaceutical Chemistry, FacultyRffiarmacy (Helsinki, Finland), (Luukkanetral., 1999)

3.2 Instrumentation

The studies were carried using different instrureemhe instrumentation and conditions for
the studies are summarized in Table 2. All MS eixpents were performed with ESI and

positive ionization.

Characterization of major metabolites of quinlukast(l)

Fractions of major metabolites of quinlukast weodlected separately into glass test
tubes after chromatographic separation using thditons described in the paperAfter the
extraction and evaporation the residues were réitotesl and directly infused into the ITMS
using a syringe pump. Quinlukast and its metal®lglkowed better ionization in positive
mode. The parameters of measurement were: a spitgge of 4.2 kV, capillary heater
temperature was held at 280°C and capillary volt@ig85 V. Product ion spectra were
collected, fragmentation pattern of quinlukast sddand tentative structures of metabolites
suggested. Structures of quinlukast sulfoxide anohlgkast sulfone were confirmed by
comparison with retention times of syntheticallgmpared standards.
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Rapid simultaneous quantitation of multiple glucuraidesin vitro (lI)

A rapid, sensitive, and selective liquid chromaggdry tandem mass spectrometry
method was developed for the analysis of sampleduged by single-substrate amih-one
(@ mixture of seven substrates: entacapone,p-estiol, umbelliferone, 4-
methylumbelliferone, tolcapone, hydroxyquinolinenda paracetamol) incubations with
different recombinant UGTs. The main ion optics goaeters - declustering potential,
collision energy, and collision cell exit potentialvere optimized for each multiple reaction
monitoring (MRM) transition to find the best sensty. The method was validated and used
to test the applicability of-in-one incubations in the determination of intiinelearance as
the slope of the linear portion of the Michaelis+ curve where substrate concentrations

were low.

Characterization of major metabolites of sibutramine (l11)

Fractions of major metabolites of sibutramine weslected separately into glass test
tubes after chromatographic separation using theditons in the papetll . After the
extraction and evaporation the residues were disdah a mixture of HD—MeOH (2:3 v/v)
and analyzed using ITMS with ion source parametspsay voltage of 4.5 kV, capillary
heater temperature was held at 280°C, capillartagel 29 V. lons were sampled into the
mass spectrometer at a maximum injection time O6f188. Full scan and product ion spectra

were recorded, interpreted, and tentative strustsuggested.

Study of metabolism ofrac-, R-, and S-AML (1V)

LC-UV and LC/MS/MS method was developed for stuflynetabolism of amlodipine
from the chiral point of view. Structures of eighmiajor metabolites of amlodipine were
characterized using data dependent LC/MS/MS. Tharacherized metabolites were
semiquantitated using LC-UV and the rate of meiabolcompared separately for rac-, R-,

and S-amlodipine.

Metabolic profile of AML using LC/MS/MS and accurate mass measurements (V)
LC/MS/MS and accurate mass measurements were aisgentify and characterize as
many metabolites of amlodipine as possible. Infits step, full scan spectra of samples,
blanks, and control were measured and comparedktdify metabolites. In the second step,
the product ion spectra of identified metabolitesravobtained, interpreted and tentative

structures of metabolites suggested. In the thep e tentative structures were confirmed.
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Fig. 1. Structures of studied compounds,,NMholecular weight (g/mol).
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Table 2.Instrumentation and conditions used in qualitatime quantitative analyses of drug metabolites.

Paper LC or syringe pump Column Eluent* / Solvent** d&pectrometer
I, Il Built-in syringe pump HO-MeOH (1:1, v/v) LCQlvantage
(ThermoFinnigan,
USA)
1l Agilent 1100 HPLC Purospher STAR RP-18  A: 0.1% FA Sciex API 3000
(Agilent Technologies, 55x4 mm., 3 um B: 0.1% FA in MeOH (Sciex, Canada)
Germany) (Merck, Germany) two-steps B gradient:

5%—90% (3 min),
90% (1 min),
90%—5% (1min)

11} Built-in syringe pump HO-MeOH (2:3, v/v) LCQ Advantage
(ThermoFinnigan,
USA)

v Surveyor HPLC system BDS Hypersil Gg A: 10 mM NH,Ac pH 4.8 LCQ Advantage
(ThermoFinnigan, USA), 150x2.1 mm, 5 pm, B: 10 mM NHAc pH 4.8 in 60% MeCN (ThermoFinnigan,
LC-Uv: BDS Hypersil G guard linear B gradient: USA)

Shimadzu HPLC-UV systel 10 mm x 4 mm, 5 pm 16%—84% (40 min),
(Prague, Czech Republic) (Thermo Electron 16% (1 min)

Corporation, USA)

\% Agilent 1100 HPLC Symmetry Shield G A: 10 mM NH,Ac pH 4.8 Sciex API 3000
(Agilent Technologies, 100 mm x 2.1 mm, 3.5 pm,B: 10 mM NHAc pH 4.8 in 60% MeCN (Sciex, Canada),
Germany) Symmetry Gg Sentry Guard three-steps B gradient: Q-TOF micro

10 mm x 2.1 mm, 3.5 um 16%—25% (5 min), (Waters Micromass,
25%—75% (5 min), UK)

75%—84% (5 min),
84%16% (1 min)

* If LC employed

** |f direct infusion via syringe pump employed
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4. RESULTS AND DISCUSSION

The main results achieved in the papkif¢ are briefly described and discussed. More
detailed information on the experimental conditioagalytical procedures and achieved
results can be found in reprints of original pudilion. Structures of studied compounds are

presented in Figure 1.

4.1 Interpretation of product ion spectra

Major metabolites of quinlukast)( sibutramine I{l ) and amlodipinel{, V) were
structurally characterized in original papers. BE-in positive mode was utilized. In the
papersl andlll , the samples were infused directly using a syripgep whereas in the
papersIV and V, the samples were separated using liquid chromapbg prior to

introduction into the mass spectrometer.

4.1.1 Quinlukast metabolites (1)

Four metabolites were found in incubation of qukalst with microsomes. Two of
them were found to be identical with syntheticgllepared standards quinlukast sulfoxide
and quinlukast sulfone (Figure 1). Two isobaric abelites were found yield protonated
molecules atwz 422 and methanol adduct ions [M+H+MeOH} m/z 454. Their product ion
spectra differed only in relative abundances ofessv product ions. Based on spectra
interpretations they were suggested to be quintuti@ydrodiols as explained in the paper
In hepatocytes culture medium yet another polarabwite was found with protonated
molecule atm/z 564. The polar character and higher mass increaBeated conjugation.
Product ion spectrum yielded fragments supportimg glucuronidation of quinlukast. A
product ion aim/z 546 corresponded to loss of water [M+HE]" and a product ion atvz
484 was explained by loss of two molecules of watet decarboxylation of glucuronic acid
moiety. The spectrum further showed abundant prtodacatn/z 388 formed by the cleavage
of glucuronic acid moiety (Glu), [M+H-GlUJfrom the ester quinlukast glucuronide. The most
abundant product ion of the spectranadt 370 was explained by successive loss of water
[M+H-H,O-Glu]". A product ion ain/z 342 resulted from subsequent loss of carbon oxide.

The interpretation of product ion spectra is iltagtd in the Figure 2.
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Figure 2. Proposed structure of quinlukast metabolite aquiamation of product ions.

4.1.2 Sibutramine metabolites (lI)

Product ion spectra were obtained using directsiofuvia syringe pump into the mass
spectrometer. Sibutramine and synthesized metabafitono-desmethylsibutramine and di-
desmethylsibutramine (Figure 1) exerted betterzaion in positive mode due to the basic
character. Therefore ITMS in positive mode was leyga. Full scan and product ion spectra
presented in Figure 2 were collected for the mditsomarked M, M, and M in the paper
II. M; and M, were found to be already described mono- and sim@¢hylsibutramine
(Figure 1). Since the interpretation of product gpectra is absent in the pagéry it is
discussed more thoroughly here; Bhd M, showed same retention times and product ion
spectra as the synthetic standards and thus thattiges were confirmed unambiguouslys M
was characterized by interpretation of the firsS{M the second (M% and the third (M$
generation of product ion spectra (Figure 3). k& khS’ product ion spectra a product ion at
m/z 250 is explained by loss of,8 and a product ion a'z 233 is created by successive loss
of NHs. A product ion at/z 194 results from loss of GBH(CHz)CH,OH though the po-
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Fig. 3. Full scan and product ion spectra of the firstpsel and third generation of sibutramine metabolite
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sition of hydroxyl cannot be pointed out unambigslguin this case MSand MS product
ion spectra only confirm the interpretation of puotlions of the first generation, but do not
pinpoint the position of hydroxyl which is readigfeft as HO. A product ion atwz 177
results from cleavage of the product ionmé 194 by opening of the cyclobutyl ring and loss

of NHs as can be observed in the #8oduct ion spectrum.

4.1.3 Amlodipine metabolites (1V, V)

Metabolic behavior of amlodipine in primary cultupé rat hepatocytes was studied
thoroughly in the paperB/ andV. Data-dependent LC/ESI-tandem MS in time (LC/ESI-
MS/MS in time) analysis was utilized in the papérin order to obtain product ion spectra of
eight major amlodipine metabolites chosen for thangjtation (described in 4.2.2) within one
run. Basically two types of metabolites were detéctreduced type — dihydropyridine
metabolites and oxidized type — pyridine metabslitBroduct ion spectra of AML and
synthetic derivatives of AML whose structures areven in Fig. 1 were measured in order to
determine a characteristic fragmentation patterAML derivatives. The product ion spectra
of metabolites were compared with product ion gpect known compound and product ions
observed were interpreted. Characteristic produts seen for synthetic derivatives of AML
designated here as D3, AML itself, and metabolites MMg together with identification and
retention times are summarized in Table 3. From témative structures of metabolites
metabolic pathways were proposed as presentee ipapetV (Fig. 6).

Nevertheless, the eight characterized metabolitese wnot the only identified
metabolites. The structure of AML enables varietyntetabolic modifications and their
combinations as demonstrated in the payer(Fig. 1). The aim of the study was to
characterize metabolic profile of AMiln vitro, i.e. to identify all possible metabolites which
can be also present in very low amounts. ldentibcawas based on comparison of the
incubation sample with blank and control samplesubation of rat hepatocytes without
AML and incubation of AML without rat hepatocytesspectively, as well as on the presence
of chlorine M+2 isotopic peaks in the mass spearal revealed twenty-one AML
metabolites. Product ion spectra of all identifradtabolites were measured and interpreted.
The interpretation was facilitated using fragmentatpattern of AML and its synthetic
derivatives. The structure characterization of Afietabolites is in detail discussed in the
paperV. Being short, in the first step the structuresmatabolites were suggested based on

product ion spectra interpretation, in the secde@ she tentative structures were confirmed
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using accurate mass measurement and determindtemprical formula, which was more

accurate than 4 ppm.

Table 3.LC-MS/MS characteristics of synthetic derivatii@s-D3, AML, and metabolites M1-M8.

trMS M Precursor ion Product ions

(min) v m'z mz

D; 25.3 421 422 376 (-GHsOH); 346 (-OHCHCOOH); 318
(-OHCH,COOH; -GH,); 286 (-CHOH; -CHy;
-OHCH,COOH)

D, 29.4 423 424 392 (-CHOH); 378 (-GHsOH); 348
(-OHCH,COOH); 320 (-OHCHCOOH; -GH,); 288
(-C,Hs0OH;-CH;,OCH,COOH); 244 (-GHsOH;
-CHsOCH,COOH; -CQ)

D3 29.7 406 407 390 (-NH); 364 (-GH,NHz); 346 (-OHGH4NH,);
318 (-OHGH,NH,; -C;Hy); 286 (-OHGH;NH,;
-OHGC,H;0)

AML 33.8 408 409 392 (-NH); 366 (-GHaNH,); 348 (-OHGH,NHy);
320 (-OHGH:NH,; -C,H,); 288 (-OHGH,NH,;
-C,H3;0H; -CHy)

M, 10.1 392 393 376 (-NH); 350 (-GH3NH,); 332 (-OHGHNH,);
304 (-OHGH/NH,; -C;H,); 286 (-OHGH,NH;;
-C,HsOH); 280 (-GH30C,H,NH,; -C,H,); 260
(-OHC,H,NH,;-HCOOGHj,); 168 (-GHsCI;
-HCOOGHS;; -CHNH,); 149 (-GHsCl; -OCH,NH;
-NHj; -CHCOOH)

M, 23.6 394 395 352 (-GH3NH,); 334 (-OHGH,NH,); 306
(-OHCHNH,; -CHy)

Ms 24.2 424 425 393 (-CHOH); 382 (-GH3NH,); 346 (-OHGH,NH,;
-H,0); 320 (-OHGHNH,; -C,H;OH); 310
(-OHCG,H,NH,; -H,0; HCI); 286 (-OHGH,NH;
-CHg; -OHG,H,OH); 276 (-HCOOGH,OH;
-OC,H3NH,); 252 (-GHsCl; -NH3; -C,H;0H); 238
(-CgHsCl; CHOH; -CH3NH,); 229
(-CgH4CIC,H,COOCH,)

My 26.0 422 423 391 (-CHOH); 377 (-OCHOH); 347 (-C¥DH); 338
(-C;H30H; -GH3NH,)

Ms 28.4 436 437 419 (H20); 393 (-CH4; -C2H4); 352
(-C;HsNHCOCH;); 308 (-H0; -OHGH,NHCOCH;)

Ms 29.7 406 407 390 (-NH); 364 (-GH,NHs); 346 (-OHGH,NH,);
318 (-OHGH,NHy; -C,H,); 286 (-OHGH,NH;;
-OHC,H;0)

M, 343 448 449 431 (-H0); 417 (-CHOH); 407 (-GH,0); 390
(-NH,COCH,); 364 (-GH;NHCOCH,); 346
(-OHC,H,NHCOCH); 318 (-OHGH,NHCOCH;;
CoHa); 286 (-OHGH,;NHCOCH; C,H,; CH;OH)

Mg 39.3 450 451 419 (-CHOH); 366 (-GH;NHCOCH); 348
(-OHC,H,NHCOCH); 334 (-CHOH:;
-C,HsNHCOCH)

Analyte
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Besides already reported metabolites in dog, rdtramanin vivo ( Beresfordet al., 1989
Beresfordet al., 1988 Beresfordet al., 1988a Stopheret al., 1988 , new metabolites
were found in primary culture of rat hepatocytes. Ntacetylated metabolites of AML were
published. The structures of all characterized bwdies are shown in proposed metabolic

pathways of AMLin vitro in the papeW (Fig. 4).

4.2 Determination of drug metabolites

The paperdl andIV dealt with determination of drug metabolitesvitro. In the
paperll a quantitative LC/MS/MS method was developed aamldtiated for determination of
glucuronides. In the papelV metabolites ofrac-, R-, S-AML were semiquantitated
employing LC-UV. There are many validation guidebrto choose from, each with numerous
parameters to evaluate. The thoroughness of aat@lidprocedure should be in reasonable
proportion to the intended use of the method. Patars tested in these works were limits of
detection Kl ), limit of semiquantitation I{/), linearity (I, IV ), intra-day and inter-day
repeatability I, IV ) (in paperll called within- and between-day repeatability). Ala
repeatability of retention timedI|{ recovery of extractionl{) and stability V) were

evaluated.

4.2.1 Simultaneous quantitation of multiple glucuronide ©njugates (ll)

A rapid, sensitive, and selective liquid chromaggdry tandem mass spectrometry
(LC/MS/MS) method was developed for the analysisarhples produced by single-substrate
and n-in-one (cocktail of seven substrates) incubatiatfhh UDP-glucuronosyltransferases
(UGTSs). All of the glucuronides produced an intepsatonated molecule, which was chosen
as precursor ion for positive ion MS/MS studied. &lthe glucuronides produced an intense
protonated molecule, which was chosen as precioador positive ion MS/MS studies. All
of the MS/MS spectra except that for estriol glocude showed abundant product ion
formed by the cleavage of glucuronic acid moietjufGIM+H-Glu]*, which was chosen for
the MRM. In estriol glucuronide, most intense preduions, [M+H-HO]" and
[M+H-H,0-Glu]", were monitored in MRM.

The validation parameters of the method are ligteithe papetl (Table 1). The LC
method was robust, with repeatable peak shape. vy repeatability was obtained for the
retention times, with the relative standard dewiai (RSDs) being within 0.3—-1% for all of
the glucuronides. The method was applied-o-one incubations of seven substrates with

UGTs and kinetic parameters maximal reaction rdtenetabolite formation \(max) and
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Michaelis constantK,) and intrinsic clearanceCljn) as Vyux/Km were determined. The
kinetic parameters determined franin-one incubations correlated well to kinetic paeders
determined from single-substrate incubation as shiosmthe papetl (Tables 2 and 3). The
combination of newly developed LC/MS/MS method riaultiple glucuronides determination
and n-in-one incubation could significantly decrease thme needed for experiments to
screen metabolic properties of new substratesare#inly phase of drug discovery.

4.2.2 Semiquantitative determination of amlodipine metabdites (1V)

UV detection and fluorescent detection were empmoye identify peaks of
metabolites in LC analysis. Data acquired at 240were used for semiquantitation. Due to
inaccessibility of analytical standards an altaueatapproach to method validation was
applied and biological quality control (BCQ) sangphleere used instead of spiked quality
control (SQC) samples to control quality of theadgenerated. The amounts of metabolites
were expressed as amlodipine equivalent concemtrainits. The evaluated parameters are
stated in the papdy (Table 2 and 3). The performance of the methodevatuated and was
found to be acceptable for biological samples. Taeweloped LC-UV semiquantitative
method was applied to primary rat hepatocytes sesnplcubated withac-, S, andR-AML
and kinetic study was performed for four differemncentrations of substrates and five
different time intervals. The rates of metabolitesnation were compared and different rates
were found for individual metabolites formation riac-, S, and R-AML as shown in the
paperlV (Table 8). Not only quantitative but also qualiatdifference in the metabolism and
pharmacokinetics were found for S-AML and R-AMLm@ssented in the papBrf (Tables 4-

7).
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5. CONCLUSIONS

Variety of drug metabolism studies was performegbleging liquid chromatography
and mass spectrometry. LC/MS was successfully egplo identification, structure
characterization and quantitative analysis of dnejabolites owing to its superior sensitivity,
specificity and efficiency. LC/MS is a versatilelmique allowing high sample throughput.

Together with then-in-one incubations, the determination@f,; values as the slope
of the linear part of the Michaelis—Menten fitting>/MS/MS as an analytical method proved
to be effective approach for increasing throughputhe first-phase screening of metabolic
properties.

