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a b s t r a c t

During the last 2 years, the knowledge on the metabolic pathway of tetrazepam, a muscle relaxant drug,
was expanded by the fact that diazepam was identified as a degradation product of tetrazepam. The
present study demonstrates that this metabolic conversion, recently discovered by in vivo studies, can
also be predicted on the basis of a purely instrumental method, consisting of an electrochemical cell
(EC) coupled to online liquid chromatography (LC) and mass spectrometry (MS). By implementing a new
electrochemical cell type into the EC-LC–MS set-up and by an enhanced oxidation potential range up
to 2 V, one limitation of the electrochemical metabolism simulation, the hydroxylation of alkanes and
alkenes, has been overcome. Instead of commonly used flow-through cell with a porous glassy carbon
working electrode, a wall-jet cell with exchangeable electrode material was used for this study. Thereby,
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for EC/LC/MS
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iquid chromatography
ass spectrometry

the entire metabolic pathway of tetrazepam, in particular including the hydroxylation of the tetrazepam
cyclohexenyl moiety, was simulated. The electrochemical results were not only compared to microsomal
incubations, but also to in vivo experiments, by analysing urine samples from a patient after tetrazepam
delivery. For structure elucidation of the detected metabolites, MS/MS experiments were performed.
The comparison of electrochemistry to in vitro as well as to in vivo experiments underlines the high
potential of electrochemistry as a fast screening tool in the prediction of metabolic transformations in

drug development.

. Introduction

The discovery of a chemical entity, bearing a promising activity
gainst a particular biological target, is the first step in the devel-
pment of a new drug. This first step is followed by detailed in vivo
nd in vitro studies towards the pharmacokinetic and toxicological
haracteristics of this new entity. Being time-consuming and costly,
t is of major importance to judge the potential of a drug candidate
f being toxic, as well as their tendency of undergoing metabolic
ioactivation, at an early stage of drug development. In particular,
efore entering preclinical studies, toxic drug candidates have to be

dentified and excluded as far as possible.
Typical in vitro methods in metabolic studies include microso-

al approaches using rat liver microsomes (RLMs) [1]. Liver cells
ossess a high level of cytochrome P450 activity and often are the

ain site of metabolic transformation [2]. Based on the incubation
ith RLMs, oxidative phase I metabolites can be detected. However,
ue to variations in the distribution of the P450 subfamilies in each
rganism, the results obtained by RLMs cannot generally be trans-

∗ Corresponding author. Fax: +49 251 8336013.
E-mail address: uk@uni-muenster.de (U. Karst).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.02.001
© 2009 Elsevier B.V. All rights reserved.

ferred to humans, even though in many cases, a good accordance
between the metabolites as predicted by RLMs experiments and the
metabolites found in body fluids from a patient after the intake of
a drug can be observed.

Approximately 20 years ago, the development of a new, purely
instrumental method for the simulation of oxidative metabolism
reaction, was initiated. The system consists of an electrochem-
ical cell coupled to mass spectrometry (EC-MS). At first being
used for studying redox reactions of various substances including
biomolecules [3–7], it soon became clear that this newly devel-
oped technique offers interesting features for the simulation of
oxidative drug metabolism [8]. Up to now, the EC-MS system has
been extended by a liquid chromatographic separation (LC) to an
online EC-LC–MS system [9]. This system has been successfully
used to simulate the metabolism of numerous compounds [10],
including well-known drugs like paracetamol [11], clozapine [9]
and amodiaquine [12]. The oxidative metabolites are generated in
the electrochemical cell. In order to distinguish between different

isomeric metabolites and to assess the polarity of the products, they
are separated on an LC column and subsequently detected by mass
spectrometry.

