1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Xenaobiotica. 2014 April ; 44(4): 309-319. d0i:10.3109/00498254.2013.835885.

METOCLOPRAMIDE IS METABOLIZED BY CYP2D6 AND IS A
REVERSIBLE INHIBITOR, BUT NOT INACTIVATOR, OF CYP2D6

Mara R. Livezey#, Erran D. Briggs”, Amanda K. Bolles”, Leslie D. Nagy#, Rina Fujiwara, and
Laura Lowe Furge”
Department of Chemistry, Kalamazoo College, Kalamazoo, Ml 49006 USA

# These authors contributed equally to this work.

Abstract

1. Metoclopramide is a widely used clinical drug in a variety of medical settings with rare
acute dystonic events reported. The aim of this study was to assess a previous report of
inactivation of CYP2D6 by metoclopramide, to determine the contribution of various
CYPs to metoclopramide metabolism, and to identify the mono-oxygenated products of
metoclopramide metabolism.

2. Metoclopramide interacted with CYP2D6 with Type | binding and a K¢ value of 9.56 +
1.09 uM. CYP2D6 was the major metabolizer of metoclopramide and the two major
products were N-deethylation of the diethyl amine and N-hydroxylation on the phenyl
ring amine. CYPs 1A2, 2C9, 2C19, and 3A4 also metabolized metoclopramide.

3. While reversible inhibition of CYP2D6 was noted, CYP2D6 inactivation by
metoclopramide was not observed under conditions of varying concentration or varying
time using Supersomes™ or pool human liver microsomes.

4. The major metabolites of metoclopramide were N-hydroxylation and N-deethylation
formed most efficiently by CYP2D6 but also formed by all CYPs examined. Also, while
metoclopramide is metabolized primarily by CYP2D6, it is not a mechanism-based
inactivator of CYP2D6 in vitro.
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Introduction

Metoclopramide is a dopamine receptor antagonist with primary function to stimulate gastric
contractions. This has lead to the use of metoclopramide as an antiemetic for patients taking
chemotherapy, recovering from or preparing for surgery, and other clinical applications. In
rare cases, prolonged administration of metoclopramide can lead to acute dystonic reactions
that result in permanent disability (DiPalma, 1990).

Previously, metoclopramide was reported to be metabolized to both conjugated and oxidized
products by the action of CYPs as well as UDP-glucuronosyltransferases and
sulfotransferases (Teng et al., 1977, Argikar et al., 2010). Structurally, metoclopramide has
an aromatic ring and basic nitrogens — both characteristic of substrates of CYP2D6. In fact,
CYP2D6 has been identified as a metabolizer of metoclopramide, though the role of
individual CYPs in metabolism has not been shown (Yu et al., 2006, Desta et al., 2002). One
group has also reported that metoclopramide is a mechanism-based inactivator of CYP2D6
in HLMs (Desta et al., 2002).

Identification of chemical agents and moieties that act to inactivate CYP2D6 are of clinical
importance in prevention of adverse drug events since CYP2D6 is an important drug
metabolizing enzyme responsible for metabolism of ~20% of pharmaceuticals. To date, only
a handful of CYP2D6 inactivators have been identified and characterized (Nagy et al., 2011,
Livezey et al., 2012, Hutzler et al., 2004, Heydari et al., 2004, Bertelsen et al., 2003, Obach
et al., 2007, Hollenberg et al., 2008). Furthermore, CYP2D6 is also a highly polymorphic
enzyme and there are reports of correlation between CYP2D6 genotype/phenotype and cases
of acute dystonic reactions with prolonged use of metoclopramide (van der Padt et al.,
2006). Therefore, increased understanding of interactions between metoclopramide and
CYP2D6 are warranted.

Argikar et al. (2010) previously identified 10 principal metabolites of metoclopramide from
human urine and in vitro (in HLM and HLC) labeled M1-M10. Of these, five were
conjugated to either glucuronide or sulfate at the primary amine of metoclopramide (M1,
M2, M6, M7, and M8) while the other five were non-conjugated oxidation products (M3,
M4, M5, M9, and M10) (for consistency, we will use the same metabolite labels as used in
Argikar et al.). The non-conjugated products were N-deethylation (m/z 272; M3);
monooxygenation (m/z 316; M4); phenyl ring N-carboxylation (m/z 344; M9); and phenyl
ring N-nitro group addition (m/z 330; M10). The position of monooxygenation on M4 was
not determined.

Using in vitro methods, the current study sought to establish the roles of various CYPs in the
metabolism of metoclopramide and to examine possible mechanism-based inactivation of
CYP2De6 that had previously been reported (Desta et al., 2002). Our studies show that
metoclopramide does not behave as an inactivator of CYP2D6. Furthermore, we establish
the roles of various drug metabolizing CYPs in metabolism of metoclopramide to primarily
two products in vitro. Metabolites observed are also compared to those predicted by site of
metabolism software.
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Materials and Methods

Chemicals

Enzymes

Metoclopramide (4-amino-5-chloro-N-(2-(diethylamino)ethyl)-2-methoxybenzamide) and
deethylated metoclopramide (4-amino-5-chloro-N-[2-(ethylamino)ethyl]-2-
methoxybenzamide) were purchased from Sigma-Aldrich (St. Louis, MO) and were
reconstituted in water for use in assays described below. Ultra-pure solvents (water, ACN,
and methanol) for MS were purchased from EMD Chemicals, Inc. (Gibbstown, NJ). All
other solvents were HPLC grade and purchased from Sigma-Aldrich (St. Louis, MO).
Potassium phosphate, NADPH, TiCls, glucose-6-phosphate, glucose-6-phosphate
dehydrogenase, NADP*, bufuralol, 1’-hydroxybufuralol, dextromethorphan, dextrorphan,
catalase, and all other reagents were purchased from Sigma-Aldrich (St. Louis, MO).