Structures of new metabolites of quinlukast anditsgmine were characterized using
direct infusion of collected fraction into the iotrap mass spectrometer. Liquid
chromatography data-dependent tandem mass spettyoramploying ion trap mass
spectrometer enabled to collect product ion spaxftraajor metabolites of amlodipine within
one analytical run and thus significantly decreatieel total time needed for the study.
Metabolic profile of amlodipine was further invegtted in detail using combination of
structural information provided by product ion spacmeasured by triple quadrupole and
information on elemental compositions of metabslitprovided by accurate mass
determination with Q-TOF. The combined approachblthto characterize the twenty-one

metabolites of amlodipine and to propaseitro metabolic pathways in rat.
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The phase | metabolism of quinlukast (VUFB 19363, Q; 4-{[4-(2-quinolylmethoxy)phenyl]-
sulfanyl}benzoic acid), a new antiasthmatic drug with significant antileukotriene effects,
was investigated in rat microsomes and hepatocytes. Quinlukast, incubated with rat liver
microsomal fraction under oxidative conditions, generated four metabolites, M2-M5.
Based on comparison with synthetically prepared standards, metabolites M2 and M4 were
identified as sulfoxide and sulfone of the parent compound, respectively. Metabolites
M3 and M5 were identified as quinlukast dihydrodiols. For all the metabolites the apparent
kinetic parameters K,V and metabolic efficiency Cl; . were calculated. No metabolite was
found in rat liver cytosol. In vitro studies with primary cultures of isolated hepatocytes were
designed to evaluate time dependent (2, 4, 8 and 24 h) and concentration dependent
(0.005-0.1 mmol/l) formation of metabolites of quinlukast. Four metabolites were detected
in culture medium. Three of them were identical to metabolites found in incubation of
quinlukast with microsomes (M2, M3 and M5) and another, the most polar metabolite, M1,
was detected. The basic metabolic pathways were proposed for quinlukast in rats.
Keywords: Antiasthmatics; Drug metabolism; Metabolic pathways; Hepatocytes; Micro-
somes; Enzyme kinetics; Kinetic parameters; LC-MS; Biotransformations; Antihistaminics;
Metabolites.
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Antileukotriene drugs inhibit the formation or action of leukotrienes,
which are potent lipid mediators. Leukotrienes LTB, and cysteine-
containing leukotrienes (Cys-LT), LTC,, LTD, and LTE,, originate from oxi-
dative metabolism of arachidonic acid through a key enzyme, 5-lipoxy-
genase, in lung tissue and in a number of inflammatory cells!. It is now
widely recognized that Cys-LTs play an important role in asthma, partici-
pating both in the bronchoconstriction and in the chronic inflammatory
component of the disease?. In human tissues, effects of these leukotrienes
are mediated by activation of Cys-LT, receptors. Consequently, the number
of structurally different Cys-LT, antagonists has been expanding® in the last
years and some are already available for clinical use (zafirlukast, pranlukast
and montelukast)*>.

New original compounds — derivatives of (arylsulfanyl)benzoic acid -
with significant antileukotrienic effects were prepared in the Research Insti-
tute for Pharmacy and Biochemistry (Prague, Czech Republic). Of them,
quinlukast (VUFB 19363, Q), 4-{[4-(2-quinolylmethoxy)phenyl]sulfanyl}-
benzoic acid (Fig. 1), is considered to be the most promising®.

The IC5, value for Q in inhibition of binding to leukotriene D, receptors
is comparable to montelukast and zafirlukast, while leukotriene B, bio-
synthesis inhibition by Q is much more effective than that of montelukast
and zafirlukast (manuscript in preparation). The main advantage of Q is its
multiple antileukotrienic, anti-inflammatory and antiasthmatic effect.

With respect to promising biological activities further pre-clinical trials of
Q have been initiated. Biotransformation study represents an integral and
important part of development of each new drug. The study described in
this paper was designed to characterize the phase | in vitro metabolism of Q
in rats and to identify the principal Q metabolites. The kinetics of metabo-
lites formation was studied in primary cultures of rat hepatocytes and in
subcellular fractions of rat liver homogenate.

90 i
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Chemical structure of quinlukast
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EXPERIMENTAL

Chemicals

Quinlukast (VUFB 19363, Q) and its potential metabolites, Q sulfoxide and Q sulfone, were
obtained from the Research Institute for Pharmacy and Biochemistry (Prague, Czech
Republic). Enzymatic tests were performed using NADPH from Sigma-Aldrich (Prague, Czech
Republic). Acetonitrile (MeCN), methanol (MeOH) and dimethyl sulfoxide (DMSO) (all
HPLC grade) were obtained from Riedel-deHaen (Seelze, Germany). Collagenase was pur-
chased from Sevapharma (Prague, Czech Republic). The Ham F12 medium, William’s E
medium, foetal calf serum, antibiotics, insulin and collagen were supplied by Sigma-
Aldrich (Prague, Czech Republic). All other chemicals were of the highest purity commer-
cially available.

Animals

Male Wistar rats (10-12 weeks) were obtained from the BioTest (Konarovice, Czech
Republic). They were kept on standard rat food with free access to tap water, in animal
quarters under a 12-h light-dark cycle. Rats were cared for and used in accordance with
the Guide for the Care and Use of Laboratory Animals (Protection of Animals from Cruelty
Act. No. 246/92, Czech Republic).

Isolation of Microsomal and Cytosolic Fractions

Livers of male Wistar rats (10-12 weeks) were used as source of cytosol and microsomes.
Livers were homogenized in 0.1 m Na phosphate buffer, pH 7.4. The microsomal and
cytosolic fractions were obtained by fractional ultracentrifugation of the homogenate’.
A rewashing step (followed by second ultracentrifugation) was added at the end of the
microsomes preparation procedure. Microsomes were finally resuspended in the homo-
genization buffer containing 20% glycerol (v/v) and stored at —-80 °C. The protein content
was determined according to Lowry with 0.1% SDS 8.

Isolation of Hepatocytes

Hepatocytes were obtained by the two-step collagenase method®. In the first step, the liver
was washed with 150-200 ml of a solution without calcium, with the aim to remove the rest
of blood and make the cell-cell junction weaker. In the second step, hepatocytes were re-
leased by action of collagenase (50 mg/100 ml) in perfusion solution with calcium. Second
perfusion took 5-6 min (recirculation system). Isolated hepatocytes were washed three times
and mixed with culture medium. The culture medium consisted of a 1:1 mixture of Ham
F12 and Williams’ E, supplemented as described earlier!®1. The viabilities of cells measured
by Trypan Blue staining according to the Sigma protocol were 85-90%. Three million of
viable cells in 3 ml of culture medium were placed into 60-mm plastic dishes precoated with
collagen. The foetal calf serum was added in culture medium (5%) to promote cell attach-
ment during the first four hours after plating. Then the medium was exchanged for fresh
one without serum. The cultures were maintained at 37 °C in a humid atmosphere with
5% CO,.

Collect. Czech. Chem. Commun. (Vol. 69) (2004)
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Cytotoxicity Assay

Cytotoxicity was assayed by using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide) test as described'2. Cells, seeded in 96-well plates, were incubated with
Q at different concentrations (0.005-0.1 mmol/l) for 24 h, followed by incubation with
MTT. An amount of 25 pl of a MTT solution in phosphate buffer (3 mg/ml) per well was ap-
plied without removal of the medium; after 2.5 h the medium was discarded and cells were
lysed with 0.08 m HCI in propan-2-ol (50 pl/well). Absorbance of the formazane product
was measured at 595 nm. The absorbance of formazane in cells treated with Q was com-
pared to that in control cells exposed to medium with 0.5% DMSO alone.

Incubation of Microsomal and Cytosolic Fractions with Quinlukast

A liver microsomal suspension (50 pl corresponding to 50 mg of wet tissue) was incu-
bated in Eppendorf microtubes with quinlukast as substrate (final concentrations ranging
from 0.01 to 1 mmol/l) and 0.5 mm NADPH or NADH in a total buffer volume of 0.3 ml.
The liver cytosolic fraction (50 pl corresponding to 7 mg of wet tissue) was incubated in
Eppendorf microtubes with quinlukast as substrate (final concentrations 0.05, 0.2 and
0.5 mmol/l) and 0.5 mm NADPH in a total buffer volume of 0.3 ml. Incubations were
performed for 30 min at 37 °C. All incubations were terminated by cooling to 0 °C and
addition of 10 pl of 1 m HCI. Quinlukast and its metabolites were extracted twice with
two volumes of ethyl acetate-n-heptane mixture (1:3, v/v), and the combined extracts were
evaporated to dryness in vacuum. The dry samples were dissolved in 5 mm phosphate buffer,
pH 7.0, prior to their HPLC injection.

Incubation of Hepatocytes Primary Culture with Quinlukast

A stock solution of Q dissolved in DMSO was added to fresh medium. The final concentra-
tion of DMSO in medium was 0.1%.

Hepatocyte monolayers (18-24 h after isolation) were incubated with 50 or 100 pm Q.
Aliquots of the medium (0.5 ml) were collected in the intervals of 0, 2, 4, 8 and 24 h. For
kinetic study various concentrations (0, 5, 10, 25, 50, 75, 100 umol/l) of the substrate were
used and incubation proceeded for 24 h. All medium samples were stored frozen at -80 °C
prior to their solid-phase extraction and HPLC analyses.

Solid-Phase Extraction

SPE of the hepatocyte samples were performed on Sep-Pak Light tC18 cartridges (145 mg
sorbent; Waters, Prague, Czech Republic). The cartridges were conditioned with methanol
(2 ml) and a washing solution, 10 mm phosphate buffer (2 ml, pH 7.0), before applying the
samples. Hepatocyte samples (500 pl) prepared as described above were manually loaded
onto the cartridges which were purged with washing solution (4.5 ml). Finally, all SPE car-
tridges were eluted with 1 ml of methanol. The eluting solvents were evaporated, and dry
samples reconstituted in 120 pl of solution consisting of 5 mm phosphate buffer, pH 7.0, in
MeCN-H,O (40:60, v/v) and prepared for HPLC injection.
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HPLC Assay for Quinlukast and Its Metabolites

Quinlukast and its metabolites were measured with an HPLC system consisting of an LC-10
AD,, gradient pump, SIL-10 AD,,, autoinjector, FCV-10 AL, solvent mixer, CTO-10 AC,,
column oven, SCL-10 A, system controller and SPD-M10 A, UV-VIS photodiode array de-
tector with detection set at 220-300 nm range (285 nm for metabolites). Data from these
chromatographic runs were processed using the Chromatography Laboratory Automated
Software System Class VP (version 6.12) from Shimadzu (Prague, Czech Republic). The assay
was performed on a Purospher RP18e analytical column (5 pm, 125 x 3 mm; Merck, Prague,
Czech Republic) equipped with a Hypersil BDS C18 guard column (5 pm, 4 x 4 mm; Agilent,
Prague, Czech Republic). The HPLC method involved the following gradient system using
8 mm H;PO, in H,0-MeOH-MeCN (70:16.5:13.5, v/v/v) as mobile phase A and 8 mm H;PO,
in H,0-MeOH-MeCN (10:49.5:40.5, v/v/v) as mobile phase B. The flow rate was set at
0.7 ml/min. From 0 to 13 min, the ratio of mobile phase A to B was linearly changed from
73:27 to 51:49. Mobile phase B was then increased to 80% at 13.5 min. Mobile phase B was
held at 80% for 6.5 min, after which it was reverted back to 27% at 20.5 min. The equilibra-
tion time was 15.5 min. All chromatographic runs were performed at 25 °C. The blank me-
dium spiked with M2 was used for calibration. Weighted linear regression analysis was per-
formed by plotting the peak area versus analyte concentration (0.08-8.00 pmol/l). Regres-
sion line parameters were used to calculate concentrations of other metabolites in all biolog-
ical samples. The limit of reliable quantification (coefficient of variation, CV < 20%) was
taken as 80 nmol/l for all three metabolites. Intra-day variability was assessed by quadruple
analyses of incubated samples. The CV values did not exceed 4.9% (M2), 5.1% (M3) and
7.2% (M5). Absolute recovery of M2 from medium was 84.7 + 2.6% at the 2.4 umol/I level.
Figure 2 illustrates the resolution of Q and its metabolites in male rat hepatocytes.

20 T T T T

M2 8.41
M3 12.6
Q245 ]

15

Absorbance, mAU
=
o
T
M1 3.56

| 1 | 1 | | | | | 1 1 1
25 50 75 100 125 150 175 20.0 225 250 275 30.0 325
Time, min

Fic. 2
HPLC chromatogram of the rat hepatocyte medium. 24-h incubation with 100 pm Q as sub-
strate is shown together with blank sample of hepatocytes. HPLC conditions are described in
Experimental
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HPLC/MS

The equipment used consisted of a Model 616 pump with a quaternary gradient system,
a Model 996 diode-array UV detector, a Model 717+ autosampler, a thermostatted column
compartment and a Millennium chromatography manager (all from Waters, Milford, MA,
U.S.A.). The UV detector outlet of the liquid chromatograph was connected to the ion trap
analyser Esquire3000 (Bruker Daltonics, Bremen, Germany) using electrospray ionization
(ESI) in both the positive- and negative-ion mode. Data were acquired in the mass range
m/z 50-1000. The pressure of the nebulising gas was 414 kPa, the flow rate and tempera-
ture of the drying gas was 11 I/min and 365 °C, respectively. The ion trap analyser was
tuned to give an optimum response for m/z 400. The isolation width for MS/MS experi-
ments was m/z 4, and the collision amplitude was 1 V. The compound stability was 100%
(first experiments) and 20%.

RESULTS

Metabolism of Quinlukast in Rat Microsomes and Cytosol

Q in a saturated solution (0.5 mmol/l) was incubated with microsomes un-
der aerobic or anaerobic conditions. NADH or NADPH was used as a co-
enzyme. Composition of the incubation mixture was analysed by HPLC.
Four metabolites (M2-M5) were detected in the incubation mixture after
aerobic incubation with NADPH. When NADH coenzyme was used substan-
tially lower amounts of metabolites were formed. Only a negligible amount
of metabolites was found in samples incubated under anaerobic conditions
(data are not shown). Metabolites M2 and M4 were compared with synthet-
ically prepared standards and identified as Q sulfoxide and Q sulfone,
respectively. While Q sulfoxide was the principal metabolite of Q in rat
microsomes, Q sulfone was only a minor one the concentration of which
was near the limit of detection. Using HPLC/MS with positive-ion ESI, the
first-stage mass spectra of Q and of all four discussed metabolites showed
protonated molecules without any fragmentation, which enabled an easy
molecular weight determination (see the spectrum of M3 in Fig. 3a). Fol-
lowing MS/MS spectra of [M + H]* ions (Fig. 3b) yielded the characteristic
fragment ions supporting the structure assignment of M3 and M5. The
mass spectra of M3 and M5 differ solely in the relative abundances of some
fragment ions in MS/MS spectra, hence only one example illustrates an
identification (Fig. 3). Cleavage of a bond between the sulfur atom and the
benzene ring leads to the m/z 269 ion and subsequent neutral loss of water
corresponds to the m/z 251 ion. Similarly, the cleavage of the bond between
the etheric oxygen and the CH, group leads to the m/z 177 ion and subse-
quent loss of water corresponds to the m/z 159 ion. Two molecules of water
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are readily lost from the [M + H]* ion (the fragment ions m/z 404 and 386),
which is typical of vicinal hydroxy groups.

Kinetic studies were performed under aerobic conditions with NADPH as
coenzyme and substrate concentrations 0.01-1.0 mmol/l. Concentrations
of metabolites M2, M3 and M5 were measured. The curves obtained are pre-
sented in Fig. 4. Kinetic parameters — apparent K|, and V! _ and metabolic
efficiency Cl,,,; (defined as V /K, ratio) — were calculated using GraphPad
Prism 3.0 software. Data are shown in Table I.

Q (concentrations 0.05, 0.2 and 0.5 mmol/l) was incubated with rat
cytosol under aerobic or anaerobic conditions. NADH or NADPH was used
as a coenzyme. No metabolites were detected in incubation mixtures (data

are not shown).
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TaBLE |

Apparent kinetic parameters of the respective biotransformation enzymes in rat liver micro-

somal fraction

Metabolite Vo Kt Clint
M2 1820 + 54 188+ 2.6 96.8
M3 271 + 6 13.8 + 1.7 19.6
M5 321 +8 142+ 1.9 22.6

The values represent the average of 4-6 determinations. V., in pmol/30 min (per mg of pro-
tein), K/ in umol/l, CI; . (metabolic efficiency, defined as V., /K, ratio) in ul/30 min (per

mg of protein).
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Rate of formation of Q metabolites versus quinlukast concentration in rat liver microsomes.
Each point represents the average and S.E.M. of 4-6 determinations. Data are normalized for

1 mg of protein
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Metabolism of Quinlukast in Rat Hepatocytes

Primary cultures of rat hepatocytes were incubated with 0.05 or 0.1 mm Q
and aliquots of the medium were collected and analysed. Four metabolites
were detected in culture medium. Three of them were identical to metabo-
lites found in incubation of Q with microsomes. No Q sulfone, a minor me-
tabolite observed in microsomes, was detected in culture medium. On the
other hand, another metabolite (M1) was detected in hepatocyte medium.
Based on polarity and spectra analysis, M1 seems to be a conjugate of Q or
its metabolite. Its structure and kinetics will be under study in the next pro-
ject concerning phase Il of Q metabolism.

The time-dependent (0, 2, 4, 8 and 24 h) formation of metabolites is pre-
sented in Fig. 5.
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Time dependent (0, 2, 4, 8 and 24 h) formation of M1, M2, M3 and M5 in culture of the rat
hepatocyte medium for two concentrations of Q (50 (O) and 100 (O) pmol/l). Each point rep-
resents the average and S.E.M. of 4-6 determinations. Data are normalized for 1 million of
cells
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For kinetic studies, various concentrations of substrate (0.005-0.1 mmol/l)
were used. Concentrations of metabolites M1, M2, M3 and M5 were mea-
sured in culture medium after 24-h incubation. The curves obtained are
presented in Fig. 6. Kinetic parameters — apparent K;, and V|, - together
with Hill coefficient were calculated using GraphPad Prism 3.0 software.
Kinetic parameters obtained served for calculation of metabolic efficiency
Cl;, ;- Data are shown in Table II.

Q was shown to be non-cytotoxic in the concentration range tested
(0.005-0.1 mmol/l) in primary cultures of rat hepatocytes.
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Rate of formation of Q metabolites versus quinlukast concentration after 24-h incubation in
1 ml of culture medium. The dotted line indicates the Michaelis-Menten kinetics and the full
line shows a better fit for sigmoidal dose-response kinetics. Each point represents the average
and S.E.M. of 4-6 determinations. Data are normalized for 1 million of cells
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DISCUSSION

Recently, several Cys-LT1 receptor antagonists are available for clinical
management of asthma. Their metabolic pathways have been studied and
ascertained. Dicarboxylic acid, acyl glucuronide, sulfoxides, hydroxylated
and methylhydroxylated metabolites are the montelukast metabolites
formed in humans®13, Biotransformation of zafirlukast in rats, dogs and
mice includes hydrolysis, hydroxylation and demethylation!*. Hydroxy-
lation, sulfur oxidation and conjugation of verlukast with glucuronic acid
and glutathion were reported'®®, The identification of the main metabolic
pathways of new potential antileukotrienic drug Q was necessary for start-
ing its pharmacokinetic tests and clinical trials.

Two in vitro models were used for this purpose: subcellular fractions
(microsomes and cytosol) of rat liver homogenate and primary cultures of
rat hepatocytes. Four metabolites were revealed in rat microsomes. Q sulf-
oxide represented the principle one. A relatively high metabolic efficiency
Cl,,; indicates high metabolic efficiency of sulfur oxidation of Q. Similarly
to verlukast'’, also in Q oxygen is incorporated into the structure in the
form of relatively unstable Q epoxides. These epoxides are then very
quickly converted probably by epoxide hydrolase to the corresponding Q
dihydrodiols (metabolites M3 and M5). The mass of these Q dihydrodiols
was confirmed by mass spectrometry (MS and MS2). The position of hy-
droxyl groups was proposed on the basis of metabolic similarity with
verlukast'” and taking into account different retention times in the HPLC
system used. Just M5 is probably able to form a five-membered ring that

TaBLE Il
Apparent kinetic parameters of the respective biotransformation enzymes in rat hepatocyte
medium

Metabolite Vo Ky Clint Hill coeff.
M2 4435 + 431 26.0 + 3.3 170.6 1.48 + 0.27
M3 4239 + 390 36.3+4.6 116.8 1.68 + 0.23
M5 1915 + 180 422 +5.1 45.4 1.16 + 0.17

The values represent the average of 4-6 determinations. V.. in pmol/24 h (per million of
cells), K; in pmol/l, Cl, . (metabolic efficiency, defined as V., /K, ratio) in ul/24 h (per
million of cells).

int
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produces less hydrogen bonds with mobile phase, which can be explana-
tion for its higher retention time in comparison to the other dihydrodiol
M3. As only negligible amount of Q sulfone was formed, structure of Q
probably defended sulfur atom against second oxidation. Finding no me-
tabolites in liver cytosol corresponded to our expectation of no reductive or
hydrolytic transformation of Q.

