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ABSTRACT
Gastroparesis is a disorder characterized by delayed gastric emptying due to
chronic abnormal gastric motility. Prokinetic agents such as domperidone and
metoclopramide are the cornerstone in treatment of gastroparesis. Although these
medications have been used for decades, essential information about their metabolism is
not available. Lack of knowledge about the metabolites formed in the body upon
administration of the aforementioned medications as well as the enzymes involved in
their metabolism limits key information needed to make sound medical decisions.
Accurate and comprehensive identification of the metabolites along with reaction
phenotyping of prokinetic agents will ensure safe and effective use of these drugs and
hence enhance the clinical outcome.

The thesis starts with an introductory chapter which comprises a comprehensive
literature review on gastroparesis and the available pharmacological treatment options.
The chapter also emphasizes the importance of metabolic profiling of prokinetic agents
(domperidone and metoclopramide) and its impact on enhancing the safety and efficacy
of these medications.

Chapter 2 of this project was aimed to determine phase oxidative and conjugative
metabolites of domperidone in the plasma and urine of gastroparesis patients using
tandem mass spectrometry. First, the metabolites were identified in in-vitro human
subcellular fractions. The knowledge gained in this experiment helped identifying the
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metabolites in the biological fluids of patients. In total, 12 metabolites including 7 new
metabolites were identified, 5 of which were not reported previously.

Chapter 3 aimed to identify the cytochrome P450 (CYP) enzymes responsible for
the metabolism of metoclopramide. The parent depletion approach was used and a novel
LC-MS/MS method was developed and validated to enable metoclopramide
quantification. CYP2D6 was showed to the predominant isoform in metoclopramide
metabolism; other isoforms also contribute to a minor extent.

Chapter 4 discusses the possibility of potential drug-drug interaction (DDI) in the
current management practice of gastroparesis. We identified and investigated some
frequently used drug combinations that are known to share common metabolic pathways.
Domperidone in combination with pioglitazone and ondansetron was evaluated. Results
showed that pioglitazone inhibited domperidone metabolism in vitro. Our experiments
did not predict a DDI for the domperidone – ondansetron combination.

In summary, the ultimate goal of this thesis was to improve the management of
gastroparesis by increasing information about the metabolic disposition of prokinetic
agents and to investigate the magnitude of putative drug combinations. The knowledge
provided by this work will help in making more effective and less hazardous clinical
decisions which will ultimately lead to more successful gastroparesis management.
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CHAPTER 1
INTRODUCTION

1.1 GASTROPARESIS
1.1.1 Introduction, Etiology and Diagnostic
Gastroparesis is a disorder characterized by delayed gastric emptying in the
absence of mechanical obstruction (Masaoka and Tack, 2009). There are numerous
causes of gastroparesis, most notably endocrine diseases (e.g. diabetes, hypothyroidism),
postsurgical (e.g. partial or complete gastrectomy, Nissen fundoplication), neuromuscular
or autonomic diseases, medications (e.g. opiates, anticholinergics, calcium channel
blockers), virus infections (e.g. Epstein-Barr, Cytomegalovirus, Herpes simplex), or
idiopathic disease (Stapleton and Wo, 2009). The exact prevalence of gastroparesis is not
known; however, it has been estimated that up to 4% of the population experiences
symptoms of gastroparesis (Abell et al., 2006). Gastroparesis affects up to 40% of
patients with type 1 diabetes and up to 25% of patients with type 2 diabetes (Horowitz et
al., 1989; Lyrenås et al., 1997). The likelihood of developing gastroparesis was four times
more among subjects with type 1 diabetes than those with type 2 diabetes (Choung et al.,
2012). Gastroparesis is more prevalent in young women with a female:male ratio of 4:1
(Grover et al., 2011). The mean age of onset was reported as 34 and 44 years (Masaoka
and Tack, 2009; Grover et al., 2011) in women and men respectively.

Gastric motility is controlled by smooth muscle cells, interstitial cells of Cajal
(ICC), enteric nerves and the vagus nerve (Masaoka and Tack, 2009). ICC, located in the
1

gastric wall, generate electrical slow waves at a frequency of 3 cycles per minute and act
as a pacemaker for gastric contractions. The slow waves determine the frequency and
timing of contraction. Several cellular abnormalities have been described in gastroparesis,
with the loss of ICC and loss of expression of neuronal nitric oxide synthase (nNOS)
being the most commonly reported abnormalities (He et al., 2001; Zárate et al., 2003;
Harberson et al., 2010). A recent study confirmed that 83% of patients with idiopathic or
diabetic gastroparesis expressed histological abnormalities where gastric biopsy
specimens showed loss of ICC, and increase in inflammatory cells (Grover et al., 2011).
nNOS expression was decreased in idiopathic gastroparesis patients (40%) compared
with diabetic patients (20%) (Grover et al., 2011).

Gastroparesis symptoms include nausea, vomiting, early satiety, abdominal
distension and pain (Goodman et al., 2001; Grover et al., 2011; Revicki et al., 2012).
Malnutrition, weight loss, blood sugar level fluctuation, and electrolyte imbalance are
also common (McPhee and Hammer, 2009). Gastric emptying scintigraphy is the
standard method for evaluating gastric emptying where the patients ingest a meal
containing 99mTc sulfur colloid-labeled egg as a test meal. Extended monitoring for 4
hours after the meal is important for accurate diagnosis. Other techniques for evaluation
of gastric emptying include wireless motility capsule, 13C-octanoic acid breath test and
antroduodenal manometry (Friedenberg and Parkman, 2006; Haans and Masclee, 2007).
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1.1.2 Management of Gastroparesis
Gastroparesis is managed clinically with a variety of methods. Among these are
diet control, pharmacological agents, and surgery, as described below.

1.1.2.1 Diet Control and Glucose Control
Dietary adjustments are important to control the symptoms of gastroparesis.
Gastroparesis patients are advised to eat smaller meals more frequently during the day
with minimal intake of fat and fiber. As an alternative, it is preferable to use liquid
nutrients as a larger part of their dietary needs (Haans and Masclee, 2007).