Human CYP enzymes 2D6, 3A4, 2C9, 2C19, and 1A2 all with P450 reductase
(Supersomes™) and human liver microsomes (UltraPool™ HLM 150 mixed gender pool)
were purchased from BD-Gentest (Woburn, MA). For spectral analysis and binding
titrations described below, recombinant human CYP2D6 purified from E. coli as previously
described was used (a generous gift from Dr. F. P. Guengerich, Vanderbilt University,
Nashville, TN) (Gillam et al., 1995, Hanna et al., 2001).

Spectral Binding Titrations

Spectral binding titration studies were carried out with recombinant purified CYP2D6 (1
uUM) in 100 mM potassium phosphate buffer, pH 7.4. The enzyme was evenly divided
between two cuvettes and the experiments were performed at room temperature by titrating
in aliquots of metoclopramide (0-70 uM) into the sample cuvette with the solvent control
added to the reference cuvette. A baseline of the reference cuvette was recorded (350-500
nm) on a Cary-300 dual-beam spectrophotometer (VVarian, Walnut Creek, CA). Ligand was
subsequently added and the spectra were recorded (350-500 nm) after each addition. The
solvent was added to the reference cuvette. The difference in absorbance between the
wavelength maximum and minimum was plotted versus the concentration of
metoclopramide and the data were analyzed by nonlinear regression methods with
KaleidaGraph software (Synergy Software, Reading, PA). The dissociation constant, K,
was determined using the following quadratic velocity equation or tight-binding equation:

[CY P2D6 - ligand] — E,S,

(KAE+S) \/(K3+Et+5t)2
N 2 4

where S is the substrate concentration, E is the total enzyme concentration, and K is the
spectral dissociation constant for the reaction CY P2D6+ligand = C'YP2DG6 - ligand,
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Site of Mechanism Predictions

The software programs SMARTCyp (Rydberg et al., 2010, Rydberg and Olsen, 2012) and
RS-Predictor (Zaretzki et al., 2012) were used for prediction of sites of metabolism on
metoclopramide by individual CYPs.

Analysis of Metabolites

The role of individual P450s in the metabolism of metoclopramide was examined by use of
Supersomes for CYPs 2D6, 2C9, 2C19, 3A4, and 1A2. Each enzyme (40 pmol) was
incubated with 25 pM metoclopramide in 100 mM potassium phosphate buffer, pH 7.4 (final
volume 200 pL) in the presence of NADPH (1 mM). Reactions were incubated at 37 °C for
20 minutes and then quenched by addition of 30 uL of ACN. Samples were then spiked with
4 uM caffeine as an internal standard and centrifuged. An aliquot of the supernatant (20 pL)
was directly injected onto a Kinetex Cqg (2.6 pm, 2.1 x 100 mm) column (Phenomenex,
Torrance, CA) for chromatographic separation using an Alliance 2690 HPLC system
(Waters, Milford, MA) with a solvent system composed of solvent mixtures A (90% water,
10% methanol, and 0.05% TFA) and B (90% ACN, 10% methanol and 0.05% TFA). After 5
min at the initial conditions (5% B), separation of metabolites was achieved by a linear
gradient of 5% B to 50% B over 20 minutes then holding at 50% B for 1 min before
returning to the initial conditions. The flow rate was 0.1 mL/min. The column was allowed
to re-equilibrate for 15 min at initial conditions (95% A/5% B) prior to the next injection.
The internal standard, caffeine, eluted at 10 min while the various metoclopramide
metabolites eluted between 15-25 min. Mass spectrometry was performed using a Thermo
LXQ (Thermo Scientific, West Palm Beach, FL) mass spectrometer with an ESI source in a
positive ion mode. The ESI conditions were sheath gas set at 27 arbitrary units, the auxiliary
gas was set at 5 arbitrary units, the spray voltage was set at 5 kV, and the capillary
temperature was set at 250 °C. For MS" experiments, target ions were captured and collision
induced dissociation (CID) produced using 35% collision energy.