In primary cultures of rat hepatocytes, four metabolites were also de-
tected. Three of them were identical to metabolites found in incubation of
Q with microsomes. Q sulfone, a minor metabolite observed in micro-
somes, was not found in hepatocytes probably due to a substantially lower
concentration of the substrate used in hepatocytes than in microsomes. On
the other hand, another metabolite (M1) was detected in hepatocyte me-
dium. Based on polarity of the HPLC system and spectral analysis ([M + H]*
ion m/z 515), M1 seems to be a conjugate of Q or Q metabolite. While in
microsomes the formation of metabolites M3 and M5 was 5-8 less exten-
sive than sulfur oxidation of Q, the amount of M3 detected in hepatocyte
medium was similar to the amount of Q sulfoxide. Comparing the two
models used — microsomes and hepatocytes — several factors might shift
proportion of metabolites: secondary metabolic transformation, stability
and orientation of enzymes, cooperation of enzymes, accessibility of sub-
strate etc.!t.

Concentration of all metabolites increased during 24-h Q incubation in
hepatocytes. While formation of Q sulfoxide was linear up to 24 h (in addi-
tion, the chemical stability during the 24-h incubation was confirmed), me-
tabolites M1, M3 and M5 increased linearly only for 4-8 h. Exhaustion of
substrate, damage of enzymes or secondary metabolic transformation might
affect metabolite concentration detected in medium. Chemical stability
during the 24-h incubation for M1, M3 and M5 was not measured because
these metabolites were not available as standards.

No or low differences between concentration of metabolites formed in
hepatocytes incubated with 0.05 and 0.1 mm Q was observed in all the time
intervals tested. This finding was in accordance with low values of apparent
K., calculated from Kkinetic curves for all metabolites. While the shape of
kinetic curves for M2, M3 and M5 in microsomes corresponded well with
the Michaelis-Menten Kkinetics, certain sigmoidal deformation of curves
was observed for these metabolites in hepatocyte culture. For this reason,
two fittings of experimental points were made: first corresponding to the
Michaelis—-Menten kinetics and second corresponding to the sigmoidal
dose-response kinetics. Hill coefficients 1.5 and 1.7 characterized the for-
mation of metabolites M2 and M3, respectively, in primary cultures of rat
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hepatocytes. This finding can either be due to partial cooperation of en-
zyme systems in their formation or to a contribution of transport proteins
in their release into medium.

In conclusion, the in vitro study of Q metabolism revealed five Q meta-
bolites in rat. Based on our results the metabolic pathways for Q in rat liver
microsomes and hepatocytes were proposed (Fig. 7). Phase | metabolites
were identified (M2 and M4) or their structures were suggested on the basis
of ESI-MS spectra (M3 and M5), and kinetic parameters of their in vitro for-
mation were calculated and evaluated.
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Proposed biotransformation pathways for quinlukast in rat liver microsomes and hepatocytes
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Abstract

The purpose of this study was to test the applicability of n-in-one (cocktail) incubations in the determination of intrinsic clearance
(Cl,,) as the slope of the linear portion of the Michaelis—Menten curve (velocity V' vs. substrate concentration [S]) where substrate
concentrations were low. A rapid, sensitive, and selective liquid chromatography tandem mass spectrometry (LC/MS/MS) method
was developed for the analysis of samples produced by single-substrate and n-in-one (seven substrates: entacapone, 17p-estriol,
umbelliferone, 4-methylumbelliferone, tolcapone, hydroxyquinoline, and paracetamol) incubations conducted in 96-well plates with
different recombinant UDP-glucuronosyltransferases (UGTs). The CI;, values obtained with n-in-one incubations were compared
with those obtained in single-compound incubations and with V,,,/K,, values determined by estimating the enzyme kinetic parame-
ters V. and K| from the Michaelis-Menten curve. When substrate concentrations were well below their K values, CI; values
determined as the slope of the linear part of the Michaelis—-Menten fitting correlated well with the values determined as V. /K,
ratios from the Michaelis—Menten curve. The correlation between CI;, values determined in single-substrate and n-in-one incuba-
tions was high as well. Together, the n-in-one incubations, the determination of Cl,,, values as the slope of the linear part of the
Michaelis—Menten fitting, and LC/MS/MS as an analytical method proved to be effective approaches for increasing throughput in
the first-phase screening of metabolic properties.

© 2005 Elsevier Inc. All rights reserved.

Keywords: UDP-glucuronosyltransferases; LC/ESI/MS/MS; n-in-one cocktails; Intrinsic clearance

Poor pharmacokinetics is a major reason for the with-
drawal of many drug candidates from clinical trials [1].
Therefore, there is an urgent need for investigation of
pharmacokinetic properties and the recognition of
unsuitable drug candidates as early as possible in the
drug development process. New effective synthesis tech-
niques, such as drug design in silico, combinatorial syn-
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E-mail address: risto.kostiainen@helsinki.fi (R. Kostiainen).

0003-2697/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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thesis, and high-throughput screening (HTS),! have
increased the number of drug candidates and target
molecules in the early phase of drug discovery. Thus,

' Abbreviations: HTS, high-throughput screening; UGT, UDP-glu-
curonosyltransferase; ADME, absorption, distribution, metabolism,
and elimination; LC/MS, liquid chromatography mass spectrometry;
LC/MS/MS, liquid chromatography tandem mass spectrometry; UD-
PGA, uridine 5'-diphosphate glucuronic acid; DMSO, dimethyl sulf-
oxide;, MRM, multiple reaction monitoring; ESI, electrospray
ionization; RSD, relative standard deviation.
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developing in vitro methods that could provide pharma-
cokinetic information on much larger sets of compounds
than is currently possible is an important and timely
challenge. Such methods should allow a more specific
selection of lead candidates with acceptable metabolic
stability and permeability.

Metabolic stability is an important parameter in clas-
sifying potential lead compounds as poorly, moderately,
or rapidly metabolizing. Clarification of the metabolic
stability of a drug candidate is essential because metabo-
lism can significantly alter the pharmacokinetics of the
drug, resulting in poor in vivo exposure or even toxic
effects if drugs are metabolized too rapidly or if active
metabolites are present. Metabolic stability results are
typically reported as measures of either parent disap-
pearance or metabolite formation. Parent disappearance
can be reported as ¢, or percentage disappearance at a
single time point. In vitro intrinsic clearance can be
obtained by estimating the maximal reaction rate of
metabolite formation (V,,,,) and Michaelis constant
(K,,) and calculating intrinsic clearance (Cl,,,) as V,,,./K,,.
This approach is time-consuming, however, and a large
number of measurements are needed to optimize the
incubation conditions and perform the experiments at
several substrate concentrations. An alternative and
more rapid method for determining C/,, in vitro from
the half-life is the so-called depletion method, in which
the initial substrate concentration is low and its subse-
quent decline is monitored at regular intervals [2,3].

Liver slices, hepatocytes, liver microsomes, and
recombinant enzymes all have been used as in vitro
model systems for testing metabolic stability. Liver slices
and hepatocytes are whole cell systems that offer a more
reliable in vivo/in vitro correlation of the metabolic
clearance than do subcellular systems. They are not eas-
ily applicable to higher throughput screening, however,
due to poor availability and a number of practical limi-
tations. Instead, liver microsomes, which are well
adapted to higher throughput, are widely used in screen-
ing of metabolic properties. Additional advantages of
microsomal fractions are easy preparation and use, sta-
bility during storage, and high concentrations of the
main drug-metabolizing enzymes.

Recombinant enzymes that are expressed individually
provide an interesting testing system because they can
give structure—activity information on the individual iso-
enzymes involved in the metabolism of a given drug can-
didate. Furthermore, mixing of exact proportions of
different isoforms makes it possible to keep the enzyme
levels constant, whereas this is not always possible with
other in vitro models. UDP-glucuronosyltransferases
(UGTs) are membrane-bound enzymes of the endoplas-
mic reticulum. They catalyze the glucuronidation of var-
ious endogenous and exogenous compounds, converting
the substrate molecules into more polar glucuronides,
thereby stimulating their excretion rate [4,5]. The human

genome encodes at least 16 different UGTs that are
divided into families (1 and 2) and subfamilies (2A and
2B) according to the degree of sequence identities and
genomic organization [4,6,7]. Most UGTs are expressed
in the liver, the organ that is considered to be the major
site of glucuronidation, but some UGTSs are extrahepatic
enzymes and many of the liver UGTs are also found in
other tissues [4].

Despite recent developments in assay technologies
that have increased the speed of ADME (absorption,
distribution, metabolism, and elimination) screening, the
screening capacity is still several orders of magnitude
lower than the HTS methods that are used in bioactivity
screening of drug candidates. The highest throughput in
metabolic stability screening with reliable results is doz-
ens of compounds per day and is currently achieved by
liquid chromatography mass spectrometry (LC/MS)
[8-10]. These assays use a 96-well plate format, a robotic
system, multiple injectors, a dual-column system, and
effective online data processing. LC/MS is a sensitive and
selective detector and allows multicomponent analysis
that, in combination with n-in-one (cocktail) experi-
ments, provides a highly effective technique for increas-
ing throughput. Recently, the n-in-one strategy and
liquid chromatography tandem mass spectrometry (LC/
MS/MS) have been used successfully in high-throughput
inhibition screening of human cytochrome P450
enzymes [11,12] and in Caco-2 permeability studies [13].

The aims of this study were (i) to develop a sensitive
and fast LC/MS/MS method for the simultaneous analy-
sis of a set of glucuronides, (ii) to investigate the applica-
bility of n-in-one incubations in kinetic studies with
recombinant human UGT isoenzymes by analyzing the
formation of glucuronides of seven substrates (entaca-
pone, 17B-estriol, umbelliferone, 4-methylumbelliferone,
tolcapone, hydroxyquinoline, and paracetamol) (Fig. 1)
as a mixture and as single incubations, and (iii) to intro-
duce an alternative method for the determination of
intrinsic clearances (Cl;,,) as the slope of the linear por-
tion of a velocity (V) versus substrate concentration ([S])
plot.

Materials and methods
Chemicals and reagents

Umbelliferone (7-hydroxycoumarin), 4-methylumbelli-
ferone, estriol, 8-hydroxyquinoline, 4-methylumbelliferyl--
D-glucuronide, estriol-17B-p-glucuronide, 8-hydroxyquinoline
glucuronide, paracetamolglucuronide, p-saccharic acid
1,4-lactone, and uridine 5'-diphosphoglucuronic acid
(UDPGA) were purchased from Sigma—Aldrich Chemie
(Steinheim, Germany). Umbelliferone glucuronide was
purchased from Ultrafine (Manchester, UK). Entaca-
pone, tolcapone, and paracetamol were obtained from
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Fig. 1. Glucuronides studied. M, molecular weight (g/mol).

Orion Pharma (Espoo, Finland), and entacapone 3-O-
glucuronide and tolcapone-3-O-glucuronide were syn-
thesized at the Division of Pharmaceutical Chemistry
(Faculty of Pharmacy, University of Helsinki) by a
method described previously [14].

Disodium hydrogen phosphate dihydrate, magnesium
chloride hexahydrate, perchloric acid (70-72%), and
ammonium acetate were purchased from Merck
(Darmstadt, Germany). Sodium dihydrogen phosphate
dihydrate was obtained from Fluka Chemie (Buchs,
Germany), PLC-grade methanol was obtained from J.T.
Baker (Deventer, The Netherlands), and 98-100% for-
mic acid was obtained from Sigma—Aldrich Chemie.

Human UGTs were cloned and expressed in baculo-
virus-infected insect cells as His-tagged proteins in our
laboratory [15,16]. Protein concentrations were deter-
mined with the BCA Protein Assay Kit (Pierce Chemi-
cal, Rockford, IL, USA).

Determination of Cl,,, (slope)
The different intermediate concentrations of sub-

strates for incubations were prepared by dilution of a
25 mM stock solution of each substrate with buffer or

dimethyl sulfoxide (DMSO) so that the final concentra-
tion of DMSO in the incubation solution (total volume
100 ul) was 2%. The final substrate concentrations in
incubation mixtures were 100, 150, 200, 250, and 300 uM
for paracetamol and either 0.25, 0.50, 0.75, 1.00, and
1.25uM or 2.5, 5.0, 7.5, 10.0, and 12.5 uM for the other
substrates. Substrate concentrations in the correspond-
ing n-in-one incubations were the same.

Then 40 ul of S0mM sodium phosphate buffer (pH
74) and SmM MgCl,, 10l of 50mM pb-saccharic acid
1,4-lactone, and 20l of intermediate solution of each
substrate or mixture of substrates were administered to a
96-well plate and mixed. The plate was cooled on ice
before the addition of 20pul UGT isoform (2.5 mg/ml
protein). The reaction was started by adding 10pul of
10mM stock solution of UDPGA as quickly as possible
and transferring the plate to a thermal bath at 37°C. The
incubation reaction was terminated after 60 min by the
addition of 10 pl of 4 M perchloric acid and cooling on
ice for 15 min, followed by centrifugation in a well plate
centrifuge (Labofuge, Heraeus Sepatech, Germany) for
10min at 2500 rpm. The samples were injected to LC/
MS/MS either directly from the wells or after pooling
single incubations together.

The LC instrument was an Agilent 1100 HPLC sys-
tem equipped with a switching valve option (Agilent
Technologies, Germany). The column was an endcapped
reversed-phase Purospher STAR RP-18 column
(55 x 4mm i.d., particle size 3um) (Merck). The eluent
flow of 1.5 ml/min was split postcolumn in a ratio of 1:16
before MS. The HPLC eluent system consisted of 0.1%
aqueous formic acid (eluent A) and of 0.1% formic acid
in MeOH (eluent B). The gradient profile was started
with a linear gradient from 5 to 90% B in 3 min, followed
by an isocratic step at 90% B for 1 min and eventually a
linear gradient from 90% B back to the initial 5% B in
I min. The column was equilibrated for Smin before
each analysis. The injection volume was 50 ul. To avoid
contamination of the ion source, nonvolatile, early elut-
ing buffer components were diverted to waste before
mass analysis by diverting the first minute of the eluent
flow to waste with a switching valve and flow at 1.5ml/
min (95:5 A:B) from an auxiliary pump (LKB 2150
HPLC pump, LKB Produkter, Bromma, Sweden).

Analyses were carried out with a Sciex API 3000 tri-
ple quadrupole mass spectrometer with a commercial
turbo ionspray (Applied Biosystems, Canada). MS and
MS/MS behavior of glucuronides and ion optics
parameter optimization were examined using flow
injection analysis via a syringe pump at a flow rate of
10pl/min  and 10puM  solutions (0.1% HCOOH
water:MeOH 70:30) of single glucuronides. The main
ion optics parameters—declustering potential (DP),
collision energy (CE), and collision cell exit potential
(CXP)—were determined for each multiple reaction
monitoring (MRM) transition to find the best sensitivity.
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The optimal parameters were DP=20-40V, CE=9-
30V, and CXP=10-15V. The ion source was used
without turbo gas or elevated temperature. All other
parameters were the same as in the LC/MS/MS method
described below.

In the LC/MS/MS method, all of the glucuronides
were detected by positive ion MRM. The dwell time was
50ms for each ion pair. The electrospray ionization
(ESI) ionspray voltage was 5000 V. Nitrogen (Whatman
75-720 nitrogen generator) was used as the curtain, colli-
sion, and turbo gas. Compressed air (Atlas Copro air
dryer, Wilrijk, Belgium) was used as a nebulizer gas. The
flow rates of the curtain and nebulizer gases were
1.2 L/min. The turbo gas pressure and temperature were
75bar and 350 °C, respectively. The data were collected
with a Dell Optilex computer and were processed with
PE Sciex Analyst 1.3 software.

Determination of kinetic parameters V,,,. and K,

Kinetic parameters V,,, and K, were determined
using optimized incubation conditions, and reactions
were linear in terms of protein concentration and time.
Enzyme assays (total volume 250 ul) contained 50 mM
phosphate buffer (pH 7.4), 5SmM MgCl,, 5mM saccha-
rolactone, 1 mM UDPGA, 1-50 ug UGT isoform, and
substrates in concentrations (n=6-8) ranging from
0.5 x K, to 5x K. Reactions were performed at 37°C.
Incubation time varied, within a linear range, from 10 to
60 min. Reactions were terminated by the addition of
25 pl of 4 M perchloric acid. The reaction mixtures were
centrifuged (S5min at 14,000 rpm, EBA 12, rotor 1412,
Hettich, Tuttlingen, Germany), and the supernatants
were analyzed by the Agilent 1100 HPLC system with
UV 310nm (entacapone glucuronide), fluorescence
(4-methylumbelliferone glucuronide, umbelliferone glu-
curonide, A, =316nm, 4,,=382nm) or MS detection
(8-hydroxyquinoline glucuronide, method same as
above). The quantitation was based on authentic refer-
ence standards. Entacapone glucuronide was eluted with
isocratic 0.5% acetic acid:acrylonitrile (65:35) and a flow
rate of 1.0ml/min. The column was Hypersil BDS-C18
(150 x 4.6 mm, 5pum particle size). 4-Methylumbellifer-

Table 1
Validation of the LC/MS/MS method

one glucuronide and umbelliferone glucuronide were
analyzed isocratically with Chromolith SpeedROD RP-
18e (50 x 4.6 mm) column. 4-Methylumbelliferone glucu-
ronide was eluted with 50mM phosphate buffer (pH
3.0):MeOH (80:20) and flow (2ml/min), and umbellifer-
one glucuronide was eluted with 50mM phosphate
buffer (pH 3.0):MeOH (85:15) and flow (1.5 ml/min). The
run time was 7-10min in each case. Data analysis was
performed by SigmaPlot Enzyme Kinetics Module 1.1S.

Results and discussion
Analysis

A fast linear gradient (3 min) and a short column with
3 um particle size provided high sensitivity and fast par-
tial separation of the seven glucuronides. Paracetamol
and 8-hydroxyquinoline eluted concurrently but were
separated by different MS/MS reactions. All of the glu-
curonides were eluted within 3.5 min, with total analysis
time being 10 min (including the equilibration step). The
LC method was robust, with repeatable peak shape after
the analysis of hundreds of samples. Very good repeat-
ability was obtained for the retention times, with the rel-
ative standard deviations (RSDs) being within 0.3-1%
(n=90) for all of the glucuronides. A faster analysis with
a steeper gradient (2min) was used at the beginning, but
the robustness of the method was poor after a few dozen
injections due to impaired chromatography.

ESI, rather than atmospheric chemical ionization,
was chosen for analyte ionization because ESI is a more
sensitive and softer ionization technique for the analysis
of glucuronide conjugates [17]. All of the glucuronides
produced an intense protonated molecule, which was
chosen as precursor ion for positive ion MS/MS studies.
All of the MS/MS spectra except that for estriol glucuro-
nide showed abundant product ion formed by the cleav-
age of glucuronic acid moiety (Glu), [M+H — Glu]",
which was chosen for the MRM. The MS/MS spectrum
of estriol glucuronide showed more fragments, and the
most intense product ions, [M+H-—H,0]" and
[M +H — H,0 — Glu]*, were monitored in MRM.

Linearity R Limits of Between-day repeatability Within-day repeatability
(nM) detection (nM)  (RSD %, n = 4) (250 nM) (RSD %, n=16)
25nM 250 nM 1000 nM

Entacapone-3-O-glucuronide 10-2000 0.9990 0.5 34 6.5 53 4.6
Umbelliferone glucuronide 5-2000 09994 0.5 3.0 14.5 6.5 72
4-Methylumbelliferone glucuronide 10-2000 09984 0.5 6.0 12.3 6.7 8.1
Tolcapone-3-0-glucuronide 25-10,000 0.9976 1.0 3.0 3.7 2.7 5.1
Hydroxyquinoline glucuronide 10-2000 09980 0.5 6.6 6.8 34 52
Estriol-17B-glucuronide 10-5000 0.9984 5.0 12.7 7.0 5.1 4.6
Paracetamol glucuronide 10-2000 0.9981 0.5 82 13.1 10.4 57
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Limits of detection by LC/MS/MS (Table 1) were less
than 1nM, and limits of quantitation were less than 2.5nM
for nearly all glucuronides. This is adequate sensitivity for
metabolism studies. Good sensitivity was necessary
because the concentrations of metabolites are low, espe-
cially for the substrates with very low K, and V,,, values.
Furthermore, in zn-in-one incubations, the initial substrate
concentration levels must be low to avoid cross-effects.

