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Abstract

Early assessment of phase 1 metabolic pathways can help to identify in vivo metabolites, thereby giving
an insight in which drug candidates to eliminate before entering a loathsome clinical trial. The aim of this
study was to investigate whether electrochemistry (EC) coupled off-line with liquid chromatography
combined with mass spectrometry (LC-MS) is competent to mimic in vivo phase 1 metabolism of
pharmaceuticals. With the aim of doing this, several pharmaceuticals were oxidized in an electrochemical
cell under various conditions followed by detection by LC/MS to look whether known in vivo oxidative
metabolites were formed. In the present study, fifteen distinctive pharmaceuticals were used as drug
compounds to study the formation of potential in vivo phase 1 metabolites. The in vivo phase 1
metabolism of seven pharmaceuticals was successfully mimicked whereas this was not the case for six
other pharmaceuticals. For the last two pharmaceuticals, only one of the two expected oxidative
metabolites was detected. The catalytic working of hydrogen peroxide combined with a platinum
electrode was found to have a major effect on oxygen-insertion reactions and thereby on hydroxylation,
N-oxidation and sulfoxidation. Whereas the cell potential did not have a significant influence on the
metabolite formation.
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Introduction

The demand for medicine is increasing due to the ascending average age of people, the discovery of new
diseases and the development of drug resistance. Fortunately, the pharmaceutical industry is entering a
new era in medicine development thanks to an advancement in science and technology, making it possible
to develop such high numbers of drugs. However, before a drug enters the market, it must be evaluated
throughout various stages in a clinical trial, which is loathsome to do for such high numbers of drug
candidates. To reduce the amount of drug candidates entering a clinical trial, drugs candidates can be
eliminated beforehand based on their pharmacokinetics. One stage of pharmacokinetics which is
considered to be important is metabolism, since it can have a critical role in pharmacological- as well as
toxicological effects in humans. Therefore, early assessments of metabolic pathways in humans can help
to get an insight in metabolites and eliminate drug candidates based on this information [1]. With the aim
of doing this, new analytical techniques competent to do early, quick, and cheap assessment of drug
metabolism must be assessed.

Drugs are seen as xenobiotics by the body, meaning that once the human body detects a drug it wants to
eliminate this. Metabolism makes it possible for the human body to remove these xenobiotics via the
kidneys in the urine. Drug metabolism mainly takes place in the liver and starts with an initial phase (Phase
1), which is possibly followed by a second phase (Phase 2) and a potential third phase (Phase 3) [2]. During
Phase 1 metabolism, drugs are enzymatically bio transformed into active or inactive compounds with the
goal to increase the polarity of the compound. Subsequently, Phase 2 metabolism enzymatically
conjugates the compound with an endogenous compound, thereby making it more water-soluble and
inactive, if necessary, so that the product can be excreted by the body. Phase 3 metabolism occurs when
the product of Phase 2 cannot passively pass the membrane into the urine and thus must be actively
transported by ABC transporters from one side of the cell membrane to the other [3].

The major group of enzymes active during Phase 1 metabolism are
part of the Cytochrome P450 (CYP450) superfamily. Members of
this family, also known as the CYPs, are capable of bio transforming
drugs into inactive and more water-soluble products, thereby
promoting excretion by the kidney in the urine and/or the liver in
the bile. CYP450s are attached to the endoplasmic reticulum or
mitochondria of mainly the liver via a short N-terminal membrane
anchoring segment. The amino acids present in the N-terminal
anchor are hydrophobic thereby enhancing the interaction with the Figure 1: Chemical structure of CYP450 in
hydrophobic ER membrane [4]. Figure 1 shows a schematic resting state [6].

structural formula of a CYP450 enzyme in resting state. In the catalytic site of the enzyme a heme iron is
located that is tethered to the protein by a sulfur atom of a cysteine thiolate. On the distal axial
coordination position a water molecule is attached to the heme iron leading to a low-spin state of the
heme iron thereby making the enzyme inactive. Even though the heme iron in Figure 1 is located in the
center of the enzyme, it is still based near the enzyme surface, making it possible for substrates to bind to
the hydrophobic pocket adjacent to the active site [5]. When the substrate has bound to the hydrophobic
pocket, the active site will undergo a conformational change, often displacing the water molecule bound
to the heme iron. Due to this, the heme iron will go from a low-spin state to a high-spin state, making the
enzyme active and ready to catalyze a wide variety of reactions [4]. Examples of oxidation reactions include




N-oxidation, C-oxidation, aliphatic hydroxylation, aromatic hydroxylation, sulfoxidation, N-dealkylation, O-
dealkylation and epoxidation. All these reactions make the drug more polar and sometimes inactive [3].
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substrate, making the substrate more hydrophilic, thereby  Figure 2: schematic representation of the catalytic
promoting excretion by the body. After oxidation, a water cycle of the CYP450[7].