For diabetic patients, it is important to control blood glucose levels due to the
effect of elevated blood glucose on neuromuscular gastric function. Marked
hyperglycemia induces acute changes in electrical rhythm of the stomach leading to
nausea, and also inhibits antral and duodenal motor function levels (Reddymasu et al.,
2007). Hyperglycemia significantly delays gastric emptying and attenuates the efficacy of
prokinetic drugs (Masaoka and Tack, 2009; Parkman et al., 2010). Insulin is used in most
diabetic patients particularly in type 1 diabetes mellitus. Oral hypoglycemic agents, for
instance pioglitazone, are usually used for type 2 diabetes mellitus.

1.1.2.2 Pharmacological Treatment
Pharmacological management of gastroparesis utilizes various classes of drugs,
including prokinetic agents, anti-emetics, and some anti-depressants.
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Prokinetic agents
Prokinetic agents are commonly used to manage gastroparesis and are currently
classified according to their pharmacological action into three classes (Figure 1.1): i)
Dopamine receptor 2 (D2) antagonists, ii) Motilin receptor agonists, and iii) 5-HT4
receptor agonists.

i) D2 receptor antagonists: These are the most commonly used prokinetic agents.
Their mechanism of action is blockade of the inhibitory effect of dopamine in the
gastrointestinal tract. Dopamine causes inhibition of motility by reducing gastric tone and
intragastric pressure and decreasing antroduodenal coordination through activation of
dopamine D2 receptors (Haans and Masclee, 2007). Dopamine receptor antagonists have
both prokinetic and antiemetic properties. They exert their antiemetic effect centrally by
blocking dopamine receptor in the chemoreceptor trigger zone (CTZ). Metoclopramide
and domperidone (Figure 1.1) are examples of D2 receptor antagonists.

Metoclopramide (Reglan®) is the only FDA - approved prokinetic drug for
gastroparesis. It has central and peripheral dopamine receptor antagonist properties.
Furthermore, metoclopramide is a moderate 5-hydroxytryptamine type 4 (5-HT4) agonist
and 5-HT3 antagonist, which contributes to its antiemetic effect (Haans and Masclee,
2007). Metoclopramide is absorbed rapidly after oral dosage and is extensively
metabolized via oxidation and conjugation to numerous metabolites (Argikar et al., 2010)
whereas 25% of the dose is excreted unchanged in urine (Teng et al., 1977). Cytochrome
P-450 (CYP) 2D6 is reported to be an important enzyme in the metabolism of
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metoclopramide (Desta et al., 2002). The majority of metabolite is excreted in urine with
overall renal excretion of 80%. The elimination half –life is 4-6 hours and the peak
concentration after oral absorption occurs after 1 hour (Goodman et al., 2001).
Metoclopramide is available as oral tablets and solution as well as parenteral preparation.
The recommended daily dosage is 10 to 20 mg three times a day, 30 minutes before a
meal (Goodman et al., 2001). Metoclopramide has side effects due to its central effects
which include somnolence, fatigue, agitation, anxiety, and depression. Prolonged use of
metoclopramide can cause Parkinson-like symptoms, which require the discontinuation
of the drug (Stapleton and Wo, 2009).

Domperidone (Motilum®, Motinorm®, others) is a peripheral dopamine D 2
receptor antagonist that is used as a prokinetic to treat gastroparesis. The D 2 receptors in
the gastrointestinal tract mediate the predominant inhibitory effects of dopamine on
smooth muscle, therefore negating dopamine’s inhibitory effect on gastrointestinal (GI)
motility with resultant acceleration of GI transit (Barone, 1999; Reddymasu et al., 2007).
Moreover, domperidone has an additional advantage of relieving nausea and vomiting by
antagonism of dopamine receptors in the CTZ (Goodman et al., 2001). In contrast to
metoclopramide, domperidone predominantly antagonizes the dopamine D 2 receptor
without major involvement of other receptors (Goodman et al., 2001). Furthermore,
domperidone lacks the central adverse neurological symptoms of metoclopramide
because it does not readily cross the blood–brain barrier (Schinkel et al., 1996; Jolliet et
al., 2007). Intravenous domperidone was withdrawn from the US market following
reports of possible cardiac toxicity (Roussak et al., 1984; Osborne et al., 1985); its oral
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counterpart was evaluated by FDA in 1989 but was withheld from approval because the
number of patients enrolled in the clinical trials was inadequate to make statistically valid
evaluations of domperidone efficacy (Reddymasu et al., 2007). Oral domperidone is
approved in several countries outside the U.S. to treat gastroparesis, as an anti-emetic and
to alleviate the inhibitory effect of dompaminergic drugs used in treatment of Parkinson’s
disease on GI motility (Ahmad et al., 2006). In the U.S., domperidone can be used by
physicians by requesting and initiating an Investigational New Drug application together
with institutional review board approval. Generally, domperidone is better tolerated at
higher doses than metoclopramide (Stapleton and Wo, 2009). However, patients with a
history or presence of cardiac disease, most importantly ventricular tachycardia,
ventricular fibrillation or QT interval more than 450 ms in male or 470 ms for female,
should not receive domperidone. Domperidone follows linear pharmacokinetics
(Heykants et al., 1981) over the standard dosage which is 10-20 mg before each meal and
at bed time (Friedenberg and Parkman, 2006). The plasma protein binding of
domperidone is 91.8% to 93% (Heykants et al., 1981) and the elimination half life of
domperidone is 7 hours (Meuldermans et al., 1981). Domperidone is well absorbed after
oral administration with only 7% of the total dose appearing unchanged in feces
(Meuldermans et al., 1981) and peak concentration attained after 0.5-0.89 hr (Heykants et
al., 1981; Agarwal et al., 2007).