Reduction of N-hydroxyl amine

Monooxygenation of metoclopramide at three different positions was apparent by the
presence of three distinct m/z 316 ions in the mass spectral analysis (M+1) (videinfra). To
determine if monooxygenation was on carbon or nitrogen atoms, titanium (I11) trichloride
(TiCl3) was used to selectively reduce any hydroxylamines as previously described
(Kulanthaivel et al., 2004, Seto and Guengerich, 1993). Briefly, reaction mixtures containing
25 uM metoclopramide and 60 pmol of CYP3A4 Supersomes in 100 mM potassium
phosphate buffer, pH 7.4 (final volume 300 L) were initiated by addition of NADPH (1
mM). Reactions were incubated at 37 °C for 20 minutes and then quenched by addition of
45 uL of ACN. One aliquot (100 L) of the reaction mixture was treated with 20 uL of a
solution of TiCl3 (~10 wt. % in 20-30 wt. % HCI). For controls, one aliquot (100 uL) was
treated with HCI alone (20 wt %) and another aliquot (100 pL) was left untreated. Samples
were left at room temperature for 1.5 hr to allow for TiCl3 reduction of hydroxylamines to
the parent amines. The samples were then centrifuged and the supernatant was analyzed by
LC/MS as described for the metabolites above. To confirm findings with TiClz and HCI, 4-
methylmorpholine N-oxide (contains a hydroxylated tertiary amine) and deferoxamine
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(contains three hydroxylated amide nitrogens) were used as a controls to show reversal of N-
oxidation under our reaction conditions while acetominophen was used as a control to show
that C-hydroxylation would not be reversed under our reaction conditions.

Determination of K, and vi,ax for CYP2D6 metabolism of metoclopramide

Assays contained varying concentrations of metoclopramide (0-50 pM) and 15 pmols
CYP2D6 in 100 mM potassium phosphate buffer, pH 7.4 (final volume of 100 pL) were
warmed to 37 °C for 3 min prior to initiation by the addition of NADPH generating system
(5 mM glucose 6-phosphate, 0.5 mM NADP*, and 0.5 units/mL glucose 6-phosphate
dehydrogenase). After 1 min at 37 °C, reactions were quenched by the addition of
acetonitrile (15 pL) and analyzed by HPLC. The formation of the N-deethylated
metoclopramide product was quantified by HPLC with a Phenomenex Kinetex C18 column
(2.6 pm, 4.6 x 100 mm) with a 2487 Dual Wavelength UV detector controlled with
Empower software (Waters, Milford, MA). The detector was set at 272 nm and N-
deethylated metoclopramide eluted at 4.1 min while unreacted parent metoclopramide eluted
at 6.5 min. Peak separation was achieved under isocratic conditions with 85% A (10%
methanol, 90% water, 0.05% trifluoroacetic acid) and 15% B (10% methanol, 90%
acetonitrile, 0.05% trifluoroacetic acid). All analyses were performed at room temperature
with a flow rate of 0.75 mL/min. N-deethylated metoclopramide product peak areas were
compared to a standard curve generated from dilutions of N-deethylated metoclopramide to
quantitate enzyme velocity.

Time- and concentration-dependent assays with metoclopramide using dilution reactions
and substrate addition reactions

Inactivation of CYP2D6 by metoclopramide was examined by two types of analysis of
CYP2D6 activity in the presence of metoclopramide. In one type of analysis, primary
inactivation assays were followed by 20-fold dilution into secondary reporter assays as
previously described (Nagy et al., 2011). Briefly, primary reaction mixtures containing
0-100 pM metoclopramide and 20 pmol of CYP2D6 Supersomes in 100 mM potassium
phosphate buffer, pH 7.4 (final volume of 100 uL), were preincubated in a 37 °C shaking
water bath. After 3 minutes, the primary reactions were initiated with the addition of
NADPH generating system and incubated at 37 °C. The time zero control received an
equivalent amount of water. The time dependent inactivation assays were incubated from
0-40 minutes during the inactivation phase as indicated while a 40-minute inactivation phase
was used in the metoclopramide concentration dependent inactivation assays. Aliquots of 10
pL were then removed from the primary reactions and added to the secondary reaction
mixtures containing 100 uM bufuralol or 50 uM dextromethorphan and NADPH in 100 mM
potassium phosphate buffer, pH 7.4, with a final volume of 200 pL (20-fold dilution). The
secondary mixtures were incubated for 10 minutes at 37 °C and quenched with 15 pL of
70% perchloric acid.

To be consistent with a previously reported study of metoclopramide inhibition of CYP2D6,
a second type of analysis reaction was also used in which the reporter (bufuralol, 100 uM
final or dextromethorphan, 50 uM final) was added directly to the inactivation assay
following a 0-40 min inactivation phase, as indicated, in time-dependent inhibition assays or
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following a 40-minute inactivation phase in metoclopramide concentration dependent assays
(Desta et al., 2002). These reactions had no dilution of metoclopramide before addition of
reporter substrate and are referred to as substrate addition reactions. The analysis was
repeated using HLM (100 pg protein) in substrate addition reactions.

All reaction mixtures were centrifuged (2000 x g, 3 minutes) to remove the precipitated
enzyme and 20 pL aliquots of the recovered supernatants were directly injected onto a
Waters Alliance 2695 HPLC for analysis.

The formation of the 1’-hydroxybufuralol product was quantified by HPLC with a
Phenomenex Kinetex C18 column (2.6 um, 4.6 x 100 mm) with a 474 fluorescence detector
controlled with Empower software (Waters, Milford, MA) as previously described (Nagy et
al., 2011). Briefly, the detector was set at an excitation wavelength of 252 nm and an
emission wavelength of 302 nm. The mobile phase consisted of 30% acetonitrile and 70% 1
mM perchloric acid in water. All analyses were performed at room temperature with a flow
rate of 0.75 mL/min.

The formation of the dextrorphan product was quantified by HPLC with a Phenomenex
Kinetex C18 column (2.6 um, 4.6 x 100 mm) with a 474 fluorescence detector controlled
with Empower software (Waters, Milford, MA). The detector was set at an excitation
wavelength of 280 nm and an emission wavelength of 310 nm. The mobile phase consisted
of 30% acetonitrile, 1 % acetic acid, and 0.5% triethylamine. All analyses were performed at
room temperature with a flow rate of 0.75 mL/min.