molecule returns to bind to the distal coordination position of the heme iron, returning the enzyme to its
low-spin and thus resting state. When a new substrate binds again to the hydrophobic pocket of the
enzyme, this cycle will be repeated [5]. The different oxidation reactions all rely on the same principle
explained above; an oxygen atom is introduced to the drug, making it more polar. With N-oxidation, C-
oxidation, aromatic hydroxylation, aliphatic hydroxylation, epoxidation and sulfoxidation no other
chemical reaction takes place after the oxygen atom has covalently bound to the drug with a single- or
double bond. Yet, with N-dealkylation and O-dealkylation a leaving group is created after the oxygen atom
has bound to the drug. Subsequently, this group, consisting of carbon atoms, hydrogen atoms and an
oxygen atom, will leave the molecule resulting in the dealkylated form [8].

Electrochemistry is an electrochemical technique used to study electron movement in either oxidation
reactions or reduction reactions at an electrode surface in an electrochemical cell. There are two types of
electrochemical cells, namely the galvanic cell and electrolytic cell. The galvanic cell obtains energy from
spontaneous redox reactions happening at the electrode, while the electrolytic cells require an external
energy source for the redox reactions to happen. Since phase 1 metabolism of drugs does not happen
spontaneously but is instead enzymatically driven, an electrolytic cell is chosen for this study, making it
possible to mimic the CYP-induced metabolism of drugs [9]. After the analyte is oxidized in the
electrochemical cell, it can be analyzed by various analytical methods giving information about the nature
and properties of the compound contained in the cell. Mass spectrometry is a popular analytical technique
since it provides both quantitative and qualitative data about the analyte. Combining electrochemistry
directly with mass spectrometry, also called on-line EC-MS, was introduced around 20 years ago and was
quickly found out to offer interesting information about oxidative products of analytes. With on-line EC-
MS, the electrochemical cell is coupled with electrospray ionization (ESI), leading to the formation of ions
from the analyte which can subsequently be analyzed in the mass spectrometer. Despite the promising
set-up, no further information, except that from the mass spectrometer, is available about the oxidation
products. Accordingly, High-performance liquid chromatography (HPLC) can be combined with the EC-MS



resulting in an EC/LC/MS setup. Besides information being obtained about oxidative products by the MS,
now also valuable information about the polarity of the oxidative products is obtained through the LC.
Besides this, the potential multiple oxidative products are also separated due to the column, before
entering the MS, making it less complicated to detect oxidative products [10].

The objective of this study is to mimic in vivo phase 1 metabolism of a panel of pharmaceuticals via
electrochemistry coupled off-line with LC/MS. For this study, a wide variety of pharmaceuticals is chosen
with different chemical structures, pharmacological effects, and in vivo oxidative metabolites. This wide
variety of pharmaceuticals makes it possible to identify differences between expected oxidation reactions
and the extent to which electrochemistry can mimic these.

Table 1: representation of studied pharmaceuticals with their belonging in vivo phase 1 metabolites and type of oxidation
reaction.

Pharmaceutical In vivo metabolite Oxidation reaction

H

Salicylic acid 2,5-dihydroxybenzoic acid [11] Aromatic hydroxylation

N

o O

Coumarin 7-hydroxycoumarin [12] Aromatic hydroxylation
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Lidocaine xylidide) [13] N-dealkylation
2.GX (glycine xylidine) [13] N-dealkylation
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Atropine Noratropine [14] N-dealkylation



1.41-O-desmethyl-rapamycin [15]

O-dealkylation

2.Hydroxy rapamycin (unknown
position) [15]

Aliphatic hydroxylation

Fenbendazole

4-Hydroxyfenbendazole [16]

Aromatic hydroxylation
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Flumazenil N-demethylated flumazenil [17] N-dealkylation
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Verapamil Norverapamil [18] N-dealkylation
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Metoclopramide

1.N-deethylated metoclopramide
[19]

N-dealkylation

2.mono-oxygenated
metoclopramide [19]

N-oxidation
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Amitriptyline 1.Nortriptyline [20] N-dealkylation
2.10-hydroxy amitriptyline [20] Aromatic hydroxylation
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Caffeine 1,7-dimethylxanthine [21] N-dealkylation
H
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F
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Fluoxetine Norfluoxetine [22] N-dealkylation
/
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Benztropine

1.N-desmethylbenztropine [23]

N-dealkylation

2.4-Hydroxybenztropine [23]

Aromatic hydroxylation
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Promazine

1.N-desmethylpromazine [24]

N-dealkylation

2.Promazine sulfoxide [24]

Sulfoxidation




Materials and Methods

Chemicals

The pharmaceuticals used:

Benztropine (C21H2sNO), caffeine (CsH1oN4O3), fenbendazole (Ci1sH13N305S), amitriptyline hydrochloride
(C20H23N-HCI), metoclopramide hydrochloride (C14H22CIN3O,-HCI), albendazole (Ci12H15N30,S), salicylic acid
(C7H603), promazine hydrochloride (C17H20N,S-HCl), atropine (C17H23NOs3), coumarin (CsHgO>) and
lidocaine (C14H2:N20) were obtained from Sigma-Aldrich. Rapamycin (Cs1H7sNO13) was obtained from
Innocore Pharma. Fluoxetine hydrochloride (C17H1sF3sNO-HCI) was obtained from TCI.