Three calibration curves (2.5-250, 10-2000, and 1000—
7500nM) were prepared for the glucuronides. The corre-
lation coefficient values (r) were greater than 0.995 and
RSDs for individual points are less than 15%, indicating
good linearity of the method. The within-day repeatabil-
ity of the LC/MS/MS method was evaluated at three
concentration levels (25, 250, and 1000nM), and the
between-day repeatability was evaluated at one concen-
tration level (250 nM). RSDs in the within- and between-
day experiments remained less than 15%, indicating
acceptable precision of the analytical method (Table 1).

Cl,,, values

The intrinsic clearance (Cl, =V, /K,,) 1s usually
determined by estimating the enzyme kinetic parameters
Vioax and K, from the Michaelis-Menten -curve
(Cl,y(M-M)). The Cl,, can also be determined as the
slope of the linear part of the Michaelis—Menten fitting
(Cl, (slope)) if the substrate concentration is well below
its K, value. The use of the highly sensitive LC/MS/MS
method enables C/, (slope) determination for several
substrates simultaneously (n-in-one) because the cross-
effects are expected to be minimal at very low concentra-
tions. In the drug discovery phase, the determinations of
Cl,, (slope) values must be fast. Therefore, incubation
conditions in determination of CI(slope) were not
optimized separately for each experiment. On the other
hand, it is impossible to select universal incubation
parameters, such as substrate concentration, protein
concentration, and incubation time, for all experiments

A 295
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because enzyme activities may vary by several orders of
magnitude between different substrates.

In this study, the substrate concentrations were
either 0.5-2.5uM or 5-25uM; these values, according
to other studies in our laboratory, are less than the
respective K, values [18)]. The consumption of the sub-
strate that is controlled by incubation time and protein
concentration should not exceed 10% because the
Michaelis—Menten equation is based on the assump-
tion that the substrate concentration is constant during
the reaction. Because of this, the protein concentra-
tions had to be well below the concentration of the sub-
strate but still high enough to allow a detectable
product formation. The incubation time is another crit-
ical parameter because the reaction rate as a function
of the reaction time is linear only up to a certain time
point and too long an incubation may result in under-
estimation of Cl,,. However, the incubation time had
to be long enough for a detectable amount of metabo-
lite to be formed. Thus, the incubation time in all
experiments was 60 min.

The Cl, (slope) values for all substrates were deter-
mined as the slope of the linear part of the plots of sub-
strate concentration [S] versus glucuronidation rate
(Fig. 2). The linearity of the plots was satisfactory, with the
correlation coefficients (°) being equal to or above 0.94.
The CI,, (slope) values were compared with the C/, (M-
M) values obtained by determining V,,,./K,, from Michae-
lis-Menten curves (Table 2). The reactions followed
Michaelis—Menten kinetics as evaluated on the basis of
residual plots and standard deviations of the parameter
estimates. The /* values were typically greater than 0.94
(Table 2). As an example, Fig. 3 presents Michaelis—Men-
ten fitting for glucuronidation of entacapone. The correla-
tion between Cl (slope) and CI,,,(M—M) values was very
good (the variation was less than threefold) in cases where
the substrate consumption in the reactions determining the
Cl..(slope) values was less than 10%. In cases where
the substrate consumption was greater than 10%, the

0.5 1.0 15 20 25 3.0 35 4.0 45 5.0
Time, min

Fig. 2. Extracted ion chromatograms for samples from incubation with UGT 1A8 containing glucuronides of 8-hydroxyquinoline (f; = 1.3 min, m/z
322 — 146), umbelliferone (g =2.0min, m/z 339 — 163), methylumbelliferone (fz =2.3min, m/z 353 — 177), entacapone (tg =2.9 min, m/z
482 — 306), and tolcapone (fg = 3.4 min, m/z 450 — 274). The initial substrate concentration was 15 uM, and the incubation time was 60 min. (A) All
seven substrates incubated together as a mixture. (B) Substrates incubated separately and pooled together for analysis.



110

Table 2

Comparison between CI; (slope) values determined as slope of the linear portion of Michaelis-Menten curves and V,

parameters (V},,, and K,) determined from Michaelis-Menten fittings
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nax/ K calculated from kinetic

Substrate Enzyme  Michaelis-Menten parameters (n = 3) Determination of Cl,, as slope of the linear part of
Michaelis—Menten fitting
K, (uM) Vi Vina K = R? Cl, (slope) Intercept R’ Substrate
(pmol/min/mg)  Cl, (M-M) (Wl/min/mg) consumption®

(1ul/min/mg) (%)
4-Methylumbelliferone  1A1 115 459 4.0 0.974 2.63 +0.96 0995 <10
Umbelliferone 1A1 294 462 1.6 0.919 2.87 -0.75 0994 <10
Entacapone 1A3 259 622 240 0.981 2.58 +0.27 0927 <10
8-Hydroxyquinoline 1A3 494 22 0.045 0.984 0.05 +0.03 0984 <10
4-Methylumbelliferone ~ 1A3 335 989 3.0 0.965 1.21 +0.02 0996 <10
8-Hydroxyquinoline 1A6 6.5 705 108.0 0.990 9.03 +74.3 0.972 44
4-Methylumbelliferone  1A6 157 7870 50.0 0.995 9.23 +51.3 0.968 37
Entacapone 1A9 21 10,171 351.0 0910  29.10 +2.37 0.999 100
8-Hydroxyquinoline 1A9 0.48 49 102.0 0.984  12.68 +0.41 0.987 35
4-Methylumbelliferone  1A9 18 1388 71.0 0.940  10.76 +3.15 0.974 42
Umbelliferone 1A9 111 2282 21.0 0.983 941 +2.26 0.956 30
8-Hydroxyquinoline 2B7 301 371 12 0.930 0.33 +0.28 0987 <10
8-Hydroxyquinoline 2BI15 16 33 2.1 0.884 0.31 +0.31 0988 <10
4-Methylumbelliferone ~ 2BI1S 149 40 0.27 0.936 0.071 +0.24 0967 <10
Umbelliferone 2B15 339 25 0.074 0.970 0.032 +0.03 0985 <10

% Approximate values for substrate consumptions are estimated from initial concentration of substrates and final concentration of glucuronides in

the incubations.
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Fig. 3. Michaelis—Menten fitting of enzyme kinetics of entacapone glu-
curonidation by UGT 1A3.

Cl,..(slope) values were typically 1/5th to 1/20th of the
Cl,,(M—M) values, showing that too high substrate con-
sumption led to underestimation of Cl,,, (Table 2). It may
be noted here that in the determination of Ci,,(slope) val-
ues for 8-hydroxyquinoline with UGTs 1A6 and 1A9, the
substrate concentrations (5-25uM) were well above the
K, values (Table 2). This resulted in significantly reduced
Cl,..(slope) values relative to the Cl,,,(M—M) values. Inter-
estingly, either too high substrate consumptions or too
high substrate concentrations in the incubations were
clearly recognized as higher intercept values in the plots of
substrate concentration [S] versus glucuronidation rate

Table 3
Cl,, (slope) values obtained from n-in-one (Cl;,, (mix)) and single-com-
pound (CI,, (single)) incubations

Substrate Enzyme Cl,,, (single) Cl, (mix)
(ul/min/mg) (ul/min/mg)
Entacapone 1A3 2.58 4.10
8-Hydroxyquinoline 1A3 0.05 0.13
4-Methylumbelliferone 1A3 121 1.36
Tolcapone 1A3 43.60 53.65
Umbelliferone 1A3 045 0.50
8-Hydroxyquinoline 1A6 9.03 3.82
4-Methylumbelliferone 1A6 9.23 4.54
Tolcapone 1A6 0.83 0.99
Umbelliferone 1A6 9.66 343
Entacapone 1A7 32.90 11.55
8-Hydroxyquinoline 1A7 1.85 3.53
4-Methylumbelliferone 1A7 11.89 6.23
Tolcapone 1A7 28.75 33.71
Umbelliferone 1A7 11.03 7.67
Entacapone 1A8 10.45 5.25
8-Hydroxyquinoline 1A8 498 3.87
4-Methylumbelliferone 1A8 348 1.59
Tolcapone 1A8 6.65 7.43
Umbelliferone 1A8 2.63 2.15
Entacapone 1A9 29.10 35.01
8-Hydroxyquinoline 1A9 12.68 16.73
4-Methylumbelliferone 1A9 10.76 11.19
Paracetamol 1A9 0.006 n.d.
Tolcapone 1A9 4237 33.65
Umbelliferone 1A9 941 7.72
Entacapone 1A10 30.24 19.35
8-Hydroxyquinoline 1A10 6.38 3.60
4-Methylumbelliferone 1A10 16.42 17.18
Paracetamol 1A10 0.075 0.025
Tolcapone 1A10 38.64 32.68
Umbelliferone 1A10 15.80 8.40
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Fig. 4. Linear fittings of enzyme kinetics of 4-methylumbelliferone glucuronidation by UGT 1A3. (A) 4-Methylumbelliferone incubated in a mixture
of seven substrates. (B) 4-Methylumbelliferone incubated separately and analyzed in a pooled mixture of substrates.
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Fig. 5. Correlation between single (Cl, (single)) and n-in-one
(Cl, (mix)) incubations of seven substrates with six isoenzymes.

(Table 2). Accordingly, the intercept value offers an indica-
tor to estimate the authenticity of the experimental condi-
tions, and in cases where the intercept is very high in
proportion to the slope, the experiment should be repeated
under acceptable experimental conditions.

Single-substrate versus n-in-one incubations

Our basic assumption was that if the substrate con-
centrations in the incubations are low enough, it
should be possible to avoid cross-effects and determine
Cl,, (slope) values using n-in-one incubations. To test
this possibility, incubations were carried out using
both a mixture of seven substrates and each substrate
individually. The concentration of a substrate in the
mixture was the same as its concentration in the single-
compound incubations and well below the K, values.
The CI, (slope) values obtained from the mixture
incubations correlated well (+>=0.9155) with those

obtained with the single-compound incubations (Table
3 and Figs. 4 and 5). The results do not give any indica-
tion of cross-effects between substrates in the n-in-one
experiments. The deviations between single-com-
pound and n-in-one experiments were within experi-
mental errors. Thus, the results show that Cl (slope)
values can be determined using the n-in-one experi-
ments when the substrate concentrations are kept suffi-
ciently low. This approach could significantly decrease
the time needed for experiments to screen metabolic
properties of new substrates in the early phase of drug
discovery.

Conclusions

We have shown that CI;, values determined as the
slope (Cl,, (slope)) of the linear part of the Michaelis—
Menten fitting correlated well with C/,,(M-M) values
determined as V,,/K, from the Michaelis-Menten
curve provided that the substrate consumptions in the
reactions determining C/,, (slope) values were less than
10% and the substrate concentrations were well below
their K,, values. The good -correlation between
Cl,,.(slope) values determined as single-substrate and n-
in-one incubations shows that significant cross-effects do
not occur in n-in-one experiments when the substrate
concentrations in the mixture are low enough. The
determination of CI;(slope) values by n-in-one experi-
ments significantly reduces the time needed to screen
metabolic behavior of compounds early in the discov-
ery phase. However, the method requires highly sensitive
and specific analytical techniques such as LC/MS/MS.
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The stereoselective biotransformation of the
anti-obesity drug sibutramine in rat liver microsomes
and in primary cultures of rat hepatocytes

Marek Link, Romana Novotna, Bohumila Suchanova, Lenka Skalova,
Vladimir Wsoél and Barbora Szotakova

Abstract

Sibutramine is an anti-obesity drug sold as a racemic mixture under the trademark Meridia or Reductil.
With the aim of evaluating the stereoselectivity in phase | of sibutramine biotransformation, the
formation of the main metabolites from R-sibutramine, S-sibutramine and rac-sibutramine was studied
in rat microsomes and primary cultures of hepatocytes. A novel analytical method for the determina-
tion of sibutramine and its phase | metabolites in culture medium and microsomal incubates using
isocratic reversed-phase liquid chromatography with UV detection was developed. Only two metabo-
lites, mono-desmethylsibutramine (M1) and di-desmethylsibutramine (M2), were found in the rat
microsomes incubated with sibutramine and NADPH. The kinetics of M1 and M2 formation slightly
differed depending on the enantiomeric form of the sibutramine used. The stereoselectivity in
sibutramine biotransformation was much more evident in primary cultures of rat hepatocytes. While
R-sibutramine incubation led to the formation of M1 and M2 metabolites only, the incubation of
S-sibutramine or rac-sibutramine (to a lesser extent) resulted in four major metabolites (M1, M2, M3
and M4) and 2 or 3 minor metabolites. On the basis of our results, R-sibutramine might represent the
more advantageous sibutramine enantiomer from the pharmacokinetic standpoint.

Introduction

Nowadays, obesity represents a serious problem, especially in American and European
populations. Pharmacotherapy in combination with a reduced calorie diet is recom-
mended for obese patients as a multi-modal approach to weight loss. Sibutramine
hydrochloride monohydrate represents one of the few established and well-proven agents
available for treatment of obesity (Arterburn et al 2004; Ryan 2004). Sibutramine (N-{1-
[1-(4-chlorophenyl)cyclobutyl]-3-methylbutyl}- NV, N-dimethylamine) is a tertiary amine
with one chiral centre. It is sold as a racemic mixture under the trade-name Meridia or
Reductil. It acts as a monoamine-reuptake inhibitor. The weight loss of patients induced
by sibutramine is thought to be due to a combination of serotonin- and noradrenaline
(norepinephrine)-mediated mechanisms that increase both satiety and energy expendi-
ture (Stock 1997; Heal etal 1998; Luque & Rey 1999).

In organisms sibutramine is rapidly demethylated to form metabolites M1 (N-{1-[1-
(4-chlorophenyl)cyclobutyl]-3-methylbutyl}- N-methylamine) and M2 (1-[1-(4-chloro-
phenyl)cyclobutyl]-3-methylbutylamine). M1 and M2 undergo hydroxylation and con-
jugation to form inactive metabolites (Stock 1997; Hind etal 1999; Chen etal 2003).
The pharmacological effects of sibutramine are mostly attributable to the M1 and M2
metabolites as these metabolites inhibit monoamine reuptake in-vitro more effectively
than the parent drug (Connoley et al 1999). Sibutramine itself has several undesirable
effects, the most problematic of which is increases in blood pressure and heart rate
(Stock 1997). From this point of view, the M1 and M2 metabolites are considered to be
safer than the parent compound (Glick et al 2000).

Sibutramine and both M1 and M2 metabolites are chiral compounds. The enantio-
selective pharmacodynamic profile of these enantiomers has been reported. The
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R-enantiomers act as more potent monoamine reuptake
inhibitors than the S-enantiomers (Glick etal 2000).

The aim of this study was to evaluate the stereoselec-
tivity in phase I of sibutramine biotransformation in rat.
The in-vitro formation of the main metabolites from
R-sibutramine, S-sibutramine and rac-sibutramine were
studied and compared. Primary cultures of rat hepatocytes
and microsomal fraction of rat liver homogenates were
used as model systems. A novel analytical method for
determination of sibutramine and its phase I metabolites
in culture medium and microsomal incubates, using iso-
cratic reversed-phase liquid chromatography with UV
detection, was developed.

Materials and Methods

Chemicals

Sibutramine hydrochloride, desmethylsibutramine hydro-
chloride (metabolite M1) and didesmethylsibutramine
hydrochloride (metabolite M2) were prepared as racemic
mixture using the experimental procedure according to
Jeffery et al (1996) at the Department of Organic chemistry,
Faculty of Pharmacy (Hradec Kralové, Czech Republic).
R- and S-sibutramine hydrochloride enantiomers (purity >
99%) were obtained from the Research Institute for
Pharmacy and Biochemistry (Prague, Czech Republic).
Ethyl acetate and toluene for extraction (liquid chromato-
graphy grade), acetonitrile and methanol (all of the purity
grade for LC) were obtained from Merck (Darmstadt,
Germany). All other chemicals were analytical grade.

Animals

Male Wistar rats (10-12 weeks) were obtained from
BioTest (Konarovice, Czech Republic). They were kept
on standard rat chow with free access to tap water, in
animal quarters under a 12-h light-dark cycle. The rats
were cared for and used in accordance with the Guide for
the Care and Use of Laboratory Animals (Protection of
Animals from Cruelty Act, no. 246/92, Czech Republic).
The ethical committee approval no. 28999/2001-30 for the
study is deposited at the Ministry of Education, Youth
and Sports of the Czech Republic.

Isolation of microsomal fraction

Livers of 6 male Wistar rats (10—12 weeks) were used as
the source of microsomes. The microsomal fractions were
prepared by a procedure described by Gillette (1971) with
slight modification (Szotakova etal 2004). The protein
content was determined by the bicinchoninic acid method
(Smith etal 1985).

Isolation of hepatocytes

Hepatocytes were obtained from the livers of 6 male rats
by a two-step collagenase method (Berry etal 1991) and
the isolated hepatocytes were mixed together. Three

million viable (85-90%) cells in 3mL of culture medium
were placed into 60-mm plastic dishes pre-coated with
collagen as described elsewhere (Szotakova etal 2004).
The cultures were kept at 37°C in an atmosphere of
humid air with 5% CO..

Incubation of microsomal fraction with
R-, S- and racemic sibutramine

The stock solutions (3 mm) of each substrate and NADPH
were prepared by dissolving the corresponding amount of
salt in re-distilled water. The other solutions of the sub-
strates were prepared by diluting the stock solution with
water. The reaction mixture consisted of 50 uL microso-
mal fraction (0.1 mg of proteins/mL), 100 uL. NADPH
(final concentration 1 mm), 100 uL substrate (final concen-
tration 0.01-1mm) and 50 L 0.1M sodium phosphate
buffer, pH 7.4. The total volume of the reaction mixture
was 300 uL. The standard incubation lasted 20 min. All
the incubations were performed at 37°C. The reaction was
stopped by alkalization and cooling in ice.

Incubation of hepatocytes primary culture with
R-, 5- and racemic sibutramine

The stock solutions (3 mmM of the substrates in water) were
added into a fresh culture medium. The concentration of
water in culture medium did not exceed 3% (v/v).
Hepatocyte monolayers (18-24 h after isolation) were incu-
bated with substrates at 37°C in an atmosphere of humid
air with 5% CO,. The kinetic study was performed with
substrate concentrations of 10, 20, 35 and 50 um, and the
incubation lasted 4 h. In the time-dependence study, 35 um
substrate was used and 0.5-mL samples of medium were
collected at intervals of 1, 2, 4 and 8 h. The medium samples
were stored frozen at —80°C before their extraction.

Cytotoxicity assay

Cytotoxicity was assayed using the MTT (dimethylthiazol
diphenyl tetrazolium bromide) test as described by
Denizat & Lang (1986). The cells seeded in 96-well plates
were incubated with the substrate at various concentra-
tions (5-70 um) for 8 h. The absorbance of formazan at
595nm in the cells treated with substrate was compared
with that in control cells exposed to medium with 3% v/v
water alone.

Extraction

Before the extraction procedure, the pH of sibutramine
incubates was adjusted. The best recovery of metabolites
from the culture medium and microsomal incubates
(approx. 80% and 94%, respectively) was obtained after
alkalization of samples with sodium hydroxide (0.1 m) to
pH 9.6-9.7.

All the incubates were extracted twice with double
volumes of ethyl acetate. The extracts were pooled and
evaporated to dryness using a rotary vacuum concentrator



Eppendorf 5301 at 30°C. The dry samples were dissolved
in the mobile phase prior to the injection in HPLC
apparatus.