6

Figure 1.1: Chemical structures of medications commonly used in treatment of
gastroparesis; I) Prokinetic agents (a-d) II) Anti-emetic agents (e-h) III) 2.2.3 Tricyclic
antidepressants (i) IV) Cholinergic stimulants (j-k)
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ii) Motilin receptor agonists: Erythromycin - a macrolide antibiotic - is a motilin
receptor agonist that induces phase III Migrating Myoelectric Complex contractions
(Haans and Masclee, 2007). It is not approved by FDA to treat gastroparesis.
Erythromycin is a known CYP3A4 inhibitor (Wang et al., 1997; Okudaira et al., 2007). It
is contradicted to be prescribed with drugs that are metabolized by this enzyme as it
might lead to elevated blood levels of the concomitant drugs. Long term use is limited
because of its antimicrobial effect and development of tolerance (Abrahamsson, 2007).
Azithromycin shows similar prokinetic effects as erythromycin, with a lower potential for
drug-drug interaction (DDI) (Larson et al., 2010; Moshiree et al., 2010). Other motilin
receptor agonists are currently being tested for gastroparesis (Ozaki et al., 2008; Sanger
et al., 2009).

iii) Serotonin 5-HT4 receptors agonists: The activation of 5-HT4 receptors in the
GI tract stimulates the peristaltic reflex and enhances basal motor activity (Friedenberg
and Parkman, 2006) . Cisapride, a 5-HT4 agonist, was used for several years but was
removed from the market due to cardiac side-effects (Food and Drug Administration,
2000). Tegaserod (a CYP2D6 substrate (Vickers et al., 2001)) is a 5-HT4 agonist with no
affinity for 5-HT3 or dopamine receptors that was also used. However, there were
equivocal results about its effectiveness to accelerate gastric emptying and improve
symptoms in gastroparesis patients (Abrahamsson, 2007). Tegaserod was removed from
the market due to potential side effects (Food and Drug Administration, 2007). Other 5HT4 agonists with fewer side effects are being tested for gastroparesis (Manabe et al.,
2010).
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iv) Cholinergic stimulation: Bethanechol, a muscarinic agonist, stimulates GI
contractility by increasing acetylcholine levels leading to increased antral contractility
(Parkman et al., 1999). Similar pharmacological effects can be attained by using a
reversible cholinesterase inhibitor like physostigmine.

Anti-emetic agents
Antiemetic agents are frequently administered to gastroparesis patients in addition
to prokinetic agents to relieve gastroparesis symptoms (Friedenberg and Parkman, 2006).
i) Phenothiazines: These are the most commonly used antiemetic agents due to
their low cost and high effectiveness. The most commonly used phenothiazines are
promethazine (Nakamura et al., 1996)) and prochlorperazine (Collins et al., 2004)). The
anti-emetic effect is due to blocking D2 and 5-HT receptors in the CTZ (Stapleton and
Wo, 2009).
ii) 5-Hydroxytryptamine 3 antagonists (5-HT3): Ondansetron blocks serotonin 5HT3 receptors both peripherally on vagal nerve terminals and centrally in the
chemoreceptor trigger zone with no effect on upper GI motility (Friedenberg and
Parkman, 2006) It is approved for chemotherapy-induced nausea and vomiting and
anecdotally nausea and vomiting during pregnancy. Other 5-HT3 antagonists include
granisetron and dolasetron.
iii) Other anti-emetic classes include antihistaminic agents (diphenhydramine,
dimenhydrinate) which are H1 receptor antagonists. These agents are well known to exert
sedative effects in humans thus they are less used compared to other anti-emetic classes.
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Tricyclic antidepressants (TCA)
TCA are amitriptyline, imipramine, desipramine and nortriptyline. TCA are used
in patients with significant dyspepsia in doses lower than used for anxiety and depression
because higher doses are reported to impair gastrointestinal motility through
anticholinergic activity (Stapleton and Wo, 2009; Parkman et al., 2010). It is important to
mention that TCA do not improve gastric motility but reduce nausea and vomiting with
unclear, possibly central, mechanisms.

1.1.2.3 Invasive Therapeutic Modalities
In case of unsatisfactory results with pharmacological treatment, invasive
techniques might be considered. Intrapyloric injection of botulinum toxin A, feeding
jejunostomy and gastric electrical stimulation are examples of these interventions
(Friedenberg and Parkman, 2006). “Botulinium toxin A” is a strong inhibitor of the
neuromuscular transmission by inhibiting the release of acetyl choline (Friedenberg and
Parkman, 2006; Masaoka and Tack, 2009) hence intrapyloric injection of the toxin
reduces gastric outlet resistance and improves gastric emptying. Feeding jejunostomy
involves a surgically placed jejunal tube for feeding placed with laparoscopic or
endoscopic guidance. Gastric electrical stimulation is achieved by attaching stimulator
wires to the muscularis propria 10 cm from the pylorus along the greater curvature. The
pulse generator is placed subcutaneously in the right upper or right lower quadrant
(Friedenberg and Parkman, 2006).

10

1.2 Significance
Metabolites are biotransformation products of drugs and endogenous compounds
and drugs formed by oxidative/reduction pathway (Phase I) or conjugation pathway
(Phase II). Thorough understanding of the metabolic fate of the drug is crucial in
improving the clinical outcome as well as averting serious side effects as in the following
cases.

a) Generation of active metabolites: Some drugs generate active metabolites
that can cause adverse effects. For instance, meperidine is an opioid analgesic that is
metabolized in the liver by N-demethylation to normeperidine, a potent CNS stimulant
Large meperidone doses repeated at short intervals can cause seizures (Goodman et al.,
2001).

b) Inhibition and induction of drug metabolizing enzymes (DME): Several
drugs are known to inhibit or induce the activity of drug metabolizing enzymes causing
DDI upon co-administration of other drugs. This is referred to as metabolic DDI as will
be discussed in details under section 1.5 of this thesis. It is very important to monitor or
adjust the dose of the affected drugs especially if they have a narrow therapeutic index.
Several drugs, including mibefradil, terfinadine and cisapride, have been withdrawn from
the U.S. market due to serious drug-drug interactions (Huang and Lesko, 2004).