Up to now, flow-through cells, equipped with a porous glassy
carbon working electrode, have been used in EC-LC–MS set-ups,

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:uk@uni-muenster.de
dx.doi.org/10.1016/j.chroma.2009.02.001


atogr

s
fl
s
t
c
t
h
a
m
l
t
p
b
c
j
e
m

i
b
p
m
c
w

b
m
(
W
i
i
t
s
o
m
s

b
t
g
t
i
P
c
c
G
u
t
o
i
s
D
c

A. Baumann et al. / J. Chrom

ince these cell types provide high conversion rates even at high
ow rates [10]. Using this cell type, the group of Bruins et al.
ystematically investigated the differences and similarities of elec-
rochemical and cytochrome P450 catalysed reactions on different
lasses of compounds [13]. The list of typical metabolic reac-
ions readily simulated by EC includes oxidative N-dealkylation,
ydroxylation of activated aromatics and dehydrogenation. As an
lternative electrochemical cell type, wall-jet cells have been imple-
ented in the EC-LC–MS set-up used for this study. Requiring

ow flow rates for sufficient conversion, these cell types have
o be used in combination with a switching valve and sam-
le loop, in which the oxidation products are collected before
eing flushed onto the LC column. In contrast to flow-through
ells, the glassy carbon working electrode material of the wall-
et cell can be easily dismantled and exchanged by other working
lectrode materials, such as gold, platinum or boron doped dia-
ond.
As can been seen from the literature mentioned above [9–13],

n recent years, significant progress was made to evaluate the capa-
ility of electrochemistry regarding the prediction of metabolic
athways. In this study, the electrochemical simulation of the
etabolic pathway of tetrazepam was mimicked and was not only

ompared to in vitro liver cell incubation, but also to in vivo studies
ith healthy patients.

Tetrazepam (Fig. 1) is a well-known therapeutic agent,
elonging to the group of 1,4-benzodiazepines. Currently, phar-
aceutical specialties containing tetrazepam are Myolastan

Sanofi-Synthelabo, Vienna, Austria) and Epsipam (Will-Pharma,
avre, Belgium). These pharmaceuticals are frequently prescribed

n the treatment of muscle spasm of different origins, like whiplash
njury, muscular rheumatism, or slipped spinal disks. In con-
rast to other benzodiazepines like diazepam (Fig. 1), tetrazepam
hows a desirable benefit-risk ratio, since already low amounts
f tetrazepam are sufficient to induce the intended anxiolytic and
uscle relaxant effects without causing undesirable side effects like

edation and ataxia [14–16].
According to the manufacturer, the metabolism of tetrazepam

asically comprises the N-demethylation to nortetrazepam and
he formation of 3-hydroxytetrazepam, which subsequently under-
oes a phase II conjugation reaction with glucuronic acid. Besides
hat, hydroxytetrazepam, hydroxylated nortetrazepam and some
someric derivatives were suggested as metabolites [17]. In 2007,
avlic et al. published a study, strongly indicating the metabolic
onversion of tetrazepam to diazepam [18]. By means of gas
hromatography with electron-capture detection (GC-ECD) and by
C–MS, Pavlic et al. identified tetrazepam as well as diazepam in
rine samples from patients at least 72 h after the intake of one
ablet Myolastan. The degradation of tetrazepam to diazepam is

f particular interest, since diazepam, also known as the active
ngredient in Valium, predominantly acts on the central nervous
ystem, with its primary pharmaceutical effect being sedation.
iazepam has been reported to be abused as illegal drug, espe-
ially as date-rape drug in sexual offences. Thus, the presence of

Fig. 1. Structures of tetrazepam and diazepam.
. A 1216 (2009) 3192–3198 3193

diazepam, deriving from tetrazepam can result in false accusations,
when testing on illegal drugs.

The suggested metabolic transformation of tetrazepam to
diazepam was further proven by Laloup et al. [19] and by Schu-
bert et al. [20]. Using LC–MS, Schubert et al. identified a number
of isomeric hydroxylated, N-demethylated and dehydrogenated
metabolites. Furthermore, by means of LC–MS/MS, they deter-
mined the cyclohexenyl moiety of tetrazepam as the main side of
metabolic transformation.

The electrochemical generation of the tetrazepam metabolites,
especially the hydroxylation of the cyclohexenyl moiety, is a chal-
lenging task, since alkane and alkene hydroxylation have not been
reported in electrochemical metabolism studies up to now [13]. To
overcome this problem, a wall-jet cell with variable electrode mate-
rials and a feasible potential range up to 2 V was implemented in
the EC-LC–MS set-up used in this study.