Chromatography conditions

The HPLC analyses of sibutramine and its metabolites,
M1 and M2, were performed on an Agilent technologies
1100 series liquid chromatograph with a diode array
detector. The chromatographic separation was performed
using a Zorbax Eclipse XDB-C8 column, 4.6 x 150 mm
with 5pum particles (Agilent Technologies, USA). The
mobile phase consisted of ammonium phosphate buffer
(20mm, pH 6.0 adjusted with phosphoric acid)-acetoni-
trile—-methanol (42:22:36v/v/v), the flow rate was
1.5mLmin"!, temperature 25°C and detection wave-
length 223 nm.

Identification of metabolites of sibutramine

The metabolites M1 and M2 were collected separately into
glass test tubes after chromatographic separation using
the conditions described above. After basification with
sodium hydroxide, the analytes were extracted twice with
double volumes of toluene. The extracts were pooled and
evaporated to dryness. The residue was dissolved in a
mixture of water—methanol (2:3v/v) and analysed using
an LCQ Advantage mass spectrometer (ThermoFinnigan,
USA). The samples were injected into the ion source (ESI)
using a 250-pL syringe and positive ion mass spectra, MS
and MS/MS, were recorded.

Statistical analysis

The differences in the biological properties of the indivi-
dual compounds were statistically determined using a one-
way analysis of variance in conjunction with a Dunnett’s
post-hoc test.

Results

HPLC method

An analytical column with high pure silica gel and end-
capped stationary phase Zorbax Eclipse XDB-C8 was
chosen to avoid the peak-tailing problem due to the
basic character of sibutramine and its metabolites. It was
found that the resolution of the metabolites strongly
depended on the pH of the buffer and an accuracy of
pH 6.00 +0.05 was necessary. The retention time of sibu-
tramine, M1, M2, M3 and M4 was 31.0, 7.7, 9.1, 4.4 and
6.1 min, respectively.

Incubation of microsomal fraction with
R-, S- and rac-sibutramine

The rat hepatic microsomes were incubated with substrate
(rac-sibutramine, R-sibutramine or S-sibutramine) and
coenzyme NADPH. The metabolites M1 and M2 were
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found to be the only biotransformation products of sibu-
tramine in rat microsomes. The kinetics of M1 and M2
formation was studied within the substrate concentration
range of 0.01-1.0 mm. A blank sample was analysed simul-
taneously and no peak interfering with sibutramine and its
metabolites was found.

Figure 1A demonstrates the plots of rate of M1 forma-
tion vs substrate concentration. Detailed analysis showed
that the data are described better by a sigmoidal dose—
response curve rather than by the Michaelis—Menten
equation. The apparent kinetic parameters for microso-
mal M1 formation and intrinsic clearance were calculated
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Figure 1 Velocity of formation of metabolites, depending on sub-
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Table 1

Apparent kinetic parameters for M1 and M2 formation from R-, S-, rac-sibutramine and

for M2 formation from rac-MI1 in rat hepatic microsomes

Substrate K,/ £s.d. (umol L) Vimax' £5.d. (umol L™'s™") Cly,e (107%s7Y
MI M2 MI M2 MI M2
R-Sibutramine ~ 173.14£3548 255+9.7  0.118£0.009%*  0.008£0.001* 6.8 3.1
S-Sibutramine 171.04+45.08 49.6+17.0 0.134+£0.003*  0.018+£0.003* 7.8 3.7
rac-Sibutramine  167.14£28.07 54.9+250 0.114+£0.007  0.014+£0.004 6.8 2.6
rac-M1 — 57.64+10.5 — 0.033+£0.001  — 5.7

Each value represents the mean + s.d. of three independent experiments (n = 3). The microsomes were
obtained from livers of six rats. *P <0.05 in R- vs S-enantiomer.

using software GraphPad Prism version 3.00 (1999;
GraphPad Software Inc., San Diego CA); the data are
presented in Table 1. No significant differences in K.’
between sibutramine enantiomers were observed. On the
other hand, microsomal enzymes displayed slightly, but
significantly (P < 0.05), higher V., for S-sibutramine as
compared with R- or rac-sibutramine.

The plots of the rate of M2 formation vs sibutramine
concentration are shown in Figure 1B. The curves obtained
were non-hyperbolic. At low sibutramine concentration,
the velocity of M2 formation linearly increased with
increasing concentration of sibutramine to reach the max-
imum, and then it decreased with increasing sibutramine
concentration. When M1 was used as the substrate instead
of sibutramine, the plots of M2 formation approached the
classical hyperbolic curve (Figure 1C). The apparent kinetic
parameters for microsomal M2 formation calculated are
presented in Table 1. Microsomal enzymes displayed sig-
nificantly higher values of K.’ and V., for S-sibutramine
than for R-sibutramine. When M1 was used as the sub-
strate instead of sibutramine, a significantly higher value of
Vmax Was found. Intrinsic clearance was not affected by
enantiomeric form of sibutramine.

Incubation of hepatocytes with R-, S- and
racemic sibutramine

Before the biotransformation study, the cytotoxicity of
sibutramine in primary cultures of rat hepatocytes was
assayed using the MTT test. No significant decrease in
the viability of cells caused by R-, S- or rac-sibutramine
was observed up to a concentration of 50 uM.

The time and concentration dependence of phase I
biotransformation of R-, S- and rac-sibutramine was stu-
died in hepatocytes. When R-sibutramine was used as the
substrate, M1 and M2 represented the only main metabo-
lites in the culture medium. In addition to M1 and M2,
two other major metabolites (denoted as M3 and M4) and
2 or 3 minor metabolites were found as biotransformation
products of S- and rac-sibutramine. By means of mass
spectroscopy, M3 (Mr =267 gmol™') was identified as a
hydroxy derivative of M2. The precise position of the OH-
group in M3 is not yet known, and also the structure of
M4 (Mr =309 gmol ") is under study. M1 and M2 were

quantified using calibration curves of standards. The area
under the peak was used for semi-quantification of the
metabolites M3 and M4 as no standards were available.

The time dependence of formation of metabolites M1,
M2, M3 and M4 is presented in Figure 2. The concentra-
tion of active metabolites M1 and M2 increased with
incubation time and culminated in 2 and 4 h, respectively.
A longer time of incubation led to lowering of the con-
centrations of these metabolites in the medium. When S-
sibutramine was used as the substrate, the concentration
of active metabolites M1 and M2 after 8 h incubation was
significantly lower than when R- and rac-sibutramine were
used. While the production of M4 metabolite also culmi-
nated in 2h, the concentration of M3 increased until the
end of the incubation (8 h).

The concentration dependence of formation of metabo-
lites was tested using a concentration range of substrates
0-50 uMm. No significant differences in M1 and M2 kinetics
between the enantiomeric forms of sibutramine used were
observed (data not shown). The results of the kinetic study
of M3 and M4 formation are presented in Figure 3. Both
metabolites were formed only when S-sibutramine or rac-
sibutramine were used as the substrate. While the curves
obtained for M3 metabolite corresponded to Michaelis—
Menten kinetics (Figure 3A), those obtained for M4 meta-
bolite corresponded to the sigmoidal dose-response
kinetics (Figure 3B), which can be explained either by the
dimeric form of the respective native biotransformation
enzyme or by the fact that M4 is formed by participation
of more than one biotransformation enzyme.

Discussion

Sibutramine is a chiral drug administered as the racemate.
When the effectiveness of the enantiomers of sibutramine
and its main metabolites was compared, the stereoselec-
tivity in biological activity was reported (Glick et al 2000).
This study of the biotransformation of sibutramine enan-
tiomers was initiated with the aim of evaluating the stereo-
selectivity in sibutramine metabolism. Primary cultures of
rat hepatocytes and rat liver microsomes were used as
model systems. At the beginning of the study, it was
necessary to develop appropriate analytical methods for
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separation and quantification of sibutramine and its meta-
bolites. The methods previously reported (Radhakrishna
etal 2000; Chen etal 2003; Ding etal 2003) were not
suitable for an in-vitro biotransformation study. The

Stereoselectivity of sibutramine biotransformation 409

A
250
« rac-sibutramine
200 m R-sibutramine
é 150 4 A S-sibutramine _ ,;
£ T
o 100 &=
-~
< &//
50 < 3 4
P T
s’
7
0 - - T - T - ,
0 10 20 30 40 50 60
Concn of substrate (um)
B
300
& rac-sibutramine
250 ) )
—&— R-sibutramine e
é 2001 A S-sibutramine ;/
7
E 150 £
© 7
g Pid
< 100 =
rd
- ./{’
50
_x
//
0 m== - — - !
0 10 20 30 40 50 60

Concn of substrate (um)

Figure 3 Concentration dependence of formation of M3 (A) and
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novel method described herein allows the separation and
quantification of sibutramine and its phase I metabolites
in culture medium and microsomal incubates.

Only two metabolites, M1 (desmethylated sibutramine)
and M2 (didesmethylated sibutramine), were detected in
incubates of sibutramine with microsomes and NADPH
regardless of the enantiomeric form of substrate used.
Sibutramine acted as an inhibitor of the enzyme, which
catalysed M2 formation from MI1. On the other hand,
pronounced stereoselectivity of sibutramine biotransforma-
tion was found in primary cultures of rat hepatocytes.
While R-sibutramine incubation led to formation of two
main metabolites (M1 and M2) only, incubation of S-sibu-
tramine or rac-sibutramine (to a lesser extent) resulted in
four major metabolites (M1, M2, M3 and M4) and 2 or 3
minor metabolites. On the basis of these results, R-sibutra-
mine could be considered as being the enantiomer with less
extensive biotransformation than the S-enantiomer by rat
hepatocytes in-vitro. Lower biotransformation might mean
slower deactivation and a lower risk of drug—drug interac-
tions and inter-individual variability. Moreover, both
R-desmethylsibutramine and R-didesmethylsibutramine
were clearly more potent in depressing food intake and
decreasing body weight than the S-enantiomers (Glick et al
2000). Thus, R-sibutramine might represent the more
advantageous sibutramine enantiomer from a pharmacoki-
netic as well as a pharmacodynamic point of view. The results
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obtained in rat should be considered as preliminary with
respect to well-known inter-species differences in activity,
stereoselectivity and stereospecificity of biotransformation
enzymes. Our results presented here seem to be so promising
that a biotransformation study of sibutramine using human
samples should be initiated.

Conclusion

This biotransformation study of the new anti-obesity drug
sibutramine in rat liver microsomes and in primary cul-
tures of rat hepatocytes indicates that the phase I meta-
bolism of sibutramine is stereoselective. In hepatocytes, R-
sibutramine incubation led to formation of M1 and M2
metabolites only (as well as in microsomes); incubation of
S-sibutramine resulted in four major metabolites (M1,
M2, M3 and M4). Lower biotransformation of R-sibutra-
mine, together with its higher effectiveness in depressing
food intake and decreasing body weight (Glick et al 2000),
could make this enantiomer more advantageous.
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Abstract

A high proportion of drugs are chiral compounds used as racemic mixtures in a clinical practice. Very often only one of two enantiomers exhibits
a desired pharmacological effect. Amlodipine, 2-[(2-aminoethoxy)methyl]-4-(2-chlorophenyl)-3-ethoxycarbonyl-5-methoxycarbonyl-6-methyl-
1,4-dihydropyridine, is a chiral calcium channel blocker, currently used as a racemate in clinical practice. Racemic mixture is used even though it
is known that R- and S-amlodipine do not have the same biological activity and only S-amlodipine possesses vasodilating properties.

In this work a novel reversed phase liquid chromatography (RP-LC) separation method for amlodipine and its metabolites was developed. Based
on this separation chiral aspects of amlodipine biotransformation were studied by incubation of amlodipine and its two individual enantiomers
with primary culture of rat hepatocytes. Structure of the metabolites was elucidated using a liquid chromatography (LC) separation with ultraviolet
(UV) and mass spectrometry (MS) detection. An LC—tandem MS (MS/MS) method was used to establish fragmentation pattern of amlodipine and
its metabolites. Eight metabolites presented in the highest amount were identified and semiquantified by employing an LC separation. Basically
two types of metabolites were detected, reduced type — dihydropyridine metabolites and oxidized type — pyridine metabolites. Other metabolic
modification included changes of functional groups, e.g., methylester hydrolysis or acetylation of amino group. The results exhibited that R-
amlodipine was stereoselectively metabolized by the respective biotransformation enzymes in rat liver hepatocytes and it is also demonstrated by
greater extent of R-amlodipine conversion into metabolites where the values for R-amlodipine are for the most metabolites higher than those for

metabolites of S-amlodipine.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Liquid chromatography—tandem mass spectrometry; Data dependent acquisition; Amlodipine; Stereoselective metabolism; In vitro; Chiral switching

1. Introduction

Chirality is one of the main features of biology, and many
processes essential for life are stereospecific, meaning that one
of two isomers may work best in a particular physiological sit-
uation. Because living systems themselves are chiral, each of
the enantiomers of a chiral drug can behave very differently in
vivo. Approximately 50% of marketed drugs are chiral, and of
these approximately 50% are mixtures of enantiomers rather
than single enantiomers. The enantiomers of a chiral drug may
differ significantly in their bioavailability, rate of metabolism,
metabolites, excretion, potency and selectivity for receptors,
transporters and/or enzymes, and toxicity. The use of single
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E-mail address: vladimir.wsol @faf.cuni.cz (V. Wsol).
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enantiomer drugs can potentially lead to simpler and more
selective pharmacologic profiles, improved therapeutic indices,
simpler pharmacokinetics due to different rates of metabolism
of the different enantiomers, and decreased drug interactions.
For example, one enantiomer may be responsible for therapeu-
tic effects of a drug whereas the other enantiomer is inactive
or/and contributes to undesirable effects. In such case, use of
the single enantiomer would provide a superior medication and
should be preferred over the racemic form of the drug [1-3]. This
can be demonstrated in case of citalopram, where escitalopram
has been shown to have greater efficacy in non-clinical experi-
ments than equivalent doses of citalopram, which is attributed to
a counteracting effect of the R-enantiomer on the S-enantiomer
[4].

Chirality has emerged as a key issue in drug design, discov-
ery and development. Chiral switches are drugs that are already
approved and claimed as racemates but that have been redevel-
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oped as single enantiomers. The issues of intellectual property
involved in chiral switches are by no means straightforward,
and the legal picture of patentability in a chiral switch scenario
is far from being unequivocal [5]. The principle of switching
from a racemate to an active isomer can be extended to replace-
ment of a drug with an active metabolite, and, ideally, the more
active metabolite. A recent example of such a switch is the sub-
stitution of terfenadine with its active metabolite fexofenadine,
which retains the antihistaminic activity of the parent drug but
is virtually devoid of cardiac side-effects. A powerful stimulus
for chiral switching is the fact that many blockbuster drugs have
been developed and licensed as racemate, and their substitution
with single isomers could be seen as an ideal way of extending
patent franchise and protecting against generic competition with
racemate. Thus a well-timed chiral switch can offer enhanced
therapy and further profitability as a line extension of major
racemic drug with patents that are expiring. There are now sev-
eral examples of successful chiral switches, e.g. omeprazol to
esomeprazol, albuterol to levalbuterol, bupivacaine to levobupi-
vacaine, citalopram to escitalopram as well as examples of failed
chiral switches fenfluramine to dexfenfluramine or aborted chi-
ral switch of fluoxetine [6-8].

On the other side most new drugs are marketed as single
enantiomers but many older agents are still available in racemic
form. As these drugs reach the end of their patent life man-
ufacturers become interested in marketing single enantiomer
equivalents. It has been claimed that it will bring clinical benefits
in terms of improved efficacy, more predictable pharmacokinet-
ics or reduced toxicity. According to another opinion claims of
increased efficacy were based on comparisons of non-equivalent
doses and any advantages seemed small and clinically unimpor-
tant. Authors have predicted that although chiral switching has
not been a success for scientific medicine, it has been a success
for scientific marketing and prices for racemates will decrease
further, but enantiomer prices will remain high because of patent
protection and perception of superiority based more on promo-
tion than on real advantages [9].

Amlodipine, (R,S)-2-[(2-aminoethoxy)methyl]-4-(2-chlor-
ophenyl)-3-ethoxycarbonyl-5-methoxycarbonyl-6-methyl-1,4-
dihydropyridine (AML) (Fig. 1) is a chiral dihydropyridine

(o)
\/\NHZ

Fig. 1. Chemical structure of (A) R-AML and (B) S-AML.

calcium channel blocker used in therapy of hypertension and
ischemic heart disease. In vitro studies have suggested that
the dihydropyridine calcium antagonists act as antioxidants
by directly quenching several radical species and that AML
reduces leukocyte-induced oxidation of low-density lipopro-
teins (LDL) [10]. Further, in human fibroblasts, AML can
modulate the expression of hydroxymethylglutaryl-coenzyme
A (HMG-CoA) reductase and LDL receptors genes. AML
has been shown to modulate many of the biochemical events
involved in vascular hypertrophy and therefore to interfere with
the mechanism involved in hypertension and atherosclerosis
[11]. Moreover, AML has a capability to inhibit binding of the
oxidized LDL lipids as a result of its high lipophilicity and
positively charged amino group (pK, 9.02) [12].

AML is slowly cleared with an elimination half-time of
40-50h. The relatively long plasma elimination half-time of
AML distinguishes it from other calcium channel blocking
agents. Although structurally related to other dihydropyridine
derivatives, AML displays significantly different pharmacoki-
netic characteristics and is suitable for administration in a single
daily dose.

AML molecule contains a chiral carbon. Metabolites with
sustained dihydropyridine core can exert optical activity too.
The optical activity ceases after dehydrogenation of dihydropy-
ridine core. No racemization occurred in vivo in human plasma
after single enantiomer administration as published in pharma-
cokinetic study of AML enantiomers in human [13]. Chiral
separation of AML metabolites was not described. Concerning
the biotransformation, previous studies have reported that AML
is extensively metabolized in the liver [14] and biotransforma-
tion primarily involves oxidation to the pyridine derivative with
species differences in humans, rats, and dogs [15-18]. How-
ever, no information on stereoselective metabolism of AML has
been published yet. In the present study, biotransformation of
AML and its two enantiomers was investigated using isolated rat
hepatocytes. The aim of the study was to develop a liquid chro-
matography separation method on-line coupled via electrospray
interface with mass spectrometry detection (LC/ESI-MS) for
identification of main metabolic changes and an LC separation
method with ultraviolet detection (LC-UV) for determination
of differences in kinetic profiles of metabolites formation with
respect to their stereoselectivity.

2. Experimental
2.1. Chemicals

Racemic amlodipine (rac-AML, M, 408.89) and its enan-
tiomers R- and S-AML, as well as synthetic derivatives of AML,
4 - (2- chlorophenyl) - 3- ethoxycarbonyl - 5- methoxycarbonyl-
2(carboxymethoxy)methyl-6-methylpyridine (D1, My, 421.84),
4 - (2 - chlorophenyl) - 3 -ethoxy-carbonyl-5-methoxycarbonyl-
2(carboxymethoxy)methyl-6-methyl-1,4-dihydropyridine (D»,
M,, 423.85), and 2-(aminoethoxy)methyl-4-(2-chlorophenyl)-
3-ethoxycarbonyl-5-methoxy-carbonyl-6-methylpyridine (D3,
M,, 406.87) were obtained from the Research Institute for
Pharmacy and Biochemistry (Prague, Czech Republic). During
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routine analysis (LC-UV) system suitability was controlled by
injecting standard solution consisting of the mixture of 5.07 uM
rac-AML and 4.82uM D, in 10mM ammonium acetate—
acetonitrile (MeCN) (9:1, v/v). Chiral separation of AML
was used to control chiral purity of enantiomers, as described
earlier [19]. MeCN HPLC grade, Ham F12 medium, William’s
E medium, foetal calf serum, antibiotics, insulin and collagen
were purchased from Sigma—Aldrich (Prague, Czech Republic).
Water was purified in a Milli-Q water purification system (Milli-
pore, Molsheim, France). High purity nitrogen and helium were
supplied by Linde Gas (Prague, Czech Republic). The other
chemicals were of the highest purity commercially available.