C) DME polymorphisms (Pharmacogenetics): Several DMEs including
CYP2D6, CYP2C9 and CYP2C19 are known to exhibit genetic polymorphisms (Harper
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and Brassil, 2008). Drugs - which are eliminated from the body through metabolism by
polymorphic enzymes - exhibit discrepancy in their clearance due to the difference in the
expression level or activity of the affected enzyme. This variation in exposure affects the
efficacy and safety of the drug, leading to clinical outcomes that range from lack of
efficacy to toxicity. For instance, the AUC of the CYP2D6 substrate, atomoxetine, in
poor metabolizers is 10-fold greater than the excessive metabolizers (Huang and Lesko,
2004). Furthermore, concomitant administration of medications that are eliminated via a
polymorphic DME results in a more significant DDI.

1.3 Metabolite Identification
Metabolite identification is vital to understand the contribution of metabolism
pathways, assess metabolic stability of a compound, locate the metabolically vulnerable
spots and identify potential pharmacologically active or toxic metabolites or
intermediates and hence ascertain the safety of the drug. The FDA guidance on
Metabolites in Safety Testing (MIST) (Food and Drug Administration, 2008)
recommends safety assessments for metabolites that are formed at greater than 10
percent of parent drug systemic exposure at steady state or are present at
disproportionately higher levels in humans than in any of the animal species. The safety
concern is addressed by synthesizing and direct administration of these metabolites in
preclinical species.

The metabolite profile in preclinical species or human is usually accomplished by
administrating radiolabeled drug followed by the collection and analysis of the biological
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fluids for radioactive compounds. This method ensures 100% recovery of the dose since
it accounts for the mass balance and allows for quantitative profile of metabolites.
Despite these advantages, several parameters need to be carefully considered during the
design to ensure concrete results including the choice of radioisotope, the position of the
radiolabel, radiochemical purity and the specific activity (Penner et al., 2009). Several
radioisotopes are used, however carbon-14 or H-3 (tritium) are the most commonly used
isotopes (Penner et al., 2009). Recent advances in liquid chromatography tandem mass
spectrometry (LC-MS/MS) technology have made metabolite identification without
radiolabeled material more reliable.

Metabolite identification is accomplished by using mass spectrometer. Triple
quadruple mass spectrometers offers sensitive techniques such as product ion scan,
precursor ion scan, neutral loss and multiple reaction monitoring which allow
uncomplicated and confident determination of many metabolites even in complex
matrices. Electrospay ionization (ESI) is a soft ionization technique that is used in our
experiments to enable the ionization of the metabolites to further provide information on
the weight. Other mass spectrometers, such as ion trap and time-of-flight, are used in
metabolite identification studies. In addition to mass spectrometry, nuclear magnetic
resonance is used to provide structure elucidation about the site of metabolism.

Preliminary metabolite identification studies are conducted in in vitro systems
from human origin such as liver microsomes, hepatocytes or recombinant enzymes to
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allow the formation of metabolites. In vitro metabolite profiling studies are safe, fast and
inexpensive techniques which provide good preliminary data for in vivo experiments.

1.4 Reaction Phenotyping
Drug discovery and development process is expensive and time consuming.
Unacceptable pharmacokinetic (PK) properties have resulted in the discontinuation of the
clinical development of 40 % of drug candidates (Obach et al., 1997) and hence
elucidation of drug metabolism early in drug development is important not only to
eliminate drugs with unacceptable PK properties but also to evaluate potential
determinants of interindividual variability such as DDI and genetic polymorphism in drug
metabolizing enzymes (DMEs) (Obach and Reed-Hagen, 2002). Metabolism studies are
carried in a whole cell system (e,g.: human hepatocytes) or in subcellular preparations
(e.g.: HLM, HLC, S9, recombinant enzymes). Whole cell system represent a closer
simulation to the in vivo situation because all the enzymatic pathways are active. It also
accounts for the cell membrane permeability of the drug and for the transporters effect.
Subcellular preparations are easier to prepare and maintain and are cost effective.
Additionally, they help in mechanistic studies because only one metabolism pathway is
activated. Identification of the major metabolic pathway can be performed with several in
vitro experimental systems. Those most commonly used include hepatocytes,
microsomes, S9 and cytosol. The choice of the system depends on several factors,
including accuracy, ease of use, cost and which set of DMEs needs to be investigated (Li,
2008). The locations of the main groups of DMEs in these systems are summarized in
Table 1.1.
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Table 1.1: Locations of the main groups of DMEs in in vitro cell preparations, modified
from (Li, 2008).
In vitro system

CYP

FMO

UGT

SULT

GST

Hepatocytes

+

+

+

+

+

Microsomes

+

+

+

-

+

S9

+

+

+

+

+

Cytosol

-

-

-

+

+

CYP: Cytochrome P450; FMO: Flavin monooxygenase; UGT: UDPglucuronosyltransferases; SULT: Sulfotransferase and GST: Glutathione S-transferase.

The aforementioned in vitro systems offer a holistic view of the main metabolic
pathways (oxidation, glucuronidation, sulfation, etc) involved in the metabolism of a drug
but they do not identify the exact enzymes involved in the drug metabolism.
Identification of the specific DMEs involved in the metabolism of a pharmacological
compound is referred to as “reaction phenotyping”. This identification presents a
predictive tool for drug interactions and partially explains the interpatient response due to
alteration in metabolism. The commonly used experimental approaches in reaction
phenotyping are: a) recombinant human enzymes, b) the use of specific chemical
inhibitor c) the use of antibody inhibition and d) correlation analysis (Zhang et al., 2008).

1.4.1 Recombinant Human Enzymes
The use of cDNA expressed enzymes is more common and involves the
incubation of the drug with a panel of expressed enzymes (Harper and Brassil, 2008). The
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majority of drugs are metabolized by CYP enzymes (Obach, 2011). Identification of CYP
is deemed necessary if CYP450 enzymes contribute to more than 25% of the drug
elimination (Food and Drug Administration, 2006). For CYP enzymes, several individual
human recombinant enzymes (CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, and CYP2E1) are commercially available. Other non CYP
oxidative pathways include flavin-contaning monooxygenase (FMO), monoamine
oxidases (MAO) and aldehyde oxidases (AO). FMO1, FMO3 and FMO5 are
commercially available (Williams et al., 2003). Conjugation reaction phenotyping by
human recombinant enzyme is also possible for UGT1A1, UGT1A6, UGT1A8,
UGT1A9, UGT1A10, UGT2B4, UGT2B7 and UGT2B15 (Harper and Brassil, 2008).
Recombinant SULTs have also been developed and used (Raftogianis et al., 1999)
although they are not available commercially.