Lastly, it was unknown from which flumazenil (C1sH14FN303) and verapamil hydrochloride
(C27H38N204-HCI) were purchased.

Other chemicals used as solvents, mobile phase, reagents:

Methanol (CHsOH) and acetonitrile (C;HsN) were obtained from Biosolve. Formic acid (FA; H.CO,) was
obtained from Fluka. Dimethyl sulfoxide (DMSO; (CHs),SO)) and hydrogen peroxide 30% (H,0,) were
ordered from Sigma-Aldrich. Ultrapure water was purified using a Mili-Q purification system.

Preparation of samples

All 15 pharmaceuticals used were weighed out and were dissolved in methanol till a concentration of 10
mM was achieved in 10 mL. Except for rapamycin and verapamil, for these pharmaceuticals an end
concentration of 1 mM in 10 mL was formed, since not enough pharmaceutical was available to get a
concentration of 10 mM. An example calculation for 10 mM in 10 mL:

Molar concentration (M) = amount of substance (mole)/ Volume (L)
Amount of substance needed = 10 mM* 10 mL = 1.0*10* mole

Thus, 1.0*10* mole of each pharmaceutical was weighed out to get a concentration of 10 mM in 10 mL of
methanol. The amount which had to be weighed out for rapamycin and verapamil was also calculated
following the calculation presented above, only as end concentration 1 mM was filled in. Every
pharmaceutical was diluted in methanol, except for fenbendazole and albendazole, these were diluted in
DMSO. The formed stock solutions were subsequently diluted in 5% ACN (0.1% FA) in H,O (0.1% FA) via 2
steps to form a concentration of 10 uM in 2 mL. First, 0.01 mL of the stock solution (10 mM in 10 mL
methanol) was diluted in 0.99 mL of 5% ACN (0.1% FA) in H,0 (0.1% FA) giving a molarity of 100 uM.
Subsequently, 0.2 mL of the 100 uM solution was diluted in 1.8 mL of 5% ACN (0.1% FA) in H,0 (0.1% FA)
giving a molarity of 10 uM in 2 mL. Rapamycin and Verapamil were diluted in 1 step to get to a
concentration of 10 uM in 2 mL. This was done by diluting 0.02 mL of the stock solution in 1.98 mL of 5%
ACN (0.1% FA) in H,O (0.1% FA) giving a molarity of 10 uM. Afterwards, the diluted samples were put in
autosampler vial micro inserts with a volume of 150 pL.

Oxidation of samples in electrochemical cell

All electrochemical measures were performed with an Antec ROXY potentiostat. The electrochemical
reactions were performed in a Antec u-Prepcell, which is a one-compartment three-electrode cell in which
the working electrode was either glassy carbon or platinum. Furthermore, the reference electrode was a
Pd electrode, and the counter electrode was a carbonized PEEK electrode. Electrochemical measurements
were performed with 3 different methods for which each 16 samples were used:



Method 1) 20 uL of a 10 uM sample was injected into the cell via the autosampler with a flow rate of 100
pL/ min of H20 (0.1% FA) and ACN (0.1% FA). The potential was set to 1.5 V and the working electrode was
glassy carbon.

Method 2) 5 pL of H,0, (30 wt%) was added to the 150 pL samples in the autosampler vial micro inserts,
corresponding to circa 1 wt% H,0; in the total sample. This was subsequently mixed by pipetting the
sample a couple of times up and down. Afterwards, 20 uL of the sample was injected into the cell via the
autosampler with a flowrate of 100 puL/min of H,0 (0.1% FA) and ACN (0.1% FA). The potential was set to
1.5 V and the working electrode was Platinum.

Method 3) 20 pL of 10 uM sample was injected into the cell via the autosampler with a flowrate of 100
pL/min of H20 (0.1% FA) and ACN (0.1% FA). The potential was set to 2.5 V and the working electrode was
glassy carbon.

The samples, which had just flown through the cell, were collected in 1.5 mL Eppendorf tubes with a time
frame of 35 seconds to 105 seconds after being injected by the autosampler. This was done for all 15
samples with the 3 different methods. All collected samples were dried in an Eppendorf Concentrator Plus
at a temperature of 60 degrees Celsius for approximately 45 minutes. The dried products were dissolved
again in 80 pL of 5% ACN (0.1% FA) in H,0 (0.1% FA) resulting in a calculated end concentration of 2.5 uM
of the combined compound and products.