Assays of N-deethylated metoclopramide interaction with CYP2D6

To test possible inhibition of CYP2D6 by a product of metoclopramide metabolism,
CYP2D6 dilution activity assays were repeated in the presence of deethylated
metoclopramide. Deethylated metoclopramide was dissolved in water for use in assays
described. Assays were initiated by addition of NADPH (1 mM, final) to reactions
containing deethylated metoclopramide (0-100 uM) and 40 pmols CYP2D6 Supersomes in
100 mM potassium phosphate, pH 7.4 (final volume 100 pL). After 20 minutes, 10 pL of the
reaction was removed and added to a secondary reporter reaction containing bufuralol (100
uM) and NADPH (1 mM) in 100 mM potassium phosphate, pH 7.4 (final volume 200 pL).
Secondary reporter reactions were quenched after 10 min with 70% perchloric acid (15 pL).
Samples were centrifuged and analyzed by HPLC for production of 1’-hydroxybufuralol as
described above.

Partition Ratio

Partition ratio was performed as previously described (Nagy et al., 2011). Primary reaction
mixtures containing 0-240 pM metoclopramide and 20 pmol of CYP2D6 Supersomes in 100
mM potassium phosphate buffer, pH 7.4 (final volume of 100 uL), were preincubated in a
37 °C shaking water bath. After 5 minutes, the primary reactions were initiated with the
addition of NADPH-generating system and incubated at 37 °C. To allow the inactivation to
go to completion, inactivation assays were incubated for 60 minutes. Aliquots of 10 uL were
then removed from the primary reactions and added to the secondary reaction mixtures

Xenobiotica. Author manuscript; available in PMC 2015 April 01.
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containing 100 uM bufuralol and NADPH-generating system in 100 mM potassium
phosphate buffer, pH 7.4, with a final volume of 200 uL. The secondary mixtures (in
triplicate) were incubated for 10 minutes at 37 °C and quenched with 15 pL of 70%
perchloric acid. Reaction mixtures were centrifuged (2000 x g, 5 minutes) to remove the
precipitated enzyme and aliquots of the recovered supernatants were directly injected onto a
Waters Alliance 2695 HPLC for analysis. The formation of the 1’-hydroxybufuralol
product was quantified by HPLC as described above.

To confirm that metoclopramide was behaving as a substrate and not an inactivator or
stimulator of CYP2D6 activity, partition ratio experiments were repeated as described above
except primary reaction mixtures contained 0-240 uM dextromethorphan, a known substrate
for CYP2D6, instead of metoclopramide.

Dixon Analysis

Dixon analysis was performed to determine the inhibition constant, K; (Dixon, 1953).
Reactions contained CYP2D6 Supersomes (2 pmol) in 100 mM potassium phosphate buffer,
pH 7.4 (final volume of 200 pL) with one of four concentrations of the reporter substrate
bufuralol (5, 10, 50, and 100 pM) and varying concentrations of metoclopramide (0, 5, 30,
100 uM). Reactions were preincubated in a 37 °C shaking water bath prior to initiation with
NADPH generating system. After a 20 minute incubation, reactions were quenched with 15
uL of ACN. Samples were analyzed by HPLC for 1’-hydroxybufuralol product formation.

Molecular Modeling and Docking Simulations

AutoDock 4.0 was employed to perform docking simulations and molecular models (http://
autodock.scripps.edu) (Morris et al., 1998, Huey et al., 2007). The protein structures used in
these studies were CYP2D6 without ligand bound (PDB ID: 2F9Q) and CYP2D6 with
prinomastat bound (PDB ID: 3QM4). Ligands and solvent molecules were removed, but the
heme was retained. The Fe atom of the heme and the heme nitrogens were set to neutral
charge. A water molecule was placed 1.7 A from the heme iron using COOT (Emsley and
Cowtan, 2004) to simulate the electrostatics of Compound | in the mechanism of P450
catalysis (Shahrokh et al., 2012). The PDB 2F9Q of CYP2D6 was modified in Swiss-Deep
View at position 374 to the reference amino acid (M374V). Residues within 5 A of the heme
iron were identified and set as flexible residues for computations and included Ala305,
Cysd443, Thr309, Glu446, Leud44, and Gly445. For each protein structure, charges were
calculated by the Gasteiger-Marsili method. The 3D structures of the ligands for docking
studies were built in Spartan 4.0 (Wavefunction, Inc., Irvine, CA) with all hydrogen atoms
added and energy minimization. The grid maps were calculated using AutoGrid. The
dimensions of the grid box were set to 40 x 40 x 40 A and the grid spacing was set to 0.375
A. Docking was performed using the Lamarckian genetic algorithm. Each docking
experiment was performed 100 times, yielding 100 docked conformations. The consensus
binding postures of the molecules were obtained by visual inspection and docking scores.
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Spectral Binding

Metabolites

The binding constant for metoclopramide was determined by titration of CYP2D6 with
increasing concentrations of metoclopramide (Figure 1A). We found that metoclopramide
showed Type | binding typical of substrates with a K value of 9.56 + 1.09 pM (Figure 1B).