2.2. Animals

Male Wistar rats (age of 10—12 weeks) were obtained from
the BioTest (Konarovice, Czech Republic). They were kept on a
standard rat chow with free access to tap water in animal quarters
under a 12-h light—dark cycle. Rats were treated in accordance
with the Guide for the care and use of laboratory animals (Pro-
tection of Animals against Cruelty Act. No. 246/92 Coll., Czech
Republic).

2.3. Instrumentation

2.3.1. LC-UV system

Semiquantitative LC analysis was carried on a fully auto-
mated LC system consisting of the following Shimadzu units
(Prague, Czech Republic): LC-10ADyp gradient pump, SIL-
10ADvyp auto-injector with temperature control (10 °C), FCV-
10ALyp solvent mixer, CTO-10ACyp column oven (25 °C),
SCL-10Avyp system controller and SPD-M10Ayp UV-VIS pho-
todiode array detector with detection set at 230-400 nm range
and fluorescent detector RF-10Axl. The chromatographic data
were acquired and analyzed using Chromatography Laboratory
Automated Software System Class VP (version 6.12) from Shi-
madzu (Prague, Czech Republic).

The separation was performed on a 5 wm BDS Hypersil C;g
column (250 mm x 4 mm) protected by 5 um BDS Hypersil
Cg guard column (10 mm x 4 mm, both from Thermo Electron
Corporation) with a flow rate of 1 mL min~!. Mobile phase A
consisted of 25 mM ammonium acetate (pH 4.8 adjusted with
acetic acid)-water (4:6, v/v); mobile phase B consisted of 25 mM
ammonium acetate (pH 4.8)-MeCN (4:6, v/v). The gradient pro-
file was programmed as follows: from O to 42 min, the ratio of
mobile phase A to B was linearly changed from 84:16 (v/v) to
16:84 (v/v); from 42 to 43 min, the mobile phase was returned
to its initial composition and allowed to equilibrate with column
for 17 min. The gradient was formed using low-pressure mixing
and the delay volume was 5.3 mL. Volume of injected samples
was 50 pL.

2.3.2. LC/ESI-MS system

Data-dependent LC/ESI-tandem MS in time (LC/ESI-
MS/MS in time) analyses were carried on using a 5 wm BDS
Hypersil C18 column (150 mm x 2.1 mm) protected by 5 pm
BDS Hypersil Cg guard column (10 mm x 4 mm) (both from

Thermo Electron Corporation) at a flow rate 0.2mL min~!,

The mobile phases were A: 10mM ammonium acetate (pH
4.8 adjusted with acetic acid)-water (4:6, v/v) and B: 10 mM
ammonium acetate (pH 4.8)-MeCN (4:6, v/v) with the follow-
ing linear B gradient: 16 — 84% in 40 min, then back to 16%
in 1 min, and re-equilibrated for 9 min. Total analysis time was
50 min. The samples in 10 mM ammonium acetate-MeCN (9:1,
v/v) were kept at 10 °C in the auto-sampler to avoid loses of
metabolites exceeding 10% before injected via 20-p.L loop. The
structure elucidation of the metabolites was carried out using
a Surveyor HPLC system comprising a Surveyor MS pump,
autosampler Surveyor AS with temperature control (10°C),
photodiode array detector Surveyor PDA with detection set at
230-400 nm range. The LC-MS and LC-MS/MS analyses were
performed with a LCQ Advantage ion-trap mass spectrometer
equipped with electrospray interface (Thermo Finnigan). The
ion-trap mass spectrometer was operated in a positive mode and
the tune source parameters were optimized using direct infusion
of 0.1 mM solution of rac-AML. Samples were analyzed using
a spray voltage of 4.5 kV, capillary heater temperature was held
at 275 °C, sheath gas was held at 0.6 L min~!, and auxiliary gas
at 6.0 L min~!. Tons were sampled into the mass spectrometer at
a maximum injection time of 300 ms. The first scan event was
operated in full scan mode with mass range from 250 to 750 amu.
The second scan event was set as a list-dependent double stage
MS/MS (MS?) using a normalized collision energy of 30% with
wideband activation and dynamic exclusion features enabled.
Precursor mass list and reject mass list were designed according
to a prior simple LC-MS analysis in which ion currents were
reconstructed and the most intense background ions detected.
The product ion spectra of the metabolites in a list-dependent
mode included the m/z 365, 393, 407, 423, 437, 449, 470, 483,
495, 509, 542, 584, 643. Reject mass list included the m/z 265,
280, 294, 298, 355, 359, 391, 429, 454, 503, 511, 600, 685, 737.
Dynamic data exclusion repeat count was 5 with repeat duration
0.2 min with exclusion lasting for 2 min with exclusion mass
width of 2 amu. Data were acquired using Xcalibur™ software
(version 1.2) and processed by Qual Browser (version 1.2) (both
from Finnigan Corp.).

2.4. Hepatocytes isolation

Hepatocytes were prepared by two-step collagenase method
[20]. In the first step the liver was rinsed with 150-200 mL of
solution without calcium in order to remove the rest of blood
and to weaken the cell-junction. In the second step the hepa-
tocytes were released by action of collagenase (50 mg/100 mL)
in perfusion solution. Second perfusion lasted for 5—6 min (re-
circulation system). Isolated hepatocytes were rewashed three
times and mixed with culture medium. The culture medium
consisted of a mixture of Ham F12 and William’s E 1:1, supple-
mented as described earlier [21,22].

2.5. Incubation of hepatocytes with AML

A 100 mM stock solutions of R-, S-, and rac-AML dissolved
in 10 mM ammonium acetate-MeCN (6:4, v/v) were added to
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fresh medium. The final concentrations of R-, S-, and rac-AML
used for incubation were 10, 20, 30, and 40 pM. About 0.5 mL
of samples were taken in 2, 4, 8, 12 and 24 h intervals, frozen
and kept at —20 °C. Identically as AML samples medium was
incubated with hepatocytes without substrate and R-, S- and rac-
AML was incubated in medium without hepatocytes in blank
samples and control samples, respectively.

2.6. Cytotoxicity test

The cytotoxic effect of AML on rat hepatocytes was assessed
after 24h exposure, using the dimethylthiazolyl diphenylte-
trazolium bromide (MTT) test as described earlier [23]. The
absorbance of the product formazan in cell treated with AML
was compared to that in control cells exposed to medium itself.
Cytotoxicity was measured for 10 and 50 uM AML with viabil-
ity 100% and 20%, respectively.

2.7. Sample pretreatment procedure

Solid phase extraction (SPE) was used for sample pre-
treatment. The defrosted medium sample (0.5 mL) was mixed
with 0.6 mL of 20mM phosphate buffer (pH 6.9), then cen-
trifuged at 10,000 rpm for 10 min. One milliliter of the mix-
ture was passed through preconditioned (2 mL MeCN, 2mL
water) Sep-Pak Vac tC18 cartridges (100 mg sorbent, Waters,
Prague, Czech Republic) using Visiprep SPE Vacuum Mani-
fold (Supelco, Sigma—Aldrich, Prague, Czech Republic) with a
flow rate of approximately 1 drop s~!. The cartridge was washed
with 2 mL of 10 mM ammonium acetate, then the aqueous phase
was removed using an air stream and finally, the analytes were
eluted from the cartridges with 1 mL of 25% NH3-MeCN (1:9,
v/v). The eluates were evaporated to dryness at 45 °C under the
reduced pressure. The residue was dissolved in 150 pL of 10 mM
ammonium acetate-MeCN (9:1, v/v). Dissolved residues were

100 (A)

50

M1
A AL "

kept at 10°C in the auto-sampler and should be injected into
the column within 24 h to avoid loses of metabolites exceeding
10%.

Deproteination was used as reference method in order to eval-
uate the extraction efficiency of the SPE method. Melted medium
sample (0.5mL) was mixed with 1 mL of MeCN and 20 pL
of 0.25M phosphoric acid, then centrifuged at 10,000 rpm for
10 min. The supernatants (1.4 mL) were evaporated to dryness
at 45 °C under the reduced pressure. Further the residues were
treated same as in case of SPE.

3. Results and discussion
3.1. Metabolites identification and structure elucidation

An RP-LC method was developed to separate metabolites of
AML. Different chromatographic conditions (buffers, organic
solvents and stationary phases) were tested. The best conditions
for separation are described in Section 2 and a representative
LC-UV chromatogram is shown in Fig. 2.

From the metabolites detected in the incubation of AML with
primary culture of rat liver hepatocytes, eight metabolites pre-
sented in the highest amounts (M—Mg) were chosen for identifi-
cation and semiquantification. The assumption they are metabo-
lites of AML was based comparison with blank and control
samples, incubation of rat hepatocytes without AML and incuba-
tion of AML without rat hepatocytes, respectively. Then all eight
metabolites were divided into two groups, 1,4-dihydropyridines
and pyridines, based on findings whether they display their
absorption maximum at 275nm (pyridines) or 360nm (1,4-
dihydropyridines). In addition, 1,4-dihydropyridine’s metabo-
lites gave signal at fluorescent detection (Aex 360nm, Aem
445 nm). Moreover, their full scan mass spectra in positive
ionization mode showed molecular ions accompanied by char-
acteristic chlorine isotopic peaks with two unit higher mass to

M IXI“ Ms M, M, Mg
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Fig. 2. Representative UV-chromatograms (240 nm) referring to the separation of AML and its metabolites M;—Mg on BDS Hypersil C18 column. (A) Sample:
40 uM rac-AML with primary culture of rat hepatocytes; (B) control: 40 uM rac-AML in medium without hepatocytes; (C) blank: hepatocytes without substrate
incubated for 24 h. Chromatographic conditions specified in experimental-LC-UV system.
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charge ratio. Thus, the assumption was even enhanced. Detec-
tion of metabolites was also tested in negative mode; however,
the ionization of analytes was markedly better in positive mode
with exception of M5, which exerted enough ionization in both
positive and negative mode.

The structure elucidation of AML metabolites was performed
by employing data-dependent LC/ESI-MS? method. Product ion
spectra of AML and synthetic derivatives D1—D3 of AML whose
structures are shown in Fig. 3 were measured in order to deter-
mine a characteristic fragmentation pattern. Different fragments
were found for reduced and oxidized derivatives, thus two dis-
tinctive fragmentation patterns were established. Product ion
spectrum of AML with the identification of product ions and the
mechanisms of fragmentation is shown in Fig. 4. Further prod-
uction spectra of metabolites M| —Mg were measured, compared
with product ion spectra of AML and synthetic derivatives and
identified whether reduced or oxidized. Assigning to reduced
or oxidized type was not always straightforward based on frag-
mentation pattern. Besides product ions, also data from PDA
detector were considered when the suggestion whether there is
reduced or oxidized type ring in the metabolite structure. Based
on individual metabolites fragmentation functional groups were
defined as demonstrated for Mg in Fig. 5. Characteristic prod-
uct ions seen for synthetic derivatives of AML, AML itself, and
metabolites M|—Mg together with identification and retention
times are summarized in Table 1. Acquired product ion spectra
of the eight studied metabolites were compared with product
ion spectra of knowledge-based predicted metabolites [24] with
corresponding masses (generated by Mass Frontier). From the-

Table 1

Z 0}
N " NH,

©)

Fig. 3. Chemical structures of amlodipine derivatives: (A) Dy, (B) D3, and (C)
Ds.

oretically possible structures of metabolites were chosen those
in which measured and theoretical product ion spectra matched
the best. Structures shown in Fig. 6 were assigned to studied
metabolites and metabolic pathways suggested.

LC-MS/MS characteristics of synthetic derivatives D;—D3, AML, and metabolites M;—Mg

Analyte tr UV R MS My, Precursor Product ions (m/z)
(min) (min) ion (m/z)

D, 25.1 25.3 421 422 376 (-C,H50H); 346 (-(OHCH,COOH); 318 (-OHCH,COOH; —C,Hy); 286 (-CH30H; —CoHy;
OHCH,;COOH)

Dy 29.3 29.4 423 424 392 (-CH30H); 378 (-C,H50H); 348 (-OHCH,COOH); 320 (-OHCH,COOH; —C,H,); 288
(—-C,HsOH;—CH30CH,COOH); 244 (-C,H50H; -CH3OCH,COOH; —CO>)

D3 29.3 29.7 406 407 390 (-NH3); 364 (-C,H,oNH3); 346 (-OHC,H4NH>); 318 (-OHC,H4NH,; -C,Hy); 286
(-OHC,;H4NH;; -OHC,H30)

AML 33.7 33.8 408 409 392 (-NH3); 366 (-CoH3NH3); 348 (-OHC,H4NH>); 320 (-OHC,H4NH,; -C,Hy); 288
(—OHC2H4NH2; —C2H3 OH; —CH4)

M1 10.1 10.1 392 393 376 (-NH3); 350 (-C,H3NH3); 332 (-OHC,H4NH>); 304 (-OHC,H4NH,; -C,Hy); 286
(—OHC2H4NH2; —C2H5 OH); 280 (—C2H3OC2H2NH2; —Csz); 260 (—OHC2H4NH2 ;—HCOOC2H3);
168 (-C¢H5Cl; -HCOOC,H3; -C,HNH)); 149 (-C¢HsCl; —-OC,H,NH; —-NH3; -CHCOOH)

M, 23.5 23.6 394 395 352 (-CoH3NH»); 334 (-OHC,H4NH;); 306 (-OHC,H4NH;; —C,Hy4)

M; 24.1 242 424 425 393 (-CH3OH); 382 (~C2H3NH>); 346 (-OHC,H4NH,; —H,0); 320 (-OHC,H4NH,; ~C,H30H);
310 (-OHC,H4NH;; —H,O; HCl); 286 (-OHC,H4NH,; -CH4; -OHC,H4OH); 276
(-HCOOC,H40H; ~OC,H3NH,); 252 (-C¢H5Cl; -NH3; -C,H30H); 238 (-C¢H5Cl; CH30H;
—C2H3NH3); 229 (-C¢H4 CIC,H,COOCH3)

My 26.0 26.0 422 423 391 (-CH30H); 377 (-OCHOH); 347 (-CH30H); 338 (-C,H30H; -C,H3NH;)

Ms 28.3 28.4 436 437 419 (-H,0); 393 (-CHy; —C2Hay); 352 (-Co,H3NHCOCH3); 308 (-H,O; -OHC,H,NHCOCH3)

Mg 29.3 29.7 406 407 390 (-NH3); 364 (-CoH,NH3); 346 (-OHC2H4NH,); 318 (-OHC,H4NH;; —CoHy); 286
(—OHC2H4NH2; —OHC2H3 O)

My 34.0 343 448 449 431 (-H,0); 417 (-CH30H); 407 (-C2H,0); 390 (-NH,COCH3); 364 (-CoH;NHCOCH3); 346
(—OHC2H4NHCOCH3); 318 (—OHC2H4NHCOCH3; C2H4); 286 (—OHC2H4NHCOCH3; C2H4;
CH;3OH)

Mg 39.1 39.3 450 451 419 (-CH30H); 366 (-C,H3NHCOCH3); 348 (-OHC,H4NHCOCH3); 334 (-CH30H;

—C,H3;NHCOCH3)
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Fig. 4. Product ion spectrum of AML with identification of ions and fragmentation pathways: rH, hydrogen rearrangements; R, 2-chlorphenyl. The product ion at

304 m/z is included for the explanation, it was not observed.

3.2. Method performance

3.2.1. Biological quality controls

Analytical standards for semiquantified metabolites were not
available, thus biological quality control (BQC) samples were
used instead of spiked quality control (SQC) samples to con-
trol quality of the data generated. For these purposes 100 uM
R-AML were incubated with hepatocytes for 24 h. After incu-
bation, the hepatocyte medium was pooled and consequently
divided into 0.5mL aliquots. Injection of pooled hepatocyte
media in between analyses of determined samples was used as
BQC of acquired data. Extraction efficiency, precision of the
method, as well as intraday, interday precision and stability was
calculated from repeated analyses of BQC samples (aliquots
mentioned).

Limit of semiquantitation (LOQ) was assessed as
19.5 pmol mL~! amlodipine concentration equivalent units for
analytes and ensures acceptable precision (relative standard
deviation <20%). The estimated LOQ corresponds to the
peak area of 10,000 integration units (I.U.) and the value
1016 I.U. pmol~! for amlodipine. Integration of peak areas was
found to be the crucial step of semiquantitation since minority
impurities eluting close to peaks of metabolites were not com-
pletely separated. Peaks with area lower than 8000 I.U. failed
to be integrated by algorithm of chromatographic software.
Therefore LOQ 10,0001.U. was assessed to be optimal for
routine analyses. Quality of data generated during the study
was controlled with analyses of standard solution of 5.07 uM
rac-AML and 4.82 pM D,, and BCQ. The mean deviation did
not exceed 1.4% and 1.3% for rac-AML and D,, respectively.
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Fig. 5. Representative product ion spectrum of metabolite Mg with explanation of fragments.
3.2.2. Recovery study Table 2
An alternative approach to determination of extraction recov- Comparison of SPE with deproteination
eries was employed dueto 1.nacce551b1hty of analytical stgndards Analyte  Deproteination (1=3) SPE (n=3) R (%)
of semiquantified metabolites. BCQ were pretreated with SPE
. . . . . a P a
and compared with BCQ pretreated with deproteination. Instead ?’Ie“n] L CV* (%) ?/Ie‘ml = CVE (%)
of absolute recovery, relative recoveries for SPE were deter- pmoTm pmoTm
mined. AML 2633 16.87 1169.19 8.31 45.0
UV detection at 240nm was used for semiquantitation. In M 303 3.34 334012 0.89 118
hromatograms of samples processed with both deproteination . 3 009 745.088 >.68 100.3
¢ g ples pro P , M; 377 455 341.94 2.06 91.9
and SPE measurable concentrations were found for AML and its M, 434 0.36 409.153 321 95.4
metabolites M;—Mg. Relative recovery of analyzed metabolites Ms 264 0.30 242.404 6.43 93.0
ranged from 78.0% to 111.8% as presented in Table 2. For parent Ms 63 276 57.4843 1.88 92.2
compound relative recovery only 45% was found. My 23 3.62 89.7971 0.83 91.9
Mg 454 0.32 349.172 2.36 78.0

According to literature AML is strongly bonded to proteins
and cell membranes [14]. Samples were centrifuged before SPE
pretreatment, whereas in deproteination procedure MeCN was
initially added directly to medium sample containing hepato-
cytes, thus AML bonded to cell membranes may be solubilized.
Therefore it is advisable to separate cells and their fractions by

100 uM R-AML incubated with rat hepatocytes.

 Coefficient of variation.

b Relative recovery for SPE, R = 100 x mean (SPE)/mean (deproteination) x f,
where fis a correction coefficient for incomplete loading of samples on cartridges
(1.1/1.0) and for incomplete transfer of supernatant for evaporation (1.52/1.4),
thus f=1.013.
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Fig. 6. Structures of AML metabolites and suggested scheme of biotransformation in rat.

centrifugation in order to achieve objective comparison of recov-
eries of both extraction procedures. Low relative recovery of the
most lipophilic metabolite Mg may be explained in compliance
with binding to cell membranes as well. Recovery >110% in
M; indicates that oxidation of dihydropyridine core may occur
during SPE sample pretreatment.