2. Experimental

2.1. Chemicals

Myolastan, containing 50 mg tetrazepam per tablet, was
obtained from Sanofi-Synthelabo, Vienna, Austria. Acetonitrile
(ACN), methanol, dichloromethane, isopropanol and ammonia
solution (25%) were delivered by Merck (Darmstadt, Ger-
many). Potassium dihydrogenphosphate, dipotassium hydrogen-
phosphate, ammonium acetate, acetic acid and formic acid were
obtained from Fluka Chemie (Buchs, Switzerland). Ammonium for-
mate, magnesium chloride hexahydrate and �-glucuronidase from
Helix pomatia, Type H1 were purchased from Sigma–Aldrich Chemie
(Steinheim, Germany). NADPH was ordered from AppliChem
(Darmstadt, Germany). Pooled male RLMs (Sprague–Dawley) with
a protein concentration of 20 mg/ml and a total P450 enzyme activ-
ity of 520 pmol/mg (determined by the method of Omura and Sato
[21] were delivered by BD Bioscience (Woburn, MA, USA)).

Purified water for HPLC analysis and sample dilution was gen-
erated by a Milli-Q Gradient A 10 system and filtered through a
0.22-�m Millipak 40 filter unit (Millipore, Billerica, MA, USA). All
chemicals were used in the highest quality available.

2.2. Analysis of urine samples

After the intake of one tablet Myolastan (50 mg tetrazepam)
by a healthy volunteer, urine samples were collected at different
time intervals (1.5; 2.75; 3.75; 4.75; 6.3; 8 and 17.5 h after intake)
and prepared for LC–MS analysis. From each collection, 5 ml of the
urine sample were cleaned up by solid-phase extraction (SPE). The
extraction column (SPE-ED Scan ABN, Applied Separations, Allen-
town, PA, USA) was conditioned with 2 ml methanol and 2 ml 0.1 M
phosphate buffer (pH 6.0). Each urine sample was diluted with 3 ml
of distilled water, vortexed and centrifuged (5 min, 4500 rpm). The
supernatant was rinsed through the column. Next, the column was
washed with 3 ml distilled water, 1 ml 1 M acetic acid, and an aque-
ous methanol solution (1:10; v/v), centrifuged for 5 min (4500 rpm),
and dried with a nitrogen stream to remove any possible remain-
ing aqueous washing solvent. Elution was performed with 2 ml of
a solvent mixture of dichloromethane, isopropanol and ammonia
(80:20:0.8; v/v/v). The eluate was evaporated to dryness at 60 ◦C
under a nitrogen stream.

For the LC–MS analysis, the dried residue of the clean-up pro-
cedure from each sample was redissolved in 250 �l water with 5%

ACN and 0.05% formic acid and directly injected into the LC–MS
system.

For the urine sample collected 4 h after Myolastan intake, an
enzymatic cleavage of glucuronic acid adducts was performed
after the LC–MS analysis. In order remove the organic solvent
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efore adding the enzymes, the sample was evaporated to a vol-
me of 50 �l by a slow nitrogen steam. A solution of 4.9 mg
-glucuronidase from Helix pomatia (Typ H1) was dissolved in
50 �l 0.1 M ammonium acetate buffer, adjusted to pH 4.9 and was
dded to the mixture. After incubation at 37 ◦C for 24 h, proteins
ere precipitated by adding 350 �l ACN. The mixture was cen-

rifuged and the supernatant was analysed by LC–MS.

.3. Microsomal incubation

A mixture of microsomal protein and tetrazepam, dissolved
n 50 mM phosphate buffer solution and adjusted to pH 7.4, was
reincubated for 5 min at 37 ◦C. Magnesium chloride and NADPH
ere added to the incubation mixture, which was then further

ncubated at 37 ◦C for 90 min. The total volume of the incubation
ixture was 500 �l and the final concentrations were as follows:

.3 mg/ml microsomal protein, 50 �M tetrazepam, 0.5 mM mag-
esium chloride, 1.2 mM NADPH. Subsequent to the incubation,
roteins were precipitated by adding 500 �l ACN. After centrifuga-
ion, the supernatant was analysed by LC–MS. As negative control,
second incubation without NADPH was performed.

.4. Electrochemical simulation

The electrochemical simulation of the oxidative phase I
etabolism was performed in an electrochemical wall-jet cell (Flex

ell, Antec Leyden, Zoeterwoude, The Netherlands). Potentials were
pplied using either the electrochemical detector system Decade II
Antec Leyden) or a homemade potentiostat.