LC-MS analysis of collected samples

The potential metabolites present in the collected samples were qualified using LC-MS as seen in figure 3.
The LC-MS consisted of a Shimadzu HPLC with LC 20AD XR binary pumps, SIL-30 ACMP autosampler and
CTO-20A column oven for separation coupled to a Thermo Scientific TSQ quantum ultra-mass
spectrometer. The compounds were separated on a reversed-phase C8 column (Waters XBridge columns;
2.1x150 mm) with a temperature of 40 degrees Celsius at a flow rate of 0.2 mL/min. The mobile phase
consisted out of solvent A (H,O with 0.1%FA) and solvent B (ACN with 0.1% FA). 20 pL of the diluted
pharmaceutical mixture was injected while a linear gradient was applied from 5 to 50% B over 8 minutes,
followed by a fast increase to 95% B. This was held for 1 minute followed by an instant decline to 5% B for
the last minute. Before any of the pharmaceuticals were oxidized following a certain method, a methanol
blank was performed first. Mass spectra were recorded by electrospray ionization in positive mode, except
for Salicylic acid which was recorded in a negative mode. Masses from m/z 50 to 1000 were recorded.
Chromatograms and mass spectra were recorded for 10 minutes. The data was processed in the Xcalibur
software (Thermo Scientific).

Mobile phase
Mass spectrometer

Injection valve
Autosampler
Syringe

Detector

Quadrupoles

[o]
g
N

Electrospray

[

Lenses

Sample tray

Analytical column

Collision cell

Figure 3: schematic overview of a LC/MS system [25].

10



Data analysis

The data in Xcalibur presented both the chromatogram and mass spectrum of a chosen sample under a
certain condition on the same screen. To give an illustration on how the data was analyzed, an example of
the analysis of benztropine following method 2 (see table 2; page 13) is given. Figure 4 shows an overview
of the chromatogram and mass spectrum of benztropine recorded for 10 minutes.
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Figure 4: presented chromatogram (top) and mass spectrum (bottom) of benztropine under condition 2.

To see whether the pharmaceutical itself or expected metabolite(s) were detected by the LC/MS, the mass
range was adjusted to the mass of this specific compound. When peaks in the chromatogram were found
while using this tool, the found peaks were selected again and there was looked at the belonging mass
spectrum. Figure 5 shows the peaks in the chromatogram which appeared after the mass range of 4-
hydroxybenztropine, an expected metabolite of benztropine, was filled in. These found peaks were
selected again and there was looked whether the belonging mass spectrum showed a peak at the correct
m/z. Figure 5 shows a peak at 324.19 representing 4-hydroxybenztropine. This same method, explained
above, was also done to find other expected metabolites or the pharmaceutical itself.
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Figure 5: presented chromatogram (top) and mass spectrum (bottom) of benztropine under condition 2, in which the peaks in the
chromatogram (found via the mass range tool) are selected showing the corresponding mass spectrum.
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To confirm that the found oxidative metabolites were detected at a different retention time than the
pharmaceutical, the mass ranges of both the metabolite and pharmaceutical were filled in. This resulted
in two chromatograms, one chromatogram showing the peaks belonging to the mass range of the
expected metabolite and the other chromatogram showing the peak belonging to the mass range of the
pharmaceutical, as seen in figure 6.

RT: 0.00-9.89 @
HL:

1004 50768
] miz=
324.00-325.00
1]
220518Benztropi
neH202_220518
133448

Peaks in chromatogram of expected

804 metabolites ranging from 8.21 min to 9.39
min (top) and peak of pharmaceutical at 9.27
min (bottom).

@
1=
Ll

.
S
L

Relative Abundance

x5 M 175 212 240 262 295 320 360 396 411438 487 541557 566 637 664 702718 751 7195

927 NL:
100 1198

miz=

80 308.00-309.00
1]

60 2205188enztropi
neH202_220518

40 133448

014 056072 101 141 155 201 246 278 312 326 351 380 430 453 484 536 553 576 621 664 679 712 744 779802 §34 652 907 9.46 9.69
LA L e B B B B B

0.0 0.5 1.0 15 20 25 30 35 40 45 5.0 55 60 65 70 75 8.0 8.5 9.0 95

Time (miny

Figure 6: Chromatogram of benztropine found via the mass rage of the expected metabolite (top) and a chromatogram of
benztropine found via the mass range of the pharmaceutical itself (bottom).