In the present study with the individual CYP Supersomes 2D6, 3A4, 2C9, 2C19, and 1A2,
we observed four of the previously identified metabolites: M3, M4, M9 and M10 (Figure 2).
Our studies show the major products to be M3 and M4. Furthermore, CYP2D6 produced
more M3 and M4 than any of the other CYPs based on normalized levels in the mass
spectrometry compared to an internal standard of caffeine (Figure 2). We also found that M9
is a non-NADPH dependent product present in all reactions and is not formed by the action
of CYPs, and thus is not a true metabolite.

We observed three different M4 metabolites with m/z 316 (consistent with
monooxygenation). These are most apparent in reactions with CYP3A4 that produces all
three (Figure 3). We have designated the metabolites M4a, M4b, and M4c (Figure 3). Using
TiCl3 treatment of metabolites as described in the Methods, monooxygenation of two of the
three M4 metabolites was shown to be on nitrogen atoms: M4a - N of the phenyl ring amine
and MA4c - N of the diethylamine. TiCl3 treatment failed to reverse M4b metabolite
formation and was therefore presumed to be a product of carbon hydroxylation.

M4a eluted at ~19 min and was shown to be hydroxylation of the N of the phenyl ring
amine, not a phenyl ring carbon. All CYPs examined produced this product. The position of
this hydroxylation has been suggested by others (Yu et al., 2006) and for the first time is
confirmed in the present study. TiCl3 selectively reverses hydroxylation of nitrogen, but not
carbon (Seto and Guengerich, 1993, Kulanthaivel et al., 2004), and reversed formation of
M4a. Furthermore, MS? (principal fragment of m/z 243) and MS3 data (principal fragment
of mVz 226) support N-hydroxylation (Figure 3D & 3G). The mVz 226 peak from MS? data
are consistent with the loss of a hydroxyl group (—OH).

The M4b product eluting at ~21 min was most visible in reactions with CYP3A4 because
the M4a peak is smaller with CYP3A4 than with CYP2D6 or CYP1A2 (Figure 3 and data
not shown). M4b appears to be a hydroxylation of a phenyl ring carbon since the M4b peak
was unaffected by treatment with HCI or TiCls in HCI (Figure 3A compared to Figure 3C).
The MS? and MS2 data yield mVz 243 and m/z 228, respectively (Figure 3E and 3H). The m/z
228 peak in the MS3 is consistent with loss of an amine (-NH,) from the m/z 243 fragment
when hydroxylation has occurred elsewhere. MS* data produced a very weak signal but
consistently with m/z 184 suggesting hydroxylation has likely occurred on a pheny!l ring
carbon, most likely between the amine and methoxy groups (data not shown).

CYPs 2D6, 3A4, 2C9, and 2C19 also produce a minor nvVz 316 peak at ~23 min elution time,
M4c. The MS2 fragment is m/z 227 — the same as the MS? fragment of the parent
metoclopramide, so the M4c peak is the product of oxygenation on the diethylamine end of
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the molecule that is lost in the first CID (Figure 3F). Since the peak is lost upon treatment of
the sample with TiClj that reverses N-hydroxylation, this product is oxygenation of the
nitrogen of the diethylamine (Figure 3C).

Control reactions treated with or without HCI retain the presence of the m/z 316 peaks in the
mass analysis for the M4a, M4b and M4c products (Figure 3B). Samples treated with TiCl3
in HCI show complete loss of only the M4a and M4c peaks (Figure 3C).

For comparison to observed metabolites, the metabolism prediction software programs
SMARTCyp and RS Predictor were used. For CYP2D6, SMARTCyp predicted metabolism
at the phenyl ring amine nitrogen as the highest ranking site of metabolism (Table 1). This
prediction is consistent with our findings regarding the m/z 330 metabolite (M10) and the
M4a m/z 316 metabolite and subsequent TiCl3 confirmation of N-hydroxylation (Figure 3).
Hydroxylation at the ring carbon between the amine and methoxy groups may occur as
predicted by SMARTCyp, though we were unable to definitively identify which of the two
phenyl ring carbons is hydroxylated; we note that the one between the amine and methoxy
group would be the lower energy product. We saw no evidence of modification of
metoclopramide at the other predicted site — the methyl group of the methoxy moiety.
Metabolism at the methoxy group, specifically demethylation, would be consistent with
known metabolism activity of CYPs, but no m/z 285 (M+1) product was observed.
Conversely, the N-deethylated product was a CYP2D6 major product and not predicted to be
by SMARTCyp. Furthermore, we also observed monooxygenation on the nitrogen of the
diethylamine moiety that was not predicted by SMARTCyp for CYP2D6.

RS Predictor sites of metabolism were also generated. In RS Predictor, sites of
metoclopramide metabolism by CYP2D6 were predicted at the phenyl amine - which was
observed, the methylene group of the di-ethyl amine — which was also observed, and at the
methoxy group - which was not observed. Like SMARTCyp, RS predictor did not suggest
metabolism at the nitrogen of the diethylamine though we observed a product of
oxygenation at that site (M4c). Sites of metabolism by the other C'YPs were also predicted
using SMARTCyp and RS Predictor as shown in Table 1 (SMARTCyp only shows
predicted sites of metabolism by CYP2D6, CYP2C9, and CYP3A4 while RS Predictor
considers possible sites of metabolism by other drug metabolizing CYPs).