For optimization experiments of the electrochemical conditions,
he cell was coupled directly to an electrospray mass spectrometer
micrOTOF, Bruker Daltonics, Bremen, Germany). At a flow rate of
0 �l/min, a 10-�M solution of tetrazepam was passed through the
ell by a syringe pump model 74900 (Cole Parmer, Vernon Hills, IL,
SA) and a potential range from 0 to 2000 mV was scanned at a scan

ate of 5 mV/s. The tetrazepam solution was prepared by dissolving
ne tablet Myolastan in 10 ml methanol. The insoluble residue of
he tablet was removed by filtration and the solution was further
iluted to a final concentration of 10 �M tetrazepam. The potential
can was performed testing different solvents for the tetrazepam
olution: 20 mM ammonium formate (pH 6.8), 10 mM formic acid
pH 3.1), and 20 mM ammonia (pH 10). In addition, the scan was
erformed using the different working electrode materials glassy
arbon, gold and platinum.

After optimization of the electrochemical conditions, the cell
as implemented into an online EC-LC–MS system, in which the
lectrochemically generated metabolites are subsequently sepa-
ated on an LC column and detected by MS. The set-up is shown
n Fig. 2.

For the electrochemical conversion, a 100-�M solution of
etrazepam in a 10-mM formic acid solution was used. The drug

ig. 2. Online EC-LC–MS set-up for the electrochemical generation of oxidative
etabolites with subsequent LC separation and detection by mass spectrometry.
10-port valve equipped with a 10-�l injection loop allows the use of low flow

ates (10 �l/min) for the electrochemical conversion in combination with high flow
ates for the LC separation (400 �l/min).
. A 1216 (2009) 3192–3198

solution was passed through the electrochemical cell at a flow
rate of 10 �l/min. The cell was equipped with a platinum working
electrode and was operated at a constant potential of 2000 mV vs.
Pd/H2. The oxidation products, eluting from the EC were collected
in a 10-port valve, equipped with a 10-�l injection loop. After fill-
ing of the loop, the loop content was flushed onto the LC column by
switching the valve and detected by MS.

2.5. LC–MS instruments

LC–MS measurements were performed on two different sys-
tems. For fragmentation experiments and measurements in
selected ion monitoring (SIM) mode, an HPLC system from
Shimadzu (Duisburg, Germany) coupled to a QTRAP mass spec-
trometer with an electrospray ionization (ESI) source (Applied
Biosystems, Darmstadt, Germany) was used. The HPLC system con-
sists of two HPLC pumps (LC-10ADVP), a degasser (DGU-14A),
an autosampler (SIL-HTA), a column oven (CTO-10AVP) and an
UV detector (SPD-10AVVP) operating at 254 nm. Control of the
HPLC–MS system and data handling was carried out by the software
Analyst 1.4.1 (Applied Biosystems).

For the determination of exact masses, an HPLC system from
Antec Leyden (Zoeterwoude, The Netherlands) coupled to a
micrOTOF mass spectrometer, which was equipped with an ESI
source (Bruker Daltonics), was used. The components of the HPLC
system are two LC 100 pumps, an OR 110 organiser rack with a
degasser and a pulse dampener, an AS 100 autosampler and a
Decade II column oven. For controlling the HPLC system, the ALEXYS
data system (Antec Leyden) was used and for controlling of the
micrOTOF and data handling, the software micrOTOFControl 1.1 and
DataAnalysis 3.3 was used.

2.6. LC separation conditions

The HPLC separation was performed on a Nucleodur Sphinx RP
column (Macherey-Nagel, Düren, Germany) with the dimension

150 mm × 3 mm, particle size 5 �m and pore size of 100 ´̊A. A flow
rate of 400 �l/min was used. The mobile phase consists of 100 mM
aqueous ammonium formate buffer with 0.02% formic acid as elu-
ent A and methanol as eluent B. For the separation, the gradient
programme shown in Table 1 was used. The injection volume was
10 �l. The column oven was keep at a constant temperature of
40 ◦C.

2.7. Mass spectrometric conditions

The analytes were detected in the positive ion mode. The opti-
mized MS conditions, used for the measurements with the QTRAP
and the micrOTOF, are listed in Tables 2 and 3.