3.2.3. Intraday/interday precision and stability studies

BCQ were analyzed in triplicates in order to assess intra-
day precision and stability of samples in autosampler at 10 °C.
Reconstituted samples were stored in autosampler at 10 °C for

24 h and then reanalyzed. Intraday precision was expressed as
the coefficient of variation (CV) for each of the metabolites.
None of the mean deviations exceeded value of 4.31%. The mean
deviation in parent drug was 6.45%. Quality of data generated
during the study was controlled as well and interday precision
assessed. In vitro samples obtained by incubation of R-, S-, and
rac-AML with rat hepatocytes were divided into nine batches.
One BQC sample was incorporated into each batch. Responses
of metabolites M;—Mg in chromatograms of BQC samples were
used for estimation of interday precission. Coefficient of vari-
ations ranged from 2.19% for Mg to 5.59% for Ms. The mean
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Table 3
Precision data of the LC method for separation of AML and its metabolites calculated from the analyses of three BCQ aliquots (pooled samples)
Analyte Intraday precision (n=3) Interday precision (n=9) Stability, 10°C 24h (n=3)
Mean (pmol mL~") CV? (%) Mean (pmol mL ") CV? (%) Mean, (pmol mL~!) CV? (%) RD® (%)
AML 1194 6.45 4829 12.15 1179 6.87 —1.23
M, 331 0.39 92.1 4.86 343 0.16 3.68
M, 789 2.05 216 5.59 741 1.45 —6.12
M3 343 2.40 56.5 4.14 367 0.49 7.02
My 414 0.50 200 3.38 406 0.53 —1.80
M;s 255 1.94 94.0 2.24 229 1.31 —10.17
Mg 58.1 431 186.5 3.84 62.5 1.8 7.56
My 88.9 1.62 1143 2.74 86.1 2.87 —-3.20
Mg 348 1.66 1042 2.19 340 2.02 —-2.39
4 Coefficient of variation.
b Mean areas of peaks measured after 24 h storage at 10 °C.
¢ Relative deviation calculated as RD = 100 x (mean, — mean)/mean; meant corresponds to analysis after 24 h.
Table 4
Individual metabolites formation after incubation of 10 uM R-, S-, and rac-AML with rat hepatocytes
AML Time Concentration (pmol mL~1)
M, M, M3 My Ms Mg My Mg
2 ND 477 £ 9.7 331412 ND ND ND ND ND
4 20.3£ND 1373 £ 9.7 61.6+£29 ND ND ND ND ND
R 8 43.6+2.7 259.5 £22.9 633+64 ND 253+2.6 ND ND ND
12 73.6+6.2 372.1 £404 555+£72 20.0ND 345£45 ND ND ND
24 156.5+13.8 494.0 &+ 110.7 51.0+9.2 342447 46.0£5.6 ND ND ND
2 ND 30.0 £3.5 ND ND ND ND ND ND
4 ND 55.0 £ ND ND ND ND ND ND ND
S 8 58.5+5.6 232.9 £ 50.1 ND ND ND ND ND ND
12 119.9+13.8 369.7 £ 137.7 ND ND ND ND ND ND
24 333.8+18.6 543.8 £ 191.6 41772 23.0ND 31.2+10.8 ND ND ND
2 ND 233 +0.2 ND ND ND ND ND ND
4 ND 85.7 £ 18.2 ND ND ND ND ND ND
rac 8 55.1+£4.7 244.8 £ 56.8 259+£29 ND 220£25 ND ND ND
12 1143479 460.6 + 74.1 32.1+49 29.7+6.0 31.2+3.0 ND ND ND
24 292.2+18.0 675.2 £ 166.7 523+£72 46.4+12.4 46.4+6.0 ND ND ND
Values are given as mean £ S.D. from n=3; ND, not determined. Value &= ND: S.D. not determined since only one value from triplicate determined.
Table 5
Individual metabolites formation after incubation of 20 uM R-, S-, and rac-AML with rat hepatocytes
AML Time (h) Concentration (pmol mL~")
M, M, M3 My Ms Mg M7 Mg
2 ND 715 £5.7 65.6£4.2 ND ND ND ND 274+£1.6
4 26.8+3.7 2103 £ 214 142.6+£10.5 ND 25.54+2.97 ND ND 282424
R 8 75.5£05 500.7 £ 55.3 198.1+11.1 41327 51.0£17.8 ND ND 209£ND
12 129.6+1.6 681.1 £ 84.7 189.8+10.5 65.8+4.1 85.0+4.54 ND ND ND
24 283.44+20.8 894.2 £+ 49.1 144.34+19.1 97.8£3.6 108 £11.1 ND ND ND
2 ND 30.7 £ 6.7 ND ND ND ND ND 27.7+£32
4 ND 1139 £+ 14.2 ND ND NDND ND ND 434+0.2
S 8 68.6 £5.4 305.8 £ 26.1 ND ND 20.9£0.18 ND 26.7+£5.1 51.3+8.9
12 158.3+7.0 584.6 £ 63.9 28.8+2.2 26.8+6.8 423+£2.72 ND 27.7+£4.0 433+5.6
24 441.1+20.4 1069.9 £ 207.9 582+£2.0 60.1 £2.0 75.7+£10.5 ND ND ND
2 ND 259 +£ 32 ND ND ND ND ND 245+13
4 ND 108.5 £ 16.7 21.1£0.6 ND ND ND ND 36.0+£1.0
rac 8 62.4+6.2 3313 £ 438 437+1.6 341425 3484575 ND 222428 31.7+£27
12 144.0+11.8 5984 + 111.5 542+£3.0 60.1£4.9 60.9 £ 8.38 ND 229+04 21.6+1.1
24 380.9+45.1 1098.2 £+ 143.2 76.6+8.5 88.3+16.4 89.3+24.1 ND ND ND

Values are given as mean £ S.D. from n=3; ND, not determined. Value &= ND: S.D. not determined since only one value from triplicate determined.
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Individual metabolites formation after incubation of 30 uM R-, S-, and rac-AML with rat hepatocytes

AML Time (h) Concentration (pmol mL~")
M; M, M; My Ms Ms M; Mg
2 ND 69.4 + 6.1 76.2+3.1 ND ND ND ND 572483
4 263+24 2342 + 32.8 186.7 £10.7 21.1+£1.9 31.2+4.6 ND ND 79.5+£15.9
R 8 81.3+1.3 543.2 £ 445 307.4£4.8 76.8+£9.7 82.1+£9.0 ND 38.7+£0.8 76.6 £12.7
12 159.7+£8.9 714.7 £ 110.8 338.8 £22.1 139.2£20.8 126.0+19.3 ND 38.2+0.1 549+15.5
24 23.6+23.6 944.2 £ 126.6 9442+ 8.6 233.34+425 163.4£50.8 ND 22.1+14 ND
2 ND 384 + 64 ND ND ND ND ND 43.0+6.1
4 20.5+ ND 1232 £ 223 ND ND ND ND 21.0£0.9 68.5+4.3
S 8 704 +£8.1 3344 + 204 21.5+£1.7 ND 28.7+3.2 ND 36.4+24 93.74+9.2
12 156.4+11.5 486.7 £ 84.6 29.5+0.1 359+54 51.0£6.7 ND 51.6+34 103.1+£12.0
24 554.3+£84.5 1038.1 £ 104.6 69.1+4.9 101.3£9.6 124.0£22.0 ND 38.9+8.2 79.6 £40.2
2 ND 27.7 £ 0.5 182.3£ND ND ND ND ND 529+3.5
4 ND 110.1 £ 12.3 279+04 ND ND ND 19.5+ND 95.0+6.5
rac 8 59.9+5.7 3299 + 384 63.8+£2.7 56.8+6.9 47.0£5.5 ND 456+14 116.0£5.1
12 140.5+14.8 634.5 £+ 39.0 89.6+£0.5 118.7+4.5 97.0£3.1 ND 58.9+2.7 114.34+9.2
24 446.2+9.8 742.4 £+ 276.9 121.2+£10.7 218.8 £44.1 152.8+49.4 ND 42.8+0.2 32.7+7.1

Values are given as mean £ S.D. from n=3; ND, not determined. Value = ND: S.D. not determined since only one value from triplicate determined.

deviation in parent drug was 12.15%. Thus the method ensures
acceptable precision of determination of all metabolites and par-
ent drug. The least stable metabolites M, and Mjs exhibited
losses of 6.1% and 10.2%, respectively, after 24 h storage in
autosampler at 10 °C. The limit considered to be still acceptable
is 20%. Precision of the method was not impaired. Data from
BQC (pooled samples) are summarized in Table 3.

3.2.4. Application of the method to hepatocytes medium
samples

The developed LC-UV method was applied to primary rat
hepatocytes samples incubated with R-, S-, and rac-AML.
Metabolites formation was explored in four concentrations of
the parent drug (10, 20, 30, and 40 M) and samples were
taken in five intervals (2, 4, 8, 12, and 24 h). UV detection at

Table 7

three wavelengths (240, 275, 360 nm) and fluorescent detec-
tion (Aex 360 nm, Aey 445 nm) were employed to identify peaks
of metabolites in LC analysis. Data acquired at 240 nm were
used for semiquantification. Samples were analyzed in tripli-
cates, where each of the samples in the triplicate was from the
individual incubation.

The amounts of metabolites were expressed as amlodipine
equivalent concentration units. The value 1016 .U. pmol~! was
determined and used for calculation of amlodipine equivalent
concentration in metabolites. Tables 4—7 show the average val-
ues and standard deviations acquired for individual metabolites
of R-, S-, and rac-AML in four different concentrations. Appar-
ently, the values obtained for rac-AML do not correspond to
the average values of R- and S-AML. In most cases, R-AML
is converted to its metabolites in a greater extent than S-AML

Individual metabolites formation after incubation of 40 uM R-, S-, and rac-AML with rat hepatocytes

Concentration (pmol mL ™)

AML Time (h) M1 M2 M3 M4 M5 MG M7 Mg
2 ND 67.6 £ 224 77.1+£7.2 ND ND 25.7+£3.1 ND 102.1 £ 5.6
4 304£45 249.1 £95.8 224.34+20.1 32047 348+11.8 226+1.1 314£1.6 1859 £ 3.7
R 8 86.9+53 607.2 + 24.7 397.4+£19.6 118.4£14.7 105.4+£12.9 223+ ND 63.2+2.5 2725 £ 17.2
12 166.0+9.5 883.8 £23.3 505.5+24.4 2532+£32.6 186.1 £34.2 ND 88.2+£33 314.6 £ 21.8
24 464.4 £34.7 1259.8 £ 4.7 588.2£8.2 632.7£84.3 4009 £3.7 26.0£ ND 96.3+14.0 211.8 £ 37.1
2 ND 30.4 + 4.6 ND ND ND 235+2.0 ND 52.6 £ 6.0
4 ND 1139 + 23.3 ND ND ND 248+1.1 2584 ND 97.2 £ 8.1
N 8 64.8£6.6 2869 £ 17.2 21.7+£0.1 ND 28.8+4.7 233+1.5 479+£45 156.6 + 7.8
12 153.2£17.7 5489 £ 454 354+£3.6 39.1+£22 55.2+9.0 20.1+£0.2 69.7+5.1 2029 £ 1.0
24 528.24+61.7 1184.2 £+ 51.8 75.1£8.2 136.9+1.7 169.3+11.7 ND 803+£1.7 120.5 £ 16.2
2 ND 277+ 1.4 ND ND ND 24.0+1.6 ND 81.7 £ 8.5
4 ND 123.7 + 20.0 29.1+£1.6 20.7+0.6 ND 30.5+2.6 323+04 176.9 + 12.7
rac 8 493439 3145 £ 69.1 722+£48 72.7+4.7 54.1£4.6 31.2+42 640£13 2752 + 234
12 1239+ 1.8 594.5 + 69.1 120.0£5.7 179.7£17.5 124.1£159 33.6+3.0 104.7£5.7 390.9 + 233
24 41644278 1220.1 £ 189.6 202.5+7.1 517.4£34.0 297.8£52.7 43.6+3.9 148.1+7.4 390.3 £ 54.2

Values are given as mean =+ S.D. from n=3; ND, not determined. Value & ND: S.D. not determined since only one value from triplicate determined.
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Table 8
Comparison of metabolites formation in R-, S-, and rac-AML in 24 h interval

Metabolite Areas ratio AML concentration
after 24 h
10 pM 20 uM 30 uM 40 pM
Rirac 0.54 0.74 0.05 1.12
Ml Slrac 1.14 1.16 1.24 1.27
RIS 0.47 0.64 0.04 0.88
Rirac 0.73 0.81 1.27 1.03
M2 Slrac 0.81 0.97 1.40 0.97
RIS 0.91 0.84 0.91 1.06
Rirac 0.98 1.89 7.78 2.90
M3 Slrac 0.80 0.76 0.57 0.37
RIS 1.23 2.48 13.67 7.84
Rlrac 0.74 1.11 1.07 1.22
M4 Slrac 0.50 0.68 0.46 0.26
RIS 1.49 1.63 2.30 4.62
Rirac 0.99 1.21 1.07 1.35
M5 Slrac 0.67 0.85 0.81 0.57
RIS 1.47 1.42 1.32 2.37
Rirac ND ND ND 0.59
M6 S/rac ND ND ND ND
RIS ND ND ND ND
Rirac ND ND 0.52 0.65
M7 S/rac ND ND 0.91 0.54
RIS ND ND 0.57 1.20
Rirac ND ND ND 0.54
M8 S/rac ND ND 243 0.31
RIS ND ND ND 1.76

ND: not determined.

as illustrates Table 8 with ratios of individual metabolites for-
mation, although type of metabolite formed, concentration of
substrate, and incubation time play an important role. While
metabolite M is easily formed from S-AML, metabolites M3,
My, and M5 are preferentially formed from R-AML. Forma-
tion of My, Mg, M7, and Mg is not strictly dependent on the
3D-arrangement of the respective enantiomers of AML (see
Tables 4-7). From these data it is obvious that there is not just
quantitative but also qualitative difference in the metabolism and
pharmacokinetics for S-AML and R-AML.

4. Conclusions

In this study, liquid chromatography on-line coupled with
mass spectrometry was proven to be a powerful tool for study of
drug metabolism and provided an efficient method for identifica-
tion and structure elucidation of eight major metabolites found
in biological samples. The major metabolites were identified and
their structure elucidated by data dependent MS/MS experiment
of in vitro samples obtained by incubation of R-, S-, and rac-
AML with rat hepatocytes. The developed semiquantitative LC-
UV method was applied to investigate differences in metabolism

of chiral drug AML. The method clearly demonstrated sufficient
precision to reveal differences in AML enantiomers metabolism
and stereoselectivity in amlodipine biotransformation was con-
firmed in vitro.
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Abstract

In the present study, the metabolic profile of aipme, a well-known calcium channel
blocker, was investigated employing liquid chrongaéphy-mass spectrometric (LC/MS)
techniques. Two different types of mass spectrormetea triple-quadrupole (QQQ) and a
guadrupole time-of-flight (Q-TOF) mass spectrometewere utilized to acquire structural
information on amlodipine metabolites. The metabsliwere produced by incubation of
amlodipine with primary cultures of rat hepatocytegubations from rat hepatocytes were
analyzed with LC-MS/MS, and 21 phase | and phaseeiabolites were detected and their
product ion spectra acquired, interpreted, and ctiras proposed. Accurate mass
measurement using LC-Q-TOF was used to determimge ellemental composition of
metabolites and thus to confirm the proposed sirastof these metabolites. Mainly phase |
metabolic changes were observed including dehyaitgen of the dihydropyridine core, as
well as reactions of side chains, such as hydmlydi ester bonds, hydroxylation, N-
acetylation, oxidative deamination, and their camakibns. The only phase Il metabolite
detected was the glucuronide of a dehydrogenataimuohated metabolite of amlodipine. We
propose severah vitro metabolic pathways of amlodipine in rat, baseswonanalysis of the

metabolites detected and characterized.
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Introduction

Absorption, distribution, metabolism, excretiondanxicology (ADMET) studies play an
important role in the drug discovery and developmprocess. The discovery of poor
bioavailability and high clearance, as well asftirenation of active or toxic metabolites can
set a research program back significantly. Untilergly, metabolite identification occurred
only after a drug candidate had been chosen fagy dewelopment, although metabolism can
dictate the rate of absorption into the body, Iegdio the production of new and possibly
toxic species or activation of the drug. Currentigta on metabolism are frequently used to
optimize drug candidates, suggesting that morevactompounds may be sought or
supporting further toxicology studies, and are mefibefore a new substance can advance
towards the developmental stages of a new therapsgent >

Due to its selectivity, sensitivity, and speed aglgsis, liquid chromatography-tandem
mass spectrometry (LC-MS/MS) has become the methbdchoice for metabolite
identification in the fast-paced environment of girdiscovery and development. Crude
extracts ofn vitro incubation andn vivo samples can be subjected to metabolite profilmd) a
identification by LC-MS/MS directly or after purifation, e.g. with solid-phase extraction
(SPE). Complex metabolite mixtures are resolvedmatographically on a high-performance
liquid chromatography (HPLC) column and full-scars Mnd product ion scan MS/MS data
are generated on-line. Thus, the molecular weigloroag metabolites and localization of the
biotransformation sites can be elucidated, basedinterpretation of the MS/MS data.
Collision-induced dissociation (CID) mass spectfeero provide sufficient information for
structural assignment. However, structural charaetton of drug metabolites is not always
straightforward;, e.g. metabolites with isobaric product ions canrme identified
unambiguously. Each type of mass spectrometer tsa®wn advantages in metabolite
profiling, and more complete information on the atetlism of a drug or drug candidate can
be obtained by combining data obtained with différanstruments. Use of additional
analytical tools such as MS measurement of accunaddecular mass together with
consequent determination of the elemental composkielongs to a common strateiy.

Amlodipine, (R,S)-2-[(2-aminoethoxy)methyl]-4-(21ohophenyl)-3-ethoxycarbonyl-5-
methoxycarbonyl-6-methyl-1,4-dihydropyridine (AMJig. 1) is a dihydropyridine calcium
channel blocker used in therapy of hypertensioniaddemic heart diseaskn vitro studies
have suggested that the dihydropyridine calciunagonists act as antioxidants by directly

guenching several radical species and that AML cedlleukocyte-induced oxidation of low-



density lipoproteins (LDLs). Furthermore, in human fibroblasts AML can modulste
expression of hydroxymethylglutaryl-coenzyme A (HME8A) reductase and LDL receptor
genes. AML modulates many of the biochemical evamslved in vascular hypertrophy and
therefore can interfere with the mechanism involiechypertension and atherosclerdsis.
Moreover, AML has the capacity to inhibit bindingtbe oxidized LDL lipids as a result of
its high lipophilicity and positively charged amigooup (pKa 9.02§°

AML is slowly cleared with a relatively long elimation half-time of 40-50 h, which
distinguishes it from other calcium channel-blogkegents. Although structurally related to
other dihydropyridine derivatives, AML displays sificantly different pharmacokinetic
characteristics and is suitable for administration a single daily dose. Regarding
biotransformation, previoush vivo studies showed that AML is extensively metabolized
the liver! and that biotransformation primarily involves ciihn to the pyridine derivative
with species differences in human, rat, and Hdg.Nevertheless, the complex metabolic
pathways of AML are still not completely known.

The aim of the present study was to characterizeinhvitro metabolic profile of
amlodipine from rat hepatocyte incubations, utilgidifferent LC-MS techniques. Based on
MS and MS/MS data we propose chemical structuneh®metabolites detected, and present
a chart showing thin vitro metabolic pathways of amlodipine.