When the found metabolite indeed had a different retention time than the pharmaceutical, there was
assumed that a metabolite was formed in the electrochemical cell. Subsequently, the peaks in the
chromatogram of both the metabolite and pharmaceutical were selected and the intensity of the peaks in
the mass spectrum with the corresponding m/z were put in excel. This was done for all pharmaceuticals
and their formed metabolites. Subsequently, the found intensities of each pharmaceutical per method
were normalized to a total of 100%. Meaning that the intensity of the precursor and the intensities of the
found metabolite(s) were summed up forming the total intensity (100%). Afterwards, the percentage of
formed metabolite was calculated via formula 1:

[1] Formed metabolite (%) = (Intensity of metabolite/ total intensity) *100%

This calculation was done for every pharmaceutical under each condition were possible. The calculated
percentages were subsequently put in a bar chart. The conversion rates of the pharmaceuticals were also
calculated. This was done by summing up the percentage of formed metabolites per pharmaceutical under
each condition. The found conversion rates were also put in a table.
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Results and Discussion

The different conditions

During this study the extent to which electrochemistry can mimic in vivo phase 1 metabolism of various
pharmaceuticals was investigated. The pharmaceuticals were oxidated under various conditions to enlarge
the chance of in vivo phase 1 metabolites being formed with electrochemistry. The 3 different conditions
in the electrochemical cell can be seen in table 2. According to literature, the most crucial EC parameters
for oxidation of pharmaceuticals are potential, pH, electrode type and substrate concentration. Meaning
that these parameters must be varied to create beneficial opportunities for oxidative metabolites to be
formed and thus to successfully mimic in vivo phase 1 metabolism. However, due to time limitations during
this study to do practical work, there was chosen to vary two of the above stated parameters. For these 3
different conditions, the electrode type and potential were varied. Glassy carbon is a widely known and
used electrode type with various advantages, therefore this type was chosen as electrode type for
condition 1 and 3. The parameter varying between condition 1 and 3 is the potential, in which condition 1
uses a potential of 1.5 V and condition 3 of 2.5 V. A potential of 1.5 V is chosen since literature supports
that this potential results in a high amount of oxidation [26]. The potential of condition 3 is increased by 1
V with the aim of investigating whether the higher amount of energy, supplied by a higher potential, results
in more oxidation reactions to happen. Condition 2 uses H,0, together with a platinum electrode to
generate reactive oxygen species (ROS) via electrocatalytic oxidation of hydrogen peroxide. These formed
ROS are capable of oxygen-insertion reactions like CYP450s can do at their active site [27]. Thus, with this
method, it is expected that in vivo oxidative drug metabolism, specifically hydroxylation, can be mimicked
with EC.

Table 2: representation of the three different conditions used to study the ability of EC to mimic in vivo phase 1 metabolism.

Method Electrode type Potential Extra

1 | Glassy carbon 15V
Platinum 1.5V 5 pL of H,0, added
3 | Glassy carbon 2.5V

Pharmaceuticals without oxidative metabolites

From the panel of pharmaceuticals used for these experiments, there are 5 pharmaceuticals which did not
show any oxidative metabolites in the LC-MS spectra. For rapamycin, coumarin, atropine, caffeine and
salicylic acid no oxidative metabolites were found in all 3 three methods. The compound coumarin itself
was also not detected by the LC-MS, whereas it was detected when testing the LC-MS without an
electrochemical cell. This could mean that all of the injected coumarin was oxidized in the electrochemical
cell under every condition. However, since no metabolite is found under any condition with the
electrochemical cell, the likelihood of this being the reason for no detection of coumarin is nil.
A reason which could explain the absence of any detection of coumarin, or its metabolite is that coumarin
was fully converted into its intermediate coumarin 3,4-epoxide, which subsequently reacted with other
intermediates forming oligomers. These oligomers have a high molecular weight which could have
resulted in the oligomers not coming off the LC column and thus not being detected by the MS [28].
The rest of the pharmaceuticals, which did not show any oxidative metabolites, did were detected
themselves by the LC-MS. The fact that no oxidative metabolites were detected for these 5
pharmaceuticals is probably since the EC conditions, under which these experiments were performed,
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were not optimal, specifically for these pharmaceuticals. Therefore, it is essential that optimal conditions
are used when doing such an experiment. However, during this study only three different types of
conditions were used to try and mimic in vivo metabolism. This leads to a viable chance that the optimal
condition was not met for a certain number of pharmaceuticals resulting in no oxidation. The fact that no
hydroxylated products of salicylic acid, coumarin and rapamycin were found under condition 2 is therefore
also probably caused by the fact that other parameters in the electrochemical cell were not optimized for
these pharmaceuticals.

Pharmaceuticals with dealkylated in vivo metabolites
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Figure 7: bar chart of lidocaine showing the % of formed metabolite Figure 8: bar chart of flumazenil showing the % of formed
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Lidocaine, flumazenil, verapamil, and fluoxetine all have a similar in vivo oxidation pattern. According to
literature, these four pharmaceuticals are all dealkylated during phase 1 metabolism, thereby enhancing
the polarity of the compound. Therefore, the known in vivo metabolites of these pharmaceuticals are
MEGX, GX, N-desmethyl flumazenil, norverapamil and norfluoxetine. When looking at figures 7 to 10, it
can be seen that the type of oxidation reaction and the optimal condition varied among these
pharmaceuticals. The in vivo metabolites of lidocaine are MEGX and GX, where MEGX is the once de-
ethylated form of lidocaine and GX is the twice de-ethylated form of lidocaine. However, in the mass
spectra no peaks were found with either a mass loss of 28 or 56 with respect to lidocaine itself. Meaning
that no dealkylated product was formed and thus that no in vivo metabolite was formed. However, figure
7 does show that a hydroxylated product was formed under condition 2 and 3, in which the amount of
hydroxylated product under condition 2 is significantly higher than under condition 3. Yet, lidocaine is not
hydroxylated by CYP450s during phase 1 metabolism and thus are the found hydroxylated product no in
vivo metabolites.