3. Results and discussion

In this study, different approaches for the investigation of
tetrazepam metabolism were performed, including a conventional

microsomal approach and a purely instrumental electrochemi-
cal simulation. In the following, the results are presented and in
particular discussed towards their correlation with metabolism
studies based on the analysis of urine samples from patients after
tetrazepam intake.

Table 1
Gradient profile used for the separation of tetrazepam and its metabolites.

Time (min) 0 2 18 20 21 26
Methanol (%) 60 60 90 90 60 60

JP.Chervet
Highlight

JP.Chervet
Highlight

JP.Chervet
Highlight
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Table 2
QTRAP parameters used for the detection of tetrazepam and its metabolites in
selected ion monitoring mode and in enhanced product ion mode for fragmentation
experiments.

Parameter EC-LC-QTRAP SIM mode/fragmentation

Declustering potential (V) 30/35
Entrance potential (V) 6/12
Curtain gas (N2) (psi) 25
Ion spray voltage (V) 5500
Temperature (◦C) 400
Nebulizer (N2) (psi) 50
Dry gas (N2) (psi) 50
Cell entrance potential (V) –/12
Collision energy (V) –/25
Cell exit potential (V) –/10

Table 3
MicrOTOF parameters used for the detection of tetrazepam and its metabolites dur-
ing optimization of the electrochemical cell (EC-TOF) and for the determination of
exact masses in EC-LC–MS measurements.

Parameter EC-TOF/EC-LC-TOF m/z 200–600

End plate offset (V) −500
Capillary (V) −3750
Nebulizer gas (N2) (bar) 0.8/1.3
Dry gas (N2) (bar) 3.5/4.5
Dry temperature (◦C) 200
Capillary exit (V) 116.7
Skimmer 1 (V) 39
Skimmer 2 (V) 22.4
Hexapole 1 (V) 24
Hexapole 2 (V) 20.6
Hexapole RF (V) 90
T
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Fig. 3. Comparison of the oxidative metabolites of tetrazepam found in urine
(6 h after Myolastan intake), in an incubation mixture with rat liver microsomes
ransfer time (�s) 49
repulse storage (�s) 1
etector (V) −1300

.1. Analysis of urine samples

Urine samples at 1, 2, 4, 6, 8 and 17 h after Myolastan intake were
nalysed by LC–MS. The main excretion of tetrazepam metabo-
ites was found between 4 and 6 h and no additional metabolites

ere found in samples collected later or earlier. Therefore, the chro-
atogram of the 6 h sample was studied in detail and was further

sed for comparison with the microsomal approach and the elec-
rochemical simulation.

As shown in Fig. 3 and Table 4, all detected metabolites in
he chromatogram of the 6-h urine sample elute earlier from

he reversed-phase column than the non-metabolised tetrazepam.
ive different isomers of hydroxylated tetrazepam (tetrazepam + O)
ere found in the urine samples (peaks 2, 3, 6, 8, 10). According to
revious tetrazepam studies [20], the most likely hydroxylation site

able 4
olecular formula of tetrazepam metabolites, determined by LC-TOF/MS. The

eviation of measured m/z to the theoretical m/z, given as relative mass devia-
ion (ppm) = ((m/zexperimental − m/zcalculated)/m/zcalculated) × 106, was for all metabolites
elow 5 ppm. For peak identification, refer to Fig. 3.

eak m/z Molecular formula Transformation of tetrazepam Urine RLMs EC

1 291 C15H16CIN2O2 –CH3 + O x x
2 305 C16H18CIN2O2 +O x x x
3 305 C16H18CIN2O2 +O x x x
4 303 C16H16CIN2O2 –H2 + O x x
5 301 C16H14CIN2O2 –2H2 + O x x
6 305 C16H18CIN2O2 +O x x
7 305 C16H18CIN2O2 +O x x
8 305 C16H18CIN2O2 +O x x x
9 285 C16H14CIN2O –2H2 x x x