1.4.2 Specific Chemical Inhibitors
Reaction phenotyping studies are also conducted in presence of a specific
chemical inhibitor or an antibody of the enzyme of interest to evaluate the effect of the
inhibitor on the metabolism of the drug. Selective CYP inhibitors are well established
and widely used (Tucker et al., 2001; Harper and Brassil, 2008). Menadione,
chlorpromazine and hydrazine are selective inhibitors for AO (Williams et al., 2003).
Clorgyline and L-deprenyl are potent and selective inhibitors for MAO-A and MAO- B
respectively (Kalgutkar et al., 2001). To date there are no potent or selective inhibitors
for UGTs. In general, the use of chemical inhibition approach is limited by adequate
selectivity of the inhibitor.
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1.4.3 Antibody Inhibition
Antibody inhibitors have the advantage over chemical inhibitors for being potent
and highly specific (>90%) (Harper and Brassil, 2008). Nowadays, antibodies against
most common CYP enzyme are commercially available (Lu et al., 2003). Monoclonal
antibodies demonstrated superior specificity compared with polyclonal antibodies which
are likely to exhibit cross-reactivity especially toward related CYPs, for instance
CYP3A4 and 3A5 isoforms (Gelboin and Krausz, 2006; Shou and Lu, 2009).

1.4.4 Correlation Analysis
Correlation analysis relies on comparing the inter-liver variability of metabolic
rates of the drug of interest with marker substrates for each individual CYP enzyme (Lu
et al., 2003). Examples for known CYP isoform model reactions are 7methoxyresorufin O-demethylation and nifedipine oxidation for CYP1A2 and CYP3A
respectively (Ueng et al., 2006).

Reaction phenotyping experiments are monitored analytically for the rate of
metabolite formation or the rate of disappearance of the parent drug. The former
technique is often used for relatively stable compounds and when the authentic synthetic
standards of the metabolites are available. Enzyme kinetics parameters are calculated for
each ith metabolite (for total n metabolites) and the intrinsic clearance equals to
. Km is the Michaelis constant and is defined as the substrate concentration
that yields a reaction velocity that is half of the theoretical maximum reaction velocity
(Vmax) (Obach and Reed-Hagen, 2002). It is a descriptor for the ability of the substrate to
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saturate an enzyme (for instance, DME in this case). The lower the K m value, the higher
the chance that the in vivo drug concentration will saturate the DME clearance pathway
(Obach and Reed-Hagen, 2002) leading to non-linear PK properties.

The parent depletion approach is often used when it is impossible or impractical to
monitor product formation, especially in early drug development where the metabolite
profiling is not fully characterized. In chapter 3, this approach was used to monitor
metoclopramide depletion in CYP-containing incubation media with time, with
subsequent prediction of Kdep (the apparent first-order rate constant of substrate
depletion) and the in vitro intrinsic clearance (CLint).

1.5 Metabolic-Based DDI
1.5.1 Introduction
Adverse drug reactions (ADR) rank between the fourth and sixth leading cause of
death and account for 4.6% of the recorded deaths from all causes during 1994 in the
United States (Lazarou et al., 1998). ADR are classified into six types: type A (doserelated), type B (non-dose-related), type C (dose-related and time-related), type D (timerelated), type E (withdrawal), and type F (failure of therapy) (Edwards and Aronson,
2000). The number of concurrently used medications was identified as the main risk
factor for ADR (Atkin et al., 1999). DDI is a major cause of ADR (15%) (Passarelli et al.,
2005). DDI can be due to pharmacologic or pharmacokinetic mechanisms, as
summarized in Figure 1.2.
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Figure 1.2: Classification of drug-drug interactions (DDI); ADME (Absorption,
distribution, metabolism and excretion), UGT (UDP glucuronosyltransferase), SULT
(Sulfotransferases).

Pharmacokinetic interactions include alterations in drug absorption, distribution,
metabolism, and excretion. Absorption DDI occurs mainly in the gut as a result of
complexation or chelation, alteration of pH and subsequent change in drug solubility,
alteration on gut motility, inhibition of GI enzymes or loss of gut flora. Distribution DDI
occurs mainly due change in plasma protein binding and alteration in uptake or efflux
transporter activity. Excretory DDI can result from alteration in urine pH or competition
for active secretion. More information about the aforementioned DDI types is reviewed
elsewhere (Kedderis, 1997).

Metabolic DDI represents the most common mechanism for pharmacokinetic
interactions. In our studies, we focused on CYP-mediated DDIs although interactions
involving other metabolism pathways such as glucuronidation have been also described
(Kiang et al., 2005). CYPs are a superfamily of heme-thiolate containing enzymes which
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play a major role in the metabolism of xenobiotics (Evans, 2004). CYPs have broad
substrate specificities that enable them to metabolize a very wide range of compounds
and they account for almost 75% of total drug metabolism (Wang and Chou, 2010).
Despite the presence of 57 genes and more than 59 pseudogenes that encode for CYPs,
only five or six enzymes are involved in the metabolism of the majority of xenobiotics.
These include CYP1A2, 2C9, 2C19, 2D6 and 3A4/5 (Evans, 2004; Wang and Chou,
2010). It is noteworthy that besides DDI, drug-food interaction (for instance: CYP
inhibition via grape fruit juice (Hanley et al., 2011)) are also an important consideration
clinically.