Flumazenil, verapamil, and fluoxetine all showed a similar oxidation pattern in the electrochemical cell,
namely that these pharmaceuticals were both hydroxylated and dealkylated. For all pharmaceuticals a
peak was found in the mass spectrum with a mass loss of 14 with respect to the pharmaceutical itself. The
mass loss of 14 implies the extraction of 1 carbon atom and 2 hydrogen atoms which indicates
demethylation and thus dealkylation. The formed dealkylated products of the three pharmaceuticals are
all expected in vivo metabolites namely, N-demethylated flumazenil, norfluoxetine and norverapamil.
When looking at figures 8 to 10, it can be seen that the amount of dealkylated product formed differs per
condition for each pharmaceutical. For flumazenil and verapamil, method 2 resulted in the most
dealkylated metabolite, whereas method 3 formed the most dealkylated product for fluoxetine. However,
when looking at the y-axis it can be seen that the differences between the three different conditions for
the amount of formed dealkylated product is not significant (namely 0 to 5% difference). Therefore, the
parameters varied in the three different conditions do not have a major influence on the rate of
dealkylation for these 3 pharmaceuticals.

Furthermore, a peak in the mass spectrum with a mass gain of 16 was also found for flumazenil, verapamil
and fluoxetine as seen in figures 8 to 10. For all pharmaceuticals the amount of hydroxylated product
formed was the highest under condition 2. This was expected, since condition 2 used H,0, combined with
a platinum electrode, thereby forming ROS which stimulates oxygen insertion reactions and thus
hydroxylation. Nonetheless, flumazenil, fluoxetine and verapamil are not hydroxylated in vivo by CYP450s
during phase 1 metabolism and thus are the found hydroxylated products for these pharmaceuticals not
known in vivo metabolites.

It can be stated that condition 2 is the most optimal condition for flumazenil and verapamil to mimic in
vivo phase 1 metabolism as this condition forms the known in vivo metabolites with the highest yields.
Whereas condition 3 is the most beneficial when wanting to mimic the in vivo metabolism of fluoxetine.
For lidocaine none of the three conditions is optimal since no in vivo metabolite was found under all three
conditions.
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Pharmaceuticals with hydroxylated in vivo metabolites
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Figure 11: bar chart of fenbendazole showing the % of formed Figure 12: bar chart of albendazole showing the % of formed
metabolite under each condition. metabolite under each condition.

Fenbendazole and albendazole are both hydroxylated during in vivo phase 1 metabolism, thereby forming
4-hydroxyfenbendazole and 8-hydroxyalbendazole. For both pharmaceuticals peaks with a mass gain of
16 were found in the mass spectra, implying that an oxygen atom was introduced to the molecules forming
a hydroxyl group. However, a mass gain of 16 could also indicate the formation of a sulfoxide, which is a
plausible option when looking at the structure of fenbendazole and albendazole. Yet, since the known in
vivo metabolites are a hydroxylated form of the pharmaceuticals, it can be assumed that the mass gain of
16 implies a hydroxy metabolite and not a sulfoxide metabolite. To assure that no sulfoxide metabolite
was formed, more experiments need to be conducted.

A remarkable thing which can be seen in both figures, it that the conversion rate for these pharmaceuticals
is surprisingly high compared to the previously discussed pharmaceuticals. Figure 11 shows that the
amount of metabolite formed under condition 2 and 3 are both 100%, meaning that everything of
fenbendazole is oxidized into the metabolite. This conversion rate is this high because no fenbendazole
was detected by the LC/MS, like what happened to coumarin. However, a difference between
fenbendazole and coumarin is that metabolites of fenbendazole were found with high intensities under
these conditions, whereas this was not the case for coumarin. This suggest that there was a full conversion
of fenbendazole into 4-hydroxyfenbedazole. With method 1, a lower conversion rate is seen, because still
some unoxidized fenbendazole was detected under this condition. The conversion rate of albendazole is
lower than fenbendazole but also significantly higher than the previous mentioned pharmaceuticals as
seen in figure 12. The amount of formed 8-hydroxyalbendazole is again the highest under condition 2 due
to the stimulation of oxygen insertion. Additionally, a peak was recognized in the spectrum of method 2
with a mass gain of 32 with respect to albendazole. This suggests that a part of albendazole was double
hydroxylated, which is possible. The hydrogen peroxide was present in a solution thereby making it able
for the ROS to surround the molecule and thus hydroxylate the molecule on different sites. Double
hydroxylation does however not form an in vivo metabolite since the CYP450s are more specific due to
their hydrophobic pocket which can only bind to and thereby hydroxylate a certain part of the molecule.
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Thus, the in vivo phase 1 metabolism of fenbendazole and albendazole was successfully mimicked. For
fenbendazole, condition 2 and 3 are the most optimal since here all the fenbendazole is converted into its
known in vivo metabolite. Condition 2 also achieves the highest conversion rate of albendazole and is
therefore the most optimal condition for albendazole.