10 305 C16H18CIN2O2 +O x x x
11 275 C15H16CIN2O –CH3 x x x
2 287 C16H16CIN2O –H2 x x x
(RLMs) and in an electrochemical simulation (EC). Peak assignment: 1, tetrazepam-
CH3 + O; 2, 3, 6–8, 10, tetrazepam + O; 4, tetrazepam-H2 + O; 5, tetrazepam-2H2 + O;
9, tetrazepam-2H2; 11, tetrazepam-CH3; 12, tetrazepam-H2; *Peaks which were also
present in a Myolastan solution without electrochemical oxidation.

in the tetrazepam molecule is the cyclohexenyl group and not to
the common doctrine the hydroxylation to 3-hydroxytetrazepam.
For further confirmation of the hydroxylation site, the fragmenta-
tion pattern was studied. Tetrazepam derivatives with a hydroxy
group at the position 3 may be distinguished from tetrazepam and
its other metabolites by their fragmentation pattern. In contrast to
tetrazepam, the fragmentation of 3-hydroxytetrazepam does not
result in a fragment ion correlating to the loss of CO, but only
in fragment ions correlating to the loss of H2O and H2O plus CO
(Fig. 4) [20]. For the intense peaks 2, 3 and 10 in the extracted ion
chromatogram m/z 305 (Fig. 3), fragmentation experiments show a
significant loss of CO (see Fig. 5a for peak 2). For the less abundant
isomers, the signal intensity was not sufficient to obtain a signifi-
cant fragment ion corresponding to a loss of CO. Thus, it cannot be
excluded that one of these isomers is 3-hydroxytetrazepam.

The insertion of an oxygen atom in the cyclohexenyl group may
take place under the formation of a hydroxy group or by an epox-
idation of the double bond. The epoxide may rearrange under the
formation of a ketone, which is expected to be less polar than
the hydroxy metabolites and thus will be the last eluting isomer.
Assuming that the position 1′ (Fig. 1) is sterically hindered, the num-
ber of possible isomeric compounds fits to the number of detected
tetrazepam + O metabolites.

Besides the hydroxylated metabolites, dehydrogenated metabo-
lites (tetrazepam-H2, peak 12 and tetrazepam-2H2, peak 9) are
detected. The abstraction of four hydrogen atoms in the cyclohex-
enyl group of the tetrazepam molecule results in the formation of
an aromatic ring and is therefore thermodynamically favoured. In

addition, for the compound tetrazepam-H2, product ion mass spec-
tra confirm the dehydrogenation in the cyclohexenyl group, since
fragment ions corresponding to the loss of CO were found. The dehy-
drogenation product tetrazepam-2H2 is further known as diazepam
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ig. 4. Structure of significant MS/MS fragments of a tetrazepam species hydroxy
hydroxylation at the aromatic cyclohexenyl group, whereas the loss of H2O in t

-hydroxytetrazepam.

nd is of particular interest, since diazepam effects on the organism
nclude sedation and ataxia and the presence of diazepam may lead
o positive results when testing on illegal drugs.

Furthermore, hydroxylated products of these dehydro-
enated products were detected (tetrazepam-H2 + O, peak 4
nd tetrazepam-2H2 + O, peak 5). Again, the product ion spectra
f both metabolites indicate a dehydrogenation and an insertion
f oxygen in the cyclohexenyl ring by the presence of a fragment
on corresponding to the loss of CO. The loss of two hydrogen
toms in combination with the insertion of oxygen may result from
he formation of a double bond in combination with a hydroxyl
roup, a double bond formation with subsequent epoxidation or
rom the formation of a ketone. Compared to the elution order
f the dehydrogenated species, the elution order of the hydrox-
lated dehdrogenated species is inverted. Tetrazepam-2H2 + O
ppears to be less polar than tetrazepam-H2 + O. This fact might
ndicate that tetrazepam-2H2 + O is a ketone or epoxide, whereas

etrazepam-H2 + O is a hydroxylated species.

Another typical metabolic reaction, the N-dealkylation of an
mide, also becomes apparent when analysing the urine sam-
le. The N-demethylation of tetrazepam results in the formation
f nortetrazepam, which elutes from the column shortly before

ig. 5. (a) Fragmentation pattern of the metabolite tetrazepam + O (m/z 305, peak 2), appea
attern of the metabolite tetrazepam + O (m/z 305, peak 7), appearing only in the electroc
at the cyclohexenyl moity and of 3-hydroxytetrazepam. The loss of CO indicates
ence of a fragment ion corresponding to the loss of CO indicates the presence of

tetrazepam itself. In addition, a hydroxylated nortetrazepam
species was found, but due to very low signal intensity, no further
structure information about the position of the oxygen atom was
obtained by its fragmentation.