Molecular Modeling using AutoDock

Metoclopramide bound in two possible binding orientations: one with the phenyl ring
pointing toward the heme and the other with the diethylamine pointing toward the heme
(Supplemental Figure 2 and data not shown). Both orientations are consistent with
metabolite findings. Binding energies for metoclopramide to either structure and in either
orientation were similar and around -5 kcal/mol (or —21 kJ/mol). This finding further
validates the observation that CYP2D6 oxidizes basic nitrogens on both ends of the drug in
roughly equivalent ratios.
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Kinetics of CYP2D6 Metabolism of Metoclopramide

Metabolism of metoclopramide by CYP2D6 from Supersomes followed Michaelis-Menten
kinetics with K, of 1.20 + 0.29 UM and Vg Of 6.1 = 0.23 pmol product/min/pmol CYP2D6
(Figure 4).

Dixon Analysis

We performed a Dixon analysis using CYP2D6 Supersomes and bufuralol as a reporter
substrate (Supplemental Figure 3) or dextromethorphan as substrate (data not shown). From
the Dixon analysis of both assays, metoclopramide exhibited a K = 13.8 uM. This is similar
to the K; value of 4.71 uM reported by Desta et al. using two donor HLM sets and
dextromethorphan as the reporter (Desta et al., 2002).

Partition ratio

Given a previous report of mechanism-based inactivation of CYP2D6 by metoclopramide
(Desta et al., 2002), we attempted to determine the partition ratio for metoclopramide
inactivation of CYP2D6 by incubation of CYP2D6 with various concentrations of
metoclopramide over 60 minutes to allow the inactivation to progress to presumed
completion. The percentage of the activity remaining was plotted as a function of the molar
ratio of metoclopramide to 2D6 as described previously (Silverman, 1988, Nagy et al.,
2011). However, the data were not consistent with inactivation and followed the same
results seen in experiments where a substrate, dextromethorphan, was used as the
“inactivator” in the inactivation phase and bufuralol as reporter as in assays with
metoclopramide (Supplemental Figure 4).

Activity Assays

We explored other possible effects of metoclopramide on the activity of CYP2D6 using
CYP2D6 from Supersomes and in pooled HLM with either dextromethorphan or bufuralol
as the reporter substrate. We used both dilution assays and substrate addition assays for
comparison since the previous study reporting inactivation had used dextromethorphan in
substrate addition assays only (Desta et al., 2002).

In our time-dependent inhibition substrate addition assays with HLM we observed an ~40%
loss of CYP2D6 activity over 40 minutes that was paralleled by an equivalent loss of
CYP2D6 activity in control reactions (Supplemental Figure 5A). In concentration dependent
substrate addition assays in pooled HLM with dextromethorphan as reporter substrate there
was a ~20% loss of CYP2D6 activity at concentrations of metoclopramide from 10 — 75 pM
(Supplemental Figure 5B). Thus, in our assays with pooled HLM the I1C5q for
metoclopramide would be >100 uM.

To confirm our findings in HLM, we also considered inactivation of CYP2D6 in
Supersomes by both substrate addition and dilution assays. In time dependent inactivation
assays we saw some loss of CYP2D6 activity over time, but as with HLM, the loss in
activity in the control reactions was similar indicating that there was no apparent
metoclopramide dependent inactivation (Figure 5A and Supplemental Figure 6A). For
concentration-dependent assays, CYP2D6 retained ~80% activity at concentrations as high
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as 50 uM metoclopramide (Figure 5B and Supplemental Figure 6B). In dilution assays, the
decrease in CYP2D6 activity at the lowest concentration of metoclopramide (Figure 5B) is
due to instability of CYP2D6 Supersomes in the presence of NADPH and low substrate
concentrations (below the Kg, Figure 1). This was confirmed when assays were repeated
with NADPH included in control reactions with no metoclopramide; the activity of CYP2D6
was much lower and the reactions with metoclopramide showed higher activity than the
control (Supplemental Figure 7).

Since the loss of CYP2D6 activity in the previous study using a single human liver was
significant (Desta et al., 2002), we considered that perhaps a metabolite of metoclopramide
could be acting as an inhibitor of CYP2D6. We tested the ability of deethylated
metoclopramide (M3) to inhibit CYP2D6 in dilution assays. No inhibition of CYP2D6
activity was observed (Supplemental Figure 4).

Discussion

The present study has established that metoclopramide is not an inactivator of CYP2D6*1.
The study has further established the metabolites of metoclopramide formed in vitro by the
five major drug metabolizing CYPs and the extent of metabolite formation by each CYP.
SMARTCyp and RS Predictor software were fairly accurate in prediction as the only site of
metabolism projected that was inconsistent with isolated metabolites was the methoxy group
of metoclopramide.

Analysis of metabolite formation showed production of M3 (deethylated) and M4
(monooxygenated) as the major metabolites and that each was produced primarily by
CYP2D6, though deethylation of the amine nitrogen (M3) was the major product formed by
all CYPs examined. In addition, three monooxygenated products of metoclopramide
metabolism were observed (M4a, M4b, and M4c). Two were confirmed to be hydroxylation
on the phenylic amine and the diethylamine nitrogens (M4a and M4c, respectively). The
third hydroxylation product was on one of the carbons on the phenyl ring (M4b). TiCl3
reversal of N-hydroxylation was used to confirm these findings (Figure 3). All three
monooxygenation products (M4a, M4b, M4c) were formed by CYP3A4 and CYP2D6 and
all three were formed in NADPH dependent reactions. The M4a product if formed in vivo
could be a substrate for glucuornidation to form M1 observed in a previous study (Argikar et
al., 2010).