Pharmaceuticals with dealkylated and hydroxylated in vivo metabolites
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Figure 13: bar chart of benztropine showing the % of Figure 14: bar chart of amitriptyline showing the % of formed
formed metabolite under each condition. metabolite under each condition.

Benztropine and amitriptyline are both either dealkylated or hydroxylated during in vivo phase 1
metabolism thereby forming N-desmethylbenztropine, 4-hydroxy benztropine, nortriptyline and 10-
hydroxy amitriptyline. Figures 13 and 14 show that for both pharmaceuticals the dealkylated product as
well as the hydroxylated product were detected by the LC/MS under different conditions. Benztropine was
converted into the in vivo metabolite N-desmetylbenztropine under all three conditions, whereas
amitriptyline was converted into nortriptyline under condition 1 and 2. Even though the dealkylated in
vivo metabolite is formed in the electrochemical cell, the yields for both pharmaceuticals are certainly low.

Furthermore, both pharmaceuticals were hydroxylated into their in vivo phase 1 metabolite 4-hydroxy
benztropine or 10-hydroxy amitriptyline. Benztropine was only hydroxylated under condition 2 which is
because this condition used H,O, and a platinum electrode, thereby forming ROS stimulating
hydroxylation. Amitriptyline was hydroxylated under all 3 conditions, in which condition 3 resulted in the
highest amount of hydroxylated metabolite to be formed. This is surprising since this method did not use
hydrogen peroxide and a platinum electrode to stimulate this oxidative reaction. Lastly, peaks with a mass
loss of 16 with respect to amitriptyline itself were found in the MS spectrum for all methods. This suggests
that amitriptyline was both demethylated and dehydrated in the electrochemical cell thereby forming
nortriptyline with an extra double bond present in the molecule. This product is however not an in vivo
phase 1 metabolite.
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Hence, both the expected in vivo phase 1 metabolites of benztropine and amitriptyline were formed. For
benztropine condition 2 is the most favorable condition since this leads to the formation of both in vivo
metabolites with the highest yields. Condition 3 did lead to the highest rate of hydroxylation of
amitriptyline, however, did not result in any dealkylated metabolite being formed. Therefore condition 1
or 2 should be used to mimic the in vivo phase 1 metabolism of amitriptyline since these conditions formed
both in vivo metabolites, however with a low yield.

Pharmaceuticals with dealkylated and N-/S-oxidized in vivo metabolites
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Figure 15: bar chart of metoclopramide showing the % of Figure 14: bar chart of promazine showing the % of formed
formed metabolite under each condition. metabolite under each condition.

Metoclopramide and promazine are dealkylated during in vivo phase 1 metabolism, thereby forming N-
de-ethylated metoclopramide and N-desmethylpromazine. Furthermore, they are also both metabolized
via oxidation of the hetero atoms nitrogen or sulfur, where the nitrogen atom in metoclopramide is
oxidized forming mono-oxygenated metoclopramide and where the sulfur atom of promazine is oxidized
(sulfoxidation) forming promazine sulfoxide. For both pharmaceutical a peak with a mass gain of 16 was
found in the mass spectra, indicating the binding of an oxygen atom to the compound. For the previous
pharmaceuticals, a mass gain of 16 was assumed to be hydroxylation, since the expected in vivo
metabolites contain a hydroxyl group. However, since the expected in vivo metabolites of metoclopramide
and benztropine rely on the oxygen to bind to either nitrogen of sulfur, it is assumed that the mass gain of
16 implies N-oxidation and sulfoxidation. Figure 15 shows that N-oxidation only happened under condition
2, which is not surprising since this method used ROS to stimulate the oxygen insertion. The fact that under
condition 1 and 3 no oxidation metabolite was formed suggests that the potential does not influence the
N-oxidation of metoclopramide. As seen in figure 16, promazine sulfoxide is formed under all three
conditions, where the conversion rates of condition 1 and 2 are high. The dealkylated in vivo phase 1
metabolites of both pharmaceuticals were not formed under these conditions.

Thus, a favorable condition for the mimicry of in vivo phase 1 metabolism of metoclopramide and
promazine is not yet found, since no condition forms both the expected in vivo metabolites.
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Table 3: representation of the calculated conversion rates for the pharmaceuticals under each condition. *N.D. stands for non-
detectable.