The information gained by the analysis of the urine sample is
summarised in the reaction scheme shown in Fig. 6 and in Table 4.
For each detected metabolite, one possible structure is presented
and the suggested degradation pathway of tetrazepam to diazepam,
as previously published by Schubert et al. [20] is shown. All metabo-
lites detected in the analysis of the urine sample are in good
accordance with the metabolites detected in earlier studies, as well
as with the suggested metabolic pathway. Schubert et al. reported
two further minor metabolites, including the doubly hydroxylated
tetrazepam + 2O and tetrazepam + 2O-H2. In our study, these two
metabolites could not be detected at a significant signal to noise
ratio.
3.2. Microsomal approach

In order to examine the metabolic pathway of drug com-
pounds, the incubation with rat liver microsomes is a conventional,
well-known method. Therefore, this method was performed on

ring in the urine sample and in the electrochemical simulation and (b) fragmentation
hemical simulation.
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ig. 6. Oxidative metabolites of tetrazepam and the suggested degradation pathway
lectrochemistry.

etrazepam and the results were compared to the metabolites
etected in the urine sample and to the purely instrumental
lectrochemical method. The comparison of the chromatograms
s shown in Fig. 3. Compared to the urine sample, only two

etabolites, being tetrazepam + O-2H2 (peak 5) and one isomer
f tetrazepam + O (peak 6), were not found after the microsomal
ncubation. The expression of the different isoforms of P450 with
ts different catalytic activities towards metabolic reactions varies
n each organism. Thus, the metabolism in humans and in rat
iver microsomes may result in different metabolites or a differ-
nt quantitative distribution of the metabolites. This explains the
wo missing metabolites in the microsomal approach.

For the additional tetrazepam + O metabolite (peak 7), detected
n the LC–MS analysis of the microsomal approach, it was suggested
hat it is 3-hydroxytetrazepam. As mentioned, the degradation
athway of tetrazepam postulated by the manufacturer includes
he formation of 3-hydroxytetrazepam followed by a conjuga-
ion reaction with glucuronic acid. Since no activated glucuronic
cid was added to the incubation mixture, an additional 3-
ydroxytetrazepam peak compared to the urine sample was
xpected in the chromatogram. Due to the low signal intensity,
he fragmentation pattern of the metabolite did not yield further
nformation about the position of the oxygen insertion. A second
pproach to identify the metabolite was the hydrolysis of the glu-
uronic acid adduct in the urine sample by �-glucuronidase. After

24-h incubation of the urine sample with �-glucuronidase, the

lucuronic acid adduct with m/z 481 did no longer appear in the
hromatogram, but due to the low amount of the precursor adduct
tself, no additional hydroxytetrazepam peak could be detected. The
bsence of 3-hydroxytetrazepam after the hydrolysis of the glu-
trazepam to diazepam. All metabolites included in this pathway were simulated by

curonic acid adduct supports the previously published results by
Schubert et al. [20], who showed that the cyclohexenyl moiety and
not the position 3 is the main hydroxylation site in the molecule.

3.3. Electrochemical simulation

3.3.1. Optimization of the electrochemical conditions
The best conversion of tetrazepam into its expected metabolites

was achieved using the 10 mM formic acid solution and platinum as
working electrode material operating at a potential of 2 V. Due to the
unconventionally high oxidation potential, it cannot be excluded
that partial electrolysis of the aqueous solvent takes place. The
working electrode was cleaned between each oxidation step by
flushing with a solution of 50% ACN in water. When dismanteling
the working electrode after an oxidation, no adsorption residue was
visible.