Besides identification of metabolites and contributions of specific CYPs to metabolism of
metoclopramide, we were interested in a previous report of inactivation of CYP2D6 in HLM
by metoclopramide (Desta et al., 2002). Our group has studied inactivation of CYP2D6 by
both protein inactivators, e.g. SCH66712 and EMTPP, and heme modifiers, e.g. paroxetine
and MDMA (Nagy et al., 2011, Livezey et al., 2012). The chemical moieties in
metoclopramide are different from these other inactivators and are not consistent with
known structural alerts (Evans et al., 2004, Kalgutkar et al., 2007, Hollenberg et al., 2008),
thus we believed this warranted further study.
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Our analysis of concentration dependent inhibition of CYP2D6 by metoclopramide showed
little or no inhibition of CYP2D6 regardless of enzyme source (HLM or Supersomes) or
assay style (substrate addition or dilution) (Figure 5 and Supplemental Figures 5, 6, and 7).
Calculated ICgq values would be >>100 puM. Likewise, while there was some loss of activity
in time-dependent assays (Figures 5 and Supplemental Figures 5 and 6), the loss was
paralleled by equivalent losses in CYP2D6 activity in control reactions. Inclusion of catalase
and SOD in reactions did not reduce the loss of activity observed (data not shown).

Desta et al. had previously observed a rapid loss of CYP2D6 activity (ICsq of 1 pM) in the
presence of increasing concentrations of metoclopramide using HLM from a single donor
and dextromethorphan as reporter (2002). We believe the discrepancy in findings between
our study and the previous one are largely be due to the differences in enzyme source since
our study used both pooled HLM and Supersomes systems. For example, Argikar et al.
found in eight (8) human study subjects as much as a 21-fold difference in metoclopramide
metabolite production among study subjects; this suggest that use of a single human liver, as
was the case in the Desta et al. study, could lead to non-typical results. CYP2D6 is well
recognized for its many and prevalent polymorphic forms in all populations. The genotype/
phenotype was not established for the donor used by Desta et al. Metoclopramide could
interact differently with some polymorphic forms of CYP2D6 that might have been present
in the single HLM used in the previous study. It is intriguing to consider this possibility
since in the clinical literature there are reports of several types of extrapyramidal symptoms
such as rare acute dystonic reactions to metoclopramide in individuals with CYP2D6
polymorphisms (van der Padt et al., 2006, Silfeler et al., 2012). Alternatively, inactivation of
CYP2D6 seen in the previous study could have been due to formation of an inactivating
metabolite of metoclopramide formed in the microsomes (there are other polymorphic
enzymes, such as monoamine oxidases, glucuronosyltransferases, sulfotransferases, and
others, that could contribute to formation of an inactivator in vivo) or increased
susceptibility to auto-oxidation of the CYP2D6 in the donor liver.

The typical clinical dose of metoclopramide as an antiemetic is 10 mg four times a day. This
would yield peak plasma concentrations of 6-10 UM metoclopramide. Bateman et al. report
plasma metoclopramide concentrations in patients at the time of dystonia symptoms (within
6 hours of dosing) to be 0.22 — 1.33 uM (Bateman et al., 1983). Clinical reports of adverse
reactions to metoclopramide after usage including several types of extrapyramidal
symptoms such as akathisia, parkinsonism, tardive dyskinesia, acute dystonic reactions, and
other adverse effects. These reactions occur in as many as 20% of patients prescribed the
drug and are believed to be due to inhibition of specific dopamine receptor targets; some of
these are related to poor elimination of metoclopramide while others are independent of the
elimination rate (Bateman et al., 1983; van der Padt et al., 2006; Silfeler et al., 2012).
Understanding the role of CYP2D6 inhibition or loss of activity in these adverse events can
aid in appropriate usage of metoclopramide. The K; for reversible inhibition of CYP2D6 was
found to be 13.8 uM — similar to the peak plasma concentration. This suggests that there
may be some potential adverse effects of CYP2D6 reversible inhibition at peak plasma
concentrations.
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Partition ratio analysis to determine the turnover rate of the enzyme in the presence of an
inactivator was attempted with metoclopramide since we have previously established
partition ratios for other inactivators of CYP2D6 (Livezey et al., 2012). However, the
partition ratio analysis did not show inhibition after 60 minutes of inactivation phase
(Supplemental Figure 4). Based on these data and the lack of inactivation seen in activity
assays, metoclopramide would not be expected to behave as an inactivator. Reports for
CYP2D6 activity in high throughput screenings using the substrate 3-[2-(N,N-diethyl-N-
methylammonium)ethyl]-7-methoxy-4-methylcoumarin (AMMC) that produces a
fluorescent product show metoclopramide to be an inhibitor of recombinant CYP2D6 with
ICsq value of ~9 uM (Yu et al., 2006).This is similar to the ICsq value for dextromethorphan
inhibition of CYP2D6 with AMMC as a probe (Chauret et al., 2001). Dextromethorphan is
often used as a reporter substrate for CYP2D6 activity and is not typically thought of as an
inhibitor. We show here that metoclopramide behaves in similar fashion to
dextromethorphan in inactivation assays further supporting the claim that metoclopramide is
not an inactivator of CYP2D6 (Supplemental Figure 4). We note that both metoclopramide
and dextromethorphan are able to stabilize the activity of CYP2D6 Supersomes in the
presence of NADPH (Supplemental Figure 4).