Experimental
Chemicals

AML (M, = 408.89), as well as its synthetic derivatives 2<4ililorophenyl)-3-
ethoxycarbonyl-5-methoxycarbonyl-2(carboxymethoxgiinyl-6-methylpyridine (S1, M =
421.84), 4-(2-chlorophenyl)-3-ethoxycarbonyl-5-nwtycarbonyl-2(carboxymethoxy)-
methyl-6-methyl-1,4-dihydropyridine (S2, M= 423.85), and 2-(aminoethoxy)methyl-4-(2-
chlorophenyl)-3-ethoxycarbonyl-5-methoxycarbonyi@thylpyridine (S3, M = 406.87)
were obtained from the Research Institute for Paaymand Biochemistry (Prague, Czech
Republic). Metoprolol (as tartrate salt) was obgdirfrom ICN Biomedicals (Irvine, CA,
USA). Acetonitrile (MeCN), ammonium hydroxide (N®&H), and ammonium acetate
(NH4Ac), all of HPLC grade, were purchased from J.Tkdéa(Mallinckrodt Baker B.V.,
Deventer, The Netherlands). Ham F12 medium, Wil medium, fetal calf serum,

antibiotics, insulin and collagen were purchasedmfr Sigma-Aldrich (Prague, Czech



Republic). Water was purified in a Milli-Q water nification system (Millipore, Molsheim,
France). Compressed air (Atlas Copco air dryer rijiilBelgium) was used as a nebulizer
gas, while nitrogen (Whatman 75-720 nitrogen gdoeraVhatman, Brentford, Middlesex,
UK) was used as a curtain, collision, and turbadgas triple-quadrupole mass spectrometer.
High-purity nitrogen produced by a High Purity Migen Generator (Inchinnan, Renfrew,
Scotland) was used as a desolvation and cone gdsargon purchased from Oy Woikoski
Ab (Helsinki, Finland) was used as a collision gasa quadrupole-time-of-flight mass

spectrometer. The other chemicals were of the Bigharity commercially available.
Equipment

The MS/MS experiments with unit resolution werefpened with an API 3000 triple-
quadrupole (QqQ) mass spectrometer equipped witbnamercial turbo ion spray source
(Applied Biosystems/MDS Sciex, Toronto, Ontario,n@da). The accurate masses were
determined using a Micromass Q-TOF Micro mass spewtter (Waters Micromass, Elstree,
Hertfordshire, UK) equipped with a commercial dgptay ionization source (LockSpray) for
the simultaneous infusion of the lock mass refezesclution with the LC eluent. Both
instruments were coupled with an Agilent 1100 seli€ system (Agilent Technologies,
Boblingen, Germany). The column used for separatias a Symmetry Shield;£100 mm x
2.1 mm, 3.5 pm with Symmetry;£Sentry Guard 10 mm x 2.1 mm, 3.5 um as a precolumn
(both from Waters, Milford, MA, USA). The lock massference solution was infused using a
syringe pump (PHD 2000 Syringe Pump; Harvard AppateHolliston, MA, USA). Analyst
1.4 software (Applied Biosystems/MDS Sciex, Canata MassLynx 4.0 and 4.1 software
(Waters, UK) were used to provide control and dagamagement in the LC-MS system with
QQqQ and the LC-MS system with Q-TOF, respectiv&lye samples were pretreated via SPE
using an Isolute VacMaster 10 SPE vacuum manifoiternational Sorbent Technology,
Hengoed, Mid Glamorgan, UK) together with Sep-Pakc YC18 100-mg cartridges (Waters,
USA).

Methods
HPLC separation

The mobile phase consisted of two eluents, solerdqueous 10 mM NkAc (pH 4.8
adjusted with acetic acid) and solvent B: 10 mM4Ne&i(pH 4.8) in 60% MeCN. The column
was maintained at initial conditions of 16% B ar@d°® for 5 min, followed by three steps in



the B gradient: 16%- 25% in 5 min, then 25%. 75% in 5 min, then 75%. 84% in 5 min,
and finally back to 16% in 1 min, and reequilibcater 9 min. The injection volume was 15
pl and the flow rate was 0.2 ml/min.

Mass spectrometry

The QgQ was operated in the positive ion mode withass-to-charge ratiofz) of 150-
750 under the following optimized conditions: iopray voltage 5500 V and source
temperature 380 °C. The turbogas pressure was & bebulizer gas flow rate was 1.58
I/min, curtain gas 1.25 I/min, declustering poteah80 V, focusing potential 133 V, entrance
potential 7 V, and collision cell exit potential ¥5for full-scan data acquisition. When
MS/MS was employed, a collision energy of 30 eV wpplied. During the analyses, system
performance was controlled by injecting a standaildtion consisting of a mixture of 14.67
MM AML and 14.16 uM S2 in 10 mM NjAc:MeCN (9:1, v/v). MS/MS was carried out in
the product ion scanning mode only.

Accurate mass measurements were carried out inptisgive ion mode. The source
parameters were optimized as follows: source teatper 80 °C, desolvation temperature 300
°C, desolvation gas 500 I/h, no cone gas was Udwezlcapillary voltage was 2100 sample
cone voltage 2%, extraction cone voltage 8, and collision energy 18V. The transfer
optics and analyzer parameters were as followseimrgy 1 V, tube lens 80 V, grid 0.1 V,
TOF flight tube 5630 V, reflectron 1780 V, and peshycle time 35 ms. Argon at a pressure
of 1 bar was used as the collision gas. Instruroalitiration over a mass range wfz 80-800
was performed and checked daily prior to accuradsstmeasurements using a calibration
solution consisting of 0.1 M sodium hydroxide ar@P4dl formic acid in water:MeCN (1:1
v/v). The resolution of Q-TOF varied between 5006 6000.

All accurate mass measurements were performed wlinegt infusion of a reference
solution consisting of 2 UM metoprolaifz 268.1913) in water:MeCN (1:1 v/v) by syringe
pump at a flow rate of 3 pl/min via the LockSprayerface to ensure accuracy. The
LockSpray was configured as follows: reference doaquency 5.0 s, reference cone voltage
27 V, and analyte-to-reference scan ratio 4:1. Asnaccuracy of 5 ppm or less could be

obtained with the operating parameters used.



Sampl e pretreatment

SPE was used for sample pretreatment. The defrastellim sample (0.5 ml) was diluted
with 0.5 ml of water and mixed, then centrifugedl@t000 rpm for 10 min. The supernatant
was passed through preconditioned (2 ml MeCN, 2vatker) cartridges with a flow rate of
approximately 1 drop per second. The cartridge weshed with 2 ml of 10 mM NJAc, the
agueous phase was removed using an airstreaminatigt the analytes were eluted from the
cartridges with 1 ml of 25% NMDH:MeCN (1:9, v/v). The eluates were evaporated to
dryness using nitrogen at room temperature. Thelueswvas reconstituted in 100 pl of 10
mM NH,Ac:MeCN (9:1, v/v) and thus also preconcentratddl8-prior to injection into the

column.
Hepatocyte isolation

Hepatocytes were prepared, using a two-step coléege methodf Isolated hepatocytes
were rewashed three times and mixed with a cultuedium consisting of a mixture of Ham
F12 and William's E 1:1, supplemented as descripegiiously'”*® Three million viable
cells in 3 ml of culture medium were placed into-r6th plastic dishes precoated with
collagen. The fetal calf serum was added in culmesglium (5%) to support cell attachment
during the first 4 h after planting, after whickegh medium without serum was used. The
cultures were maintained at 37 °C in a humid atrhespof air and 5% CO

In vitro experiments

A 1.2-pl quantity of a 100-mM stock solution of AMlissolved in 10 mM NEAc:MeCN
(6:4, v/v) was added to 3 ml of the fresh mediurth dish and the resulting concentration of
AML used for incubation was 40M. Sample 0.5-ml aliquots were taken at 24-h irdaésy
frozen, and kept at -20 °C. Similarly, medium withcAML was used to incubate
hepatocytes, while medium without hepatocytes wseduo incubate AML in blank and

control samples, respectively.
Cytotoxicity test

The cytotoxic effect of AML on rat hepatocytes vessessed after a 24-h exposure, using
the MTT (dimethylthiazolyl diphenyltetrazolium brashe) test as described in a previous

study®® The absorbance of the product formazan in cedlatéd with AML was compared



with that in control cells exposed to the mediuselit Cytotoxicity was measured for u

and 50uM concentrations of AML with viability 100% and 2Q%espectively.
Animals

Male Wistar rats (age 10-12 weeks) were obtainednfBioTest (Konarovice, Czech
Republic). They were kept on a standard rat choth Wwee access to tap water in animal
guarters under a 12-h light-dark cycle. The rateevireated in accordance with tGeide for
the Care and Use of Laboratory Animals (Protection of Animals against Cruelty Act. No.
246/92 Coll., Czech Republic).

Results and discussion

The structure of AML enables a variety of metabatiodifications and their combinations.
Among the most expected phase | metabolic changes dehydrogenation of the
dihydropyridine core, oxidative deamination of thiee chain amino group at position 2,
hydrolysis of the ester bonds in side chains aitipos 3 and 5, as well as aliphatic and
carboaromatic hydroxylations. Phase Il metaboliangfes, e.g. glucuronidation, can occur
later. To be more explicit, except for dihydropymel core dehydrogenation which was
described as the main biotransformation stepninivo studies->*° other likely metabolic
changes in the side chains of AML are demonstriaité&dg. 1.

The data were processed both manually and by thebwolée identification software
Metabolite ID of Analyst. The combination of bothpsioaches decreased risk of metabolite
omission during manual processing or failure oftwafe for identification of drug
metabolites. Of the metabolites detected in thabation of AML with primary culture of rat
liver hepatocytes, 21 (M1-M21; the numbers werégagsl according to retention times) were
characterized and their reconstructed chromatogesmsell as chromatograms of AML and
S1-S3 are shown in Fig. 2. We based our assumftiainthey were AML metabolites on
comparison of the incubation sample with the blankl control samples (incubation of rat
hepatocytes without AML and incubation of AML witlorat hepatocytes, respectively), as
well as on the presence of molecular ions acconeplahy characteristic chlorine isotopic
peaks with 2-unit-highem/z ratios in the mass spectra. The product ion speatrthe
metabolites were interpreted and tentative stresttor the metabolites proposed.



I nterpretation of product ion spectra

First, the fragmentation patterns of AML and itsithyetic derivatives S1-S3 were studied
as shown in Fig. 3. The interpretation of the paidions of four known compounds
facilitated interpretation of the 21 metabolitestedéed as summarized in Table 1. The
structures suggested were confirmed by accurates mheiermination using Q-TOF with a
mass accuracy better than 4 ppm, as presentedla ZaM1 ([M+H] atnvz 393) showed a
mass decrease of 16 amu compared with AML, whichk assigned to dehydrogenation and
hydrolysis of the methyl ester group in a side chati position 5. A product ion at/'z 376
corresponded to loss of NHa product ion atn/z 350 was explained by the neutral loss of
CH,CHNH,, and product ions atvz 332 and 314 were related to successive losses@f Al
product ion atw/z 86 accompanied by one @tz 366, corresponding to the remaining part of
the molecule, was observed for M2 ([M+¥Hat mvz 451). The product ion atvz 86
accompanied by the remaining part of the molecws @bserved for most of the N-acetylated
metabolites. In addition to N-acetylation, dehydnogtion, hydrolysis of methyl ester groups,
and monooxygenation were also suggested for MZdas the product ions observed. M3
(IM+H] " atm/z 435) was differentiated from M1 by a mass incre#s&2 amu, corresponding
to N-acetylation, while a typical product ionratz 86 accompanied by one @iz 350 were
also present; thus an N-acetylated and demethyktedture was designated. M4 and M6
(both showing an [M+H]atm/z 365) were monooxygenated in a side chain at jposité and
3, respectively, with a degraded side chain attpposb. It is not clear whether a hydroxyl
group (in the pyridine structure) or a carbonylugrdin the 1,4-dihydropyridine structure) is
introduced into the molecules. Nevertheless, fordwly the structure with a hydroxymethyl
group at position 6 is expected to yield the mdminalant product ions at/z 304 and 276
after loss of CH=CH, from the side chain at position 3, whereas for té presence of a
product ion at/z 248 can only be explained by a neutral loss ofdrhd, which corresponds
to loss of both CHOCH,CH;NH, and CHCHOH. An isobaric metabolite with both ester
bonds hydrolyzed was excluded, based on calculatidghe empirical formula from accurate
mass determination. The retention time of a met&belith two carboxylic acid groups
would also probably be shorter than that of anreger M5 ([M+H]" at m/z 423) the mass
increase of 14 or 16 compared with AML or its pyral analogue S3 can be assigned to
monooxygenation yielding a carbonyl or hydroxyl gpoto the molecule, respectively.
Several regioisomers corresponding to an elementaposition of GoH23CIN,Og, Which are

monooxygenated in side chains at positions 2 ara8, lead to similar product ions, and as



with M4 it is not possible to determine the positiof the hydroxyl or carbonyl groups
unambiguously. For steric reasons, primary hydratkyh of the side chain at position 3 is
more likely. For M7 ([M+H] at m/z 425) the same product ionsratz 320 and 294 as for
AML were detected. The mass increase compared thwéah for AML was 16 amu, which
corresponded to a gain of one oxygen atom; thusolythtion was suggested and the
elemental composition was confirmed by accuratesmasasurement. Based on the structure
of product ions ain/z 320 and 294, the hydroxyl group was suggestect tim the side chain

at position 3. M8 ([M+H] atnmv/z 395) was suggested to be a 1,4-dihydropyridinéogoa to

M1 with hydrolysis of the methoxycarbonyl grouptire side chain at position 5, because the
product ions were up-shifted by 2 amu compared Wwith and the calculated empirical
formula of M8 corresponded to the accurate masssuned. The tentative structure of M9
(IM+H]" at m/z 584) was suggested, based on a characteristicahéags of the glucuronic
acid moiety from the protonated molecule and dikedly short retention time as evidence for
a highly polar metabolic change. The precursor(ppotonated molecule) was expected to be
an even-electron ion, thus having an odd numbenitbbgen atoms, consistent with the
nitrogen rule?® From the possible structures of ester and ethesugbnides, only the latter
corresponded to the measured elemental compositi@asH3:NO:.Cl. M10 ([M+H]" at vz
407) showed retention time, accurate mass, anduptaah spectrum identical to those of S3;
thus the structure of M10 was determined unambiglyotror M11 ([M+H] at m/z 349) the
degradation of the side chain at position 5 wagyesigd, based on a mass decrease of 60
amu, and the product ions and the measured elehwmtgosition confirmed the tentative
structure as well. M12 ([M+H] at m/z 422) showed retention time, accurate mass, and
product ion spectrum identical to those of S1; thus structure of M12 was determined
unambiguously. M13 ([M+H] at m/z 467) was suggested to be N-acetylated, based on a
product ion aiw/z 86, and monooxygenated, based on the mass difiedegiween M2nj/z
451) and M13 1ifyz 467); this was also confirmed by accurate masssutement. M14
(IM+H]™" at m/z 407) had the same empirical formula as M10, batltimger retention time
indicated a less polar compound. Of the possildbasc metabolites a dehydrogenated, N-
acetylated metabolite with a degraded side chaposition 5 was suggested. Unlike other N-
acetylated metabolites, a complementary pair ofdyco ions atm/z 104 and 304 was
observed instead of a product ionmafz 86 and its complementary product ion. For M15
(IM+H]™" at m/z 433) a product ion atvz 86 was observed and thus N-acetylation was
suggested. M15 also showed product ions that wetr@lmserved for other metabolites. The

product ions showedvz values 2 amu lower than those of pyridine analsgwéhich was



explained by dehydrogenation of a single bond. N[Ms+H] ™ at m/z 465) was suggested to
be dehydrogenated, N-acetylated, and monooxygenatedproduct ions observed were the
same as those of the pyridine analogues. Althoiglptoduct ion atvz 86 was not observed,
the neutral loss of 85 amu leading to a productabm/z 360 indicated N-acetylation. The
remaining mass increase of 16 amu was assigneydtosylation in a side chain at position
3, in compliance with interpretation of a produmt atnv/z 360. For M17 ([M+H] atnvz 449)
the typical product ion atvVz 86 accompanied by a complementary product iomvat364
was detected. Other product ions were similar tséhobserved for S3, the pyridine analogue
of AML. M17 differed from S3 by a mass increase4@ amu, which corresponded to N-
acetylation. Thus, dehydrogenation and N-acetytatiere suggested for M17. For M18
(IM+H] " atm/z 391) a product ion aitvz 86 together with a complementary product iomét
306 was observed, as for many of the N-acetylatetbolites. We proposed that loss eOH
led to a product ion atvz 288 followed by the loss of GHCH,, giving rise to a product ion
atmvz 260. M19 and M21 (both showing an [M+Hjt m/z 408) showed the same unit mass
as well as the same elemental composition. Basdteonitrogen rule, they were expected to
be oxidatively deaminated. The product ion spectafifv19 showed more similarity with
those of the dehydrogenated standards S1 and&3stiggesting it to be dehydrogenated and
oxidatively deaminated to a hydroxyl derivative, esdas M21 was suggested to be
oxidatively deaminated to a carbonyl derivative.r Rd20 ([M+H]* at nmvVz 451) the
characteristic product ion at/z 86 was detected and the presence of an acetyp gnothe
molecule suggested. The product ions were up-shifje2 amu in comparison to M17, which
was expected to be due to the dihydropyridine abrthe metabolite. The gain of 42 amu
compared with the molecular weight of AML corresged to the N-acetylation of AML,
which was in agreement with the accurate mass ma@dsAs a consequence of these
interpretations we suggest amvitro metabolic profile for AML in rat and present a tiive

scheme for biotransformation of AML in Fig. 4.
Conclusions

The present study describes the characterizatioraroin vitro metabolic profile for

amlodipine, a widely used long-acting dihydropymigi calcium antagonist, in rat. The
metabolites formed by incubation of AML with a pany culture of rat hepatocytes were
separated by LC and the product ion spectra medsiy€)qQ. In the first step the product

ions were interpreted and tentative structurefometabolites proposed. In the second step



the proposed structures of the metabolites weréhdurconfirmed by accurate mass
determination with a mass accuracy better than h,ppsing Q-TOF with subsequent
calculation of elemental composition. Combinatidrthee structural information provided by
the product ion spectra measurement with QqQ witforination on the elemental
compositions of the metabolites provided by aceunatass determination with Q-TOF
enabled us to characterize the metabolites of AMH & propose itsn vitro metabolic

pathways in rat.
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Table 2. Retention times and accurate mass measatemf amlodipine metabolites M1-21.

. tr Measured Theoretical Error DBE Formula
Metabolite (min) mass mass mDa  ppm T
M1 8.58 393.1212 393.1217 -0.5 1.3 9.5 19tGoN-OsCl
M2 12.20 451.1229 451.1272 0.8 -1.8 10.5 ,1Hz4N-0,Cl
M3 12.35 435.1327 435.1323 0.4 0.9 10.551H34N-06Cl
M4 14.09 365.1261 365.1268 -0.7 -1.9 8.5 158HZoN,04ClI
M5 14.09 423.1339 423.1323 1.6 3.8 9.5 ,0HZ4NO6ClI
M6 14.26 365.1259 365.1268 -0.9 -2.5 8.5 15HG-N,0.4ClI
M7 14.46 425.1378 425.1379 0.1 0.3 8.5 50HEsN06ClI
M8 14.61 394.1378 394.1374 0.4 1.1 8.5 19HGoNO:Cl
M9 14.91 584.1528 584.1535 -0.7 -1.2 11.5,56H3:NO1,Cl
M10 15.37 407.1384 407.1374 0.7 1.8 9.5 5,0Hz3N,05Cl
M11 15.41 349.1328 349.1319 0.9 2.6 8.5 18HZ:N,03Cl
M12 15.54 422.0981 422.1007 0.8 2.0 10.5 ,gHz1NO,Cl
M13 15.58 467.1571 467.1585 1.4 -3.0 9.5 5,H3sN-O,Cl
M14 15.75 407.1379 407.1374 0.5 1.3 9.5 50H33N-0sCl
M15 16.47 433.1173 433.1166 0.7 1.5 11.5,1H3N,O6ClI
M16 16.62 465.1437 465.1429 0.8 1.8 10.5,,H3sN,0;Cl
M17 17.48 449.1496 449.1479 1.7 3.7 10.5,,H3sN,06ClI
M18 17.55 391.1430 391.1425 0.5 1.4 9.5 50H54N-0,4Cl
M19 17.91 408.1203 408.1214 -1.1 2.7 9.5 ,0H33NO6Cl
M20 19.56 451.1644 451.1636 0.8 1.8 9.5 5,H35N->O6Cl
M21 21.07 408.1223 408.1214 0.9 2.2 9.5 ,0Hz3NO6CI

@ DBE = double-bond equivalent



Figure captions

Fig. 1.

Metabolic changes expected in amlodipine.

Fig. 2.
Extracted ion chromatograms of metabolites M1-2¥] Aand its synthetic derivatives

S1-S3 used as standards.

Fig. 3

Product ion spectra of amlodipine and its synthédigvatives S1-S3 used as standards.

Fig. 4.

Proposedn vitro metabolic pathways of amlodipine in rat.
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