3.3.2. Online EC-LC–MS experiments
The chromatogram of the oxidation products of tetrazepam is

shown in Fig. 3. Compared to the urine sample, two metabolites
were missing, the hydroxylated nortetrazepam (tetrazepam-
CH3 + O, peak 1) and the metabolite tetrazepam-2H2 + O (peak
5), which was also absent in the microsomal incubation. Besides
these two, all other metabolites were electrochemically generated,
including dehydrogenation products, demethylation products and

hydroxylation products. As shown for the urine sample, five of
the tetrazepam + O isomers bear an additional oxygen atom in the
cyclohexenyl moiety. In the literature, discussing the oxidative sim-
ulation of phase I metabolism, the hydroxylation of alkanes has
not been reported yet. However, using an unconventionally high



3 atogr

p
fi
i
a

t
b
t
i
c
t
h
a
o
t

a
H
f
l
i
a
d
t
t
r

l
o
c
i

4

e
a
m
y
d
t
i
m
U
i
a
b
e
o
s

a

[
[
[
[

[

[

[
[
[

198 A. Baumann et al. / J. Chrom

otential of 2 V, we were able to simulate the insertion of oxygen at
ve different positions in the cyclohexenyl ring of tetrazepam, thus

ncluding alkyl and allyl positions as well as an oxidation directly
t the double bond.

As already described for the microsomal approach, the addi-
ional tetrazepam + O metabolite (peak 7, Fig. 3) was suggested to
e 3-hydroxytetrazepam. In contrast to the microsomal approach,
he signal intensity was sufficient for further fragmentation stud-
es after using electrochemistry. By an absence of a fragment ion
orresponding to the loss of CO, the pattern strongly indicates
he formation of 3-hydroxytetrazepam (Fig. 5b). Further possible
ydroxylation sites in the molecule are the cyclohexenyl moiety, the
romatic ring or the formation of an N-oxide. However, all of these
xidation products should result in a fragment ion corresponding
o the loss of CO in MS/MS experiments, which was not observed.

The hydroxylation of nortetrazepam is a reaction, which is
s likely to happen as the hydroxylation of tetrazepam itself.
ence, the absence of tetrazepam-CH3 + O might simply result

rom a very low amount of electrochemically generated demethy-
ated tetrazepam. Due to the stability of the initial radical cation
n the oxidation mechanism, the oxidation potential for tertiary
lkyl amines increases with decreasing chain length [13]. Thus, a
emethylation is generally not a favoured electrochemical reac-
ion. In this case, it is likely that the electron withdrawing effect of
he neighbouring carbonyl group further influences the oxidation
eaction.

The absence of tetrazepam-2H2 + O can be also explained by the
ow amount of produced diazepam itself. In addition, the oxidation
f a non-activated aromatic ring has not been simulated in electro-
hemical metabolism studies up to now and was thus not expected
n this experiment.

. Conclusion

In this study, a purely instrumental method, based on an
lectrochemical oxidation in combination with an online HPLC sep-
ration and mass spectrometric detection was used to examine the
etabolic pathway of tetrazepam. The comparison with the anal-

sis of urine sample from patients after tetrazepam intake clearly
emonstrates that the entire metabolic degradation of tetrazepam
o diazepam can be predicted by electrochemical simulation. The
mplementation of a wall-jet cell with exchangeable electrode

aterials proved to be a valuable tool in the EC-LC–MS set-up.
p to now, one limitation of the electrochemical method was the

mpossibility to mimic the metabolic hyxdroxylation of alkanes
nd alkenes [13]. In the present study, this problem was overcome
y using a platinum working electrode in combination with an

nhanced potential range up to 2000 mV. Thus, the hydroxylation
f the tetrazepam cyclohexenyl group at five different positions was
uccessfully performed.

In order to judge the feasibility of the electrochemical method as
tool in the prediction of metabolites in drug development studies,

[

[

[
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it was further compared to a conventional microsomal approach.
Both methods were able to predict almost all metabolites found
in the urine sample. In the microsomal approach, two metabolites
were missing, which probably results from the different expression
of P450 isoforms in each organism. In the electrochemical approach,
two metabolites were missing as well. Since both metabolites are
products of subsequent oxidation reactions, which are in principle
electrochemically accessible, it is suggested that the concentration
of oxidative intermediate is too low for the detection of the final
product. For one metabolite, significantly higher signal intensity is
achieved in the electrochemical study compared to the in vivo and in
vitro approaches. Thereby, an advanced structure elucidation by the
fragmentation pattern could be performed. In conclusion, the com-
parison of both methods points out that electrochemistry combined
with LC/MS is a promising supplementary tool to the conventional
in vitro methods in the prediction of metabolic processes.
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