Conclusions

Overall, the results of our activity assays suggest that metoclopramide is a reversible,
competitive inhibitor of CYP2D6 since there was little or no time-dependent loss in
CYP2D6 activity compared to the control. Furthermore, we have established the in vitro
products of metoclopramide metabolism by the five major drug-metabolizing enzymes
including identification three monooxygenation products and sites of hydroxylation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Spectral binding titration of CYP2D6 and determination of spectral binding parameter K.

(A) Titration of CYP2D6 with metoclopramide and (B) plot of AA430-395 (from panel A) vs.
concentration of metoclopramide.
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M3 - N-dethylated
exact mass: 271.11
m/z 272

Ratio to internal std

2D6 1A2 3A4 2C9 2C19

M4 - mono-oxygenated
exact mass: 315.14
m/z 316
(3 isomers identified)

Ratio to internal std

2D6 1A2 3A4 2C9 2C19

M10

M10 - nitration
exact mass: 329.11
m/z 330

Ratio to internal std

2D6 1A2 3A4 2C9 2C19

M5 - oxidative deamination
exact mass: 258.04
m/z 259

M9 - carbamic acid
exact mass: 343.13
m/z 344

Structure of metoclopramide and observed metabolites. Metabolite mass to charge values
(mV2) for each metabolite are indicated (M+1). Metabolite labels are consistent with Argikar
et al. (Argikar et al., 2010). The ratio of product formation as compared to an internal
standard for indicated metabolites by each CYP is shown in the bar graphs. For M4, levels
of metabolite formed by 3A4, 2C9, and 2C19 are shown as an inset. Caffeine was used as an
internal standard for quantification as indicated in the Methods.
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Identification of m/z 316 isomeric products. Extracted ion chromatograms (m/z 316) of
CYP3A4 metabolite samples after (A) no treatment, (B) HCI treatment only, or (C) TiCl3 in
HCI treatment. Note that after treatment with HCI and TiClz, M4b retention time was
slightly shifted to ~20 min; however, all fragmentation patterns matched those for M4b
eluting at ~21 min in the control sample. (D) Corresponding MS? for m/z 316 isomeric
product with retention time of ~19 min, M4a. (E) Corresponding MS2 for m/z 316 isomeric
product with retention time of ~21 min, M4b. (F) Corresponding MS? for mvz 316 isomeric
product with retention time of ~23 min, M4c. (G) Corresponding MS? for m/z 316 isomeric
product M4a with retention time of ~19 min and MS? of 243. (H) Corresponding MS? for
m/z 316 isomeric product M4b with retention time of ~21 min and MS? of 243. (1)
Corresponding MS? for m/z 316 isomeric product M4c with retention time of ~23 min and
MS? of 227. Data shown are representative of those found in a minimum of four separate
experiments.
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Figure 4.
Michaelis-Menten Analysis of CYP2D6 Metabolism of Metoclopramide. CYP2D6

Supersomes were used to determine Ky, and vinax Values for CYP2D6 metabolism of
metoclopramide to deethylated metoclopramide. Ky, was 1.20 + 0.29 pM and V5 was 6.1 +
0.23 pmol product/min/pmol CYP2D6 with R? value of 0.95 for the analysis.
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Figureb5.
Dilution Assay for Determination of Metoclopramide (A) Time-dependent and (B)

Concentration-dependent Inhibition of CYP2D6. Time-dependent assays contained 20 uM
metoclopramide in the inactivation reaction. Concentration-dependent assays were carried
out for 40 min. Bufuralol was used as the reporter substrate. Control reactions without
metoclopramide and without NADPH are shown as solid circles (@). Control reactions
without metoclopramide but with NADPH are shown as solid triangles (A). Reactions
containing both metoclopramide and NADPH are shown as open squares (). Reactions
shown are the average of triplicate experiments.
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Table 1

Predicted of Sites of Metabolism of Metoclopramide by CYPs.”

CYP SMARTCyp Metabolite RS Predictor Metabolite
Observed Observed
CYP2D6 o - GYes CGNo
= NN <No Ces
H isYes «3Yes
H £ ~Oum
CYP2C19 - @& ?Yes q{es
ci ~erNor 2Yes No
N7 :No i¥es
HAY N
CYP2C9 o OVYes
ci N~Nor CNo
H <%Yes
nat 5]
CYP3A4 o @ QYes o QYes
ci NN <No ci N~k CNo
RS Yes H iYes
HERF Oy HoN Oy
CYP1A2 o OYes
[e]] N No
:@i‘LHN L ©Yes
HERF Oy
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Ranked atom sites of probable reac6vity are indicated by circles. Atoms circled with a solid circle & are predicted to be the most probable site of
metabolism followed by atoms circled with dashed circle (<2} and finally atoms circled with dojed circle (). Observed metabolism of any type at
the predicted atoms is indicated by “yes” in the “Metabolite Observed” column.
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