Conversion Conversion Conversion rate
Pharmaceutical rate method1 rate method2 method3
Rapamycin 0.00 0.00 0.00
Atropine 0.00 0.00 0.00
Coumarin N.D. N.D. N.D.
Benztropine 0.66 5.3 0.28
Caffeine 0.00 0.00 0.00
Flumazenil 0.00 4.0 0.00
Fluoxetine 2.3 3.4 4.6
Fenbendazole 83.1 100.0 100.0
Amitriptyline 7.6 8.4 18.5
Metoclopramide | 0.00 1.1 0.00
Lidocaine 0.00 64.9 2.6
Albendazole 32.5 100.0 19.2
SA 0.00 0.00 0.00
Promazine 67.5 99.1 131
Verapamil 2.7 15.8 0.00

In table 3, the conversion rates of the various pharmaceuticals for the three conditions can be seen. As
already stated before, rapamycin, atropine, caffeine, and salicylic acid all have a conversion rate of 0% as
a result of no formation of oxidative metabolites. N.D. stated in the column of coumarin implies that both
the precursor and product were not detectable and thus that no conversion rate could be calculated for
this compound. Besides these pharmaceuticals, the other pharmaceuticals have a calculated conversion
rate for most of the conditions.

When having a global look at the table, one can see that the conversion rate under condition 2 is in most
cases higher than under the other conditions for the pharmaceuticals. This is caused by hydrogen peroxide
and the platinum electrode acting like a catalyst for oxygen insertion reactions. This also means that most
metabolites under condition 2 are formed via hydroxylation, oxidation or sulfoxidation since these
reactions rely on an oxygen atom to be inserted in the molecule. The previously mentioned phenomenon
can also be seen in the figures stated above in the results, where the amount of formed metabolite via
oxygen-insertion reactions is in most cases higher than metabolites formed via, for example, dealkylation
under condition 2. Therefore, condition 2, forming frequently metabolites via oxygen-insertion reactions,
is favorable to mimic in vivo phase 1 metabolism when expecting a metabolite via hydroxylation,
sulfoxidation or oxidation. When a dealkylated product is expected as a metabolite, condition 2 also gives
the highest conversion rate in most cases. However, there are also cases in which dealkylated metabolites
are expected and in which condition 2 subsequently only gives unwanted hydroxylated metabolites. Thus,
a consideration must be made whether to use condition 2 for pharmaceuticals with in vivo dealkylated
metabolites. Furthermore, it was expected that a higher potential results in a higher conversion rate since
more energy is available to make these reactions happen. However, when looking at the figures displayed
in the results, occasionally the conversion rate of a pharmaceutical is higher under condition 1 and
occasionally it is higher under condition 3. Therefore, the influence of potential on the formation of
metabolites is not significant when using a glassy carbon electrode.
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Since the in vivo phase 1 metabolism is not mimicked successfully for every pharmaceutical, a
recommendation for a future study could be to try and mimic this successfully under different conditions.
For this study only three different conditions were tested, in which the electrode type and potential were
varied. To successfully mimic the metabolism performed by the CYP450 system for the other
pharmaceuticals, more parameters like pH, flow rate and substrate concentration should be varied and
divided over separated conditions. By using a bigger variety of different conditions, the chance of
successfully mimicking in vivo phase 1 metabolism of these pharmaceuticals will increase. In the figures
displayed in the results and in table 3, it can also be seen that the yields of most formed in vivo metabolites
are low. Therefore, another recommendation for a future study could be to increase the yields of the
formed in vivo oxidative metabolites. This can be done by using a batch cell for the electrochemical
measurements so that the pharmaceuticals are longer in contact with the electrode surface resulting in
more oxidation and thus a higher yield of the metabolites.
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Conclusion

Based on the data presented above, one can conclude that the in vivo phase 1 metabolism was successfully
mimicked for 7 pharmaceuticals. Thus, by performing EC/LC/MS, in vivo metabolites were formed and
detected for these 7 pharmaceuticals. Occasionally a hydroxylated metabolite was found besides the
corresponding in vivo metabolite(s) for a certain pharmaceutical. This was only seen under condition 2 and
was thus caused by the hydrogen peroxide and platinum electrode catalyzing this reaction. For 2
pharmaceuticals only one of the two in vivo phase 1 metabolites was found. For both pharmaceuticals the
metabolite formed through either sulfoxidation, or N-oxidation was found, while the N-dealkylated form
was not formed. For 6 pharmaceuticals, no corresponding in vivo metabolites were found. Overall, it can
be concluded that the in vivo phase 1 metabolism was mimicked successfully via EC for almost half of the
chosen pharmaceuticals, whereas other conditions must be applied to successfully mimic the in vivo phase
1 metabolism of the other pharmaceuticals.
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