Recent advances in knowledge about CYPs enzymes and their role in drug
metabolism have led to the integration of reaction phenotyping (identifying enzymes
responsible for drug metabolism) in the early stages of drug discovery. Some CYP
enzymes like CYP2D6 are highly polymorphic, leading to unpredictable drug elimination
profiles among patients (Rodrigues, 2008). Genotyping and identification of ethnic
groups that have high prevalence of poor metabolizes must be performed. For instance,
the frequency of poor metabolizers for CYP2D6 is greater in white populations than in
Asians (Rogers et al., 2002).

Metabolic DDI can be either through inhibition or induction. Metabolic inhibition
resulting in DDI occurs when one drug (referred to as the perpetrator drug) inhibits the
activity of the drug metabolizing enzyme, leading to a decrease in the metabolism of the
co-administrated drug (referred to as the victim drug). This results in an increase in
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plasma concentration of the victim drug and subsequent toxicity. This can be further
classified into reversible inhibition or mechanism-based inhibition. In the former type,
the enzyme activity is restored in the absence of the inhibitor. Reversible inhibition can
be competitive, noncompetitive, uncompetitive or mixed. On the other hand, in
mechanism based inactivation, reactive intermediate species, generated by CYP, bind to
the enzyme and cause irreversible loss of activity and subsequently more serious DDI.
Historically, many drugs were removed from the market due to their tendency to cause
fatal DDIs. For instance, Mibefradil (an antihypertensive and a potent CYP3A4 inhibitor)
was withdrawn from the market because it elevates the plasma levels of co-administered
drugs to toxic levels (Meinertz, 2001; Omar and Wilson, 2002). Also, fatal interactions
resulted from the antihistamine terfinadine when prescribed with potent CYP3A4
inhibitors such as ketoconazole, leading to toxic terfinadine plasma levels and subsequent
fatal arrhythmia (Vazquez and Whitfield, 1997).

DDI can occur via enzyme induction in addition to the inhibition mechanisms
described above. Induction of drug metabolizing enzymes is mediated commonly
through transcriptional activation of nuclear receptors such as aromatic hydrocarbon
receptor, constitutive androstane receptor, farnesoid X receptor and pregnane X receptor
(Pearson and Wienkers, 2009) and it can lead to an increase in the metabolism of the
victim drug and subsequent loss in activity. However more serious consequences can
occur due to reduced plasma concentration of drugs, such as unexpected pregnancies in
case of reduced levels of ethinyl estradiol in patients taking oral contraceptive, or organ
transplant rejection in case of patients taking cyclosporine (Pearson and Wienkers, 2009).
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1.5.2 In Vitro Methods to Predict In Vivo DDI
Different in vitro models have been developed to provide safe, fast and cost
effective prediction of in vivo DDI (Ito et al., 2004; Ito et al., 2005; Obach et al., 2006;
Obach et al., 2007; Houston and Galetin, 2008). This estimation uses in vitro data on the
inhibitor potency and in vivo inhibitor concentration [I]. The inhibitor potency is
represented in the form of Ki (for competitive inhibition) or KI and kinact (in case of
mechanism-based inhibition; where Ki is dissociation constant of inhibitor–enzyme
complex or it is the concentration of the inhibitor which results in 50% inhibition, and
kinact is the maximal rate of inactivation(Segel, 1993). The ratio of estimated intrinsic
clearance in the absence and presence of an inhibitor (Clint and Clint,i respectively) gives R
value which is calculated as follows

Cl int
[I]
 R 1
Cl int,i
Ki

If R value is higher than 1.1, an in vivo DDI study is deemed necessary (Food and
Drug Administration, 2012). Area under the plasma concentration-time curve ratio of the
victim drug in the presence of the inhibitor to its absence (AUCI/AUC) can be calculated
from the following equation.
AUCI
CLint

AUC Clint, i

Several factors need to be considered to improve the predictability of the AUC
ratio namely (a) effect of parallel metabolic pathways, (b) effect of the method used to
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calculate the in vivo inhibitor concentration [I] and (c) effect of intestinal metabolism.
The following equation (Ito et al., 2005) accounts for all the aforementioned factors.
AUCI Fg I

.
AUC
Fg
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where fmCYP is the fraction of the drug metabolized by a given CYP enzyme (CYPi, out of
‘n’ total CYP isozymes), and Fg,I and Fg are the intestinal wall availability in the
presence and absence of the inhibitor (j, out of “m” total inhibitors) respectively. Ki is
estimated from the in vitro inhibition data. The in vivo concentration of the inhibitor [I] is
the concentration of the inhibitor at the enzyme site. However, this is not practically
obtainable and an approximation needs to be made. Accurate prediction of DDI depends
on the method used to calculate the in vivo concentration of the inhibitor [I]. The
inhibitor concentration at the liver inlet [I]in is often used a surrogate and is further
discussed in chapter 4.

In case of mechanism based inhibition, kdeg (the rate constant of CYP degradation
or turnover) and a saturation kinetics parameter kinact must be included
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1.6 Research Objectives
The purpose of our studies is to improve gastroparesis treatment efficacy by
increasing information about the metabolic disposition of prokinetic agents. The main
challenges addressed by this project are metabolite identification, reaction phenotyping
and DDI in drug combinations used in gastroparesis.
The specific aims of this project were:
Objective 1: Identification of domperidone metabolites in plasma and urine of
gastroparesis patients as well as human subcellular liver fraction.
Objective 2: Determination of the main CYP enzyme responsible of the metabolism of
metoclopramide using the parent depletion approach.
Objective 3: Investigation of the concentration inhibitory effect of pioglitazone and
ondansetron on the metabolism of domperidone. Pioglitazone was investigated as a
mechanism-based inhibitor.
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CHAPTER 2
IDENTIFICATION OF DOMPERIDONE METABOLITES WITH
LC-ESI-MS/MS: IN VIVO AND IN VITRO STUDIES

2.1 RATIONALE
Domperidone presents an alternative to metoclopramide. Long-term use of
metoclopramide is associated with potential side effect that may occur in up to 40% of
patients (Abell et al., 2006) potentially due to the ability of metoclopramide to cross the
blood brain barrier and exerts central effects. Domperidone is not approved for used in
the U.S. The intravenous form of domperidone was associated with safety concerns
related to cardiac toxicity (Osborne et al., 1985). Nonetheless, the oral form is well
tolerated and is used by U.S. gastroenterologists by requesting an Investigational New
Drug application (Food and Drug Administration, 2005). Outside the U.S., oral
domperidone is approved for gastroparesis in many countries.

Characterizing the metabolic profile of domperidone is critical in understanding
its pharmacokinetics as well as its adverse effect profile by identifying potential reactive
intermediates or adducts. For instance, some drugs can form active metabolites that
increase the activity and/or toxicity of the parents; as in case of terfenadine which is
metabolize to the active carboxylic acid analog, fexofenadine. Another case where the
metabolite identification studies help understanding the fate of drugs in the body and how
this can contribute to the activity and toxicity of the drug is when the parent drug is
directly conjugated and biliary excreted. Deconjugation of drugs can occur in the
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intestine to yield the parent drug which can be reabsorbed and increase the duration of
action of the drug. Metabolites identification studies also help identifying major
enzymatic routes involved in the disposition of domperidone which in turn can aid in
predicting potential DDIs for co-administrated drugs that may share common metabolic
pathways.

Although domperidone was discovered and is widely used from decades in many
countries around the world, few attempts have been made to elucidate the exact metabolic
profile of domperidone. The first study can be traced to (Meuldermans et al., 1981) where
radioactive HPLC was used. Single quadruple mass spectrometer was used by (Simard et
al., 2004) and (Ward et al., 2004). In those studies, the major metabolite reported was the
inactive 5-hydroxy domperidone (Simard et al., 2004; Agarwal et al., 2007). To our
knowledge, there are no other reports on domperidone metabolite identification. The
advanced techniques of tandem mass spectrometry can be utilized for improved
metabolite identification of domperidone. Moreover, the structures of conjugative
metabolites have not been fully illustrated as all the aforementioned efforts emphasized
on so called ‘phase I’ or oxidative metabolism.

The objectives of these studies were:
1- Identify domperidone metabolites using liquid chromatography (LC) combined with
electrospray ionization (ESI) enabled tandem mass spectrometry (MS/MS) in the
following human hepatic subcellular fractions matrices:
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(a) Pooled human liver microsomes (HLM) and NADPH-regenerating system to
identify phase 1 metabolites.
(b) Pooled HLM, alamethicin and uridine 5′-diphosphoglucuronic acid (UDPGA)
to investigate direct glucuronidation to domperidone.
(c) Pooled HLM, NADPH-regenerating system, alamethicin and UDPGA to
identify metabolites that may be formed by oxidation following by
glucuronidation.
(d) Pooled HLM, NADPH-regenerating system, human liver cytosol (HLC) and
3′-phosphoadenosine-5′-phosphosulfate (PAPS) to identify metabolites that may
be formed by oxidation followed by sulfation.
(e) Recombinant human CYP3A4 and NADPH-regenerating system
2- Evaluation of domperidone metabolites in plasma and urine of gastroparesis patients
using step the knowledge gathered from step 1.
3- Compare domperidone and its metabolites in the plasma and urine of gastroparesis
patients
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2.2 EXPERIMENTAL DESIGN
2.2.1 Chemicals and Reagents
Domperidone was purchased from Sigma Aldrich (St. Louis, MO) and MP
Biomedicals (Solon, OH). HLM, HLC, recombinant human CYP3A4 Supersomes™ and
NADPH-regenerating system were purchased from BD Biosciences (San Jose, CA).
Alamethicin ,uridine 5′-diphosphoglucuronic acid (UDPGA) and 3′-phosphoadenosine5′-phosphosulfate (PAPS) were purchased from Sigma Aldrich (St. Louis, MO). HPLC
grade acetonitrile was purchased from EMD Chemicals (Gibbstown, NJ). Analyticalgrade buffer reagents were from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).
Deionized water (above 18 MΩ) (Nanopure deionization system, Barnstead/Thermolyne,
Dubuque, IA) was used for all aqueous solutions.

2.2.2 Human Subjects
This study was reviewed and approved by Temple University Institutional Review
Board (Appendix A). Briefly, eleven patients (18-65 years old) who had been diagnosed
with symptoms of gastroparesis and who are currently being treated with domperidone at
a dose of 10-20 mg 3-4 times/day were recruited (Table 2.1). Subjects were nonsmokers
and were not on other medications that are known to be substrates, inducers or inhibitors
of CYP3A4. Exclusion criteria included sensitivity/allergy to domperidone, known
current or history of cardiac disease, known renal failure or hepatic impairment,
suspected bowel obstruction or perforation, current or history of GI hemorrhage, known
breast cancer, or known prolactin-releasing pituitary tumor. Patients were instructed to
take their usual morning domperidone dose at home 30 minutes before taking breakfast.
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Then patients reported to the GI Section at Temple University Hospital. An initial urine
sample was collected before patients took their next domperidone dose (before lunch).
At this time, patients were asked to completely empty their bladder. Patients then were
administered their usual domperidone dose with 100 ml of water. A standard meal was
provided 30 minutes after the dose. All patients were already prescribed multiple-dose
domperidone, and drug levels were therefore assumed to be at steady state as the
elimination half life was reported to be 7 hours (Heykants et al., 1981). One hour (mean
reported time to maximal plasma concentration) after the domperidone administration, a
10-ml whole blood sample was collected in heparinized tubes for domperidone and
metabolite systemic level determination. Urine was collected (entire volume collection)
for 4 hours post dose and pooled together. The 4-hour time period was chosen for
practical reasons to maximize patient recruitment and compliance. Blood samples were
centrifuged at 15000g for 5 minutes to obtain plasma. All plasma and urine samples were
stored immediately upon collection at −20°C until further analysis.
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Table 2.1: Demographic profile, pathophysiology and domperidone dose of patients
enrolled in the study. All patients had idiopathic gastroparesis, except patient DLS-5, who
had diabetic gastroparesis.
Patient

Body mass

Domperidone

index*

dose (mg)

Age (year) Gender
number
DLS-1

19

M

18.3

40 TID

DLS-2

46

F

27.4

10 TID

DLS-3

47

F

27.5

20 QID

DLS-4

77

F

28.2

10 QID

DLS-5

56

M

29.3

10 QID

DLS-6

48

F

19.7

10 QID

DLS-7

38

F

33.7

20 QID

DLS-8

36

M

18.6

20 QID

DLS-9

47

F

30.6

20 QID

DLS-10

56

F

22.4

10 QID

DLS-11

53

F

35.7

20 QID

DLS: Domperidone Level Study. * Body mass index was calculated by the following
formula: weight (lb) / [height (in)]2 x 703

2.2.3 In vitro Incubations
HLM and CYP3A4 Oxidative Incubation: Phase I metabolites were generated by
incubating domperidone with pooled HLM or recombinant human CYP3A4 (0.5 mg/ml)
in 50 mM potassium phosphate buffer (pH 7.4) containing an NADPH-regenerating
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system (final concentrations of components in reactions are: 1.3mM NADP+, 3.3mM
glucose 6-phosphate, 0.4U/ml glucose 6-phosphate dehydrogenase, and 3.3mM
magnesium chloride). The reaction was immediately initiated by addition of domperidone
(400 M final concentration) and further incubated at 37°C for 30 minutes. Reactions
were terminated by addition of ice-cold acetonitrile. Reactions were then centrifuged at
14,000 g for 5 minutes, and the supernatant was collected for further analysis with
HPLC-MS/MS. Negative control incubations (no NADPH) were carried out in parallel.
Figure 2.1 shows different incubation media and the resulting biotransformation
pathways.

Figure 2.1: Diagram of human hepatocyte showing different experimental incubation
media and the resulting biotransformation pathway.
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UGT Incubation: Glucuronidation reactions were conducted in either one step or
two steps. For the one step experiment, pooled HLM (0.5mg/ml), 10 μg/ml alamethicin
and UDPGA (5 mM) were added to 50 mM potassium phosphate buffer (pH 7.4) to make
a reaction volume of 800 μl. The reaction was initiated by domperidone addition (400μM
in final solution) and incubated at 37°C for 3 hours. Negative control counterparts were
conducted in parallel without alamethicin and UDPGA. The reaction was quenched by
addition of ice-cold acetonitrile and centrifuged at 14,000 g for 10 minutes. For the 2
steps glucuronidation, first, pooled HLM (0.5mg/ml) and an NADPH-regenerating
system were added to 50 mM potassium phosphate buffer (pH 7.4) to make a reaction
volume of 800 μl. The reaction was initiated by domperidone addition (400μM in final
solution) and incubated at 37°C for 1hour. Next, 10 μg/ml alamethicin and UDPGA (5
mM) were added for additional 3 hours incubation at 37°C. The reaction was quenched
by addition of ice-cold acetonitrile and centrifuged at 14,000 g for 10 minutes. Negative
control counterparts were quenched after incubation with pooled HLM. In both cases, the
supernatant was collected and store at -20°C for further analysis on LC-MS/MS.

SULT incubation: Sulfation reactions were conducted in two steps. The first step
was identical to UGT incubations. After 1 hour incubation with pooled HLM in the
presence of an NADPH-regenerating system, 1 mg/ml HLC and 4 mM (PAPS) in 10 mM
potassium phosphate (pH 7.5) was added. Incubations were performed for 3 h at 37°C
and then terminated with ice-cold acetonitrile. The sample was centrifuged at 14,000 g
for 5 minutes, and the supernatant was collected for analysis on LC-MS/MS.
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2.2.4 Sample Preparation
Plasma samples were prepared by protein precipitation. Methanol (200 ul) was
added to 50 μl plasma and vortexed for 3 minutes followed by centrifugation for 15
minutes at 12,000 g. Urine samples were centrifuged for 20 minutes 12,000 g. The
supernatants of the in vitro incubations were injected directly without further preparation.
In all cases, 10 μl of the resultant supernatant was injected into the LC-MS/MS.

2.2.5 LC-MS/MS Method for Metabolite Identification
Metabolite identification was performed using an Agilent series 1100 highperformance liquid chromatography system consisting of a binary pump, autosampler and
degasser coupled to an API 4000 triple-quadrupole tandem mass spectrometer (AB Sciex,
Foster City, CA) with electrospray ionization (ESI). Analyst software version 1.6.1 (AB
SCIEX, Framingham, MA) was used for instrument control, data acquisition and
processing. Nitrogen was used as the curtain, collision and ion source gas.
Chromatographic separation was achieved by a 35 minute gradient elution method using
a mobile phase “A” consisting of 10 mM ammonium formate with 0.1% formic acid and
mobile phase “B” consisting of acetonitrile with 0.1% formic acid delivered at a flow
rate of 0.5 ml/minute through an AlltimaTM phenyl (250 × 4.6 mm; 5 μm) column (Grace,
Deerfield, IL). The gradient elution started with 20% B for the initial 5 minutes.
Thereafter, the percentage of mobile phase B was linearly increased to 70% over 23
minutes. After the elution of domperidone and its metabolites, the column was returned
over 2 minutes to 5% B, where it was held for 5 minutes for re-equilibration before the
next injection. The needle was washed with 50% acetonitrile after each injection. In our
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studies, we used signal-to-noise ratio of 5 to 1. The ESI–MS/MS operating conditions
used are summarized in Table 2.2:

Table 2.2: ESI–MS/MS operating conditions used for domperidone metabolites
identification
Operating condition

Setting

Collision gas (psi)

5

Curtain gas (psi)

40

Ion source gas 1 (psi)

40

Ion source gas 2 (psi)

50

Ion spray voltage (V)

3500

Temperature (°C)

450

EP (V)

10

The fragmentation pattern of domperidone was characterized before metabolite
identification. Domperidone was dissolved in DMSO and diluted with mobile phase to
100 nM. The solution was injected into tandem MS using a syringe pump (Harvard
Apparatus, Holliston, MA) adjusted to 10 μl/minute. Q1 scan, product ion scan and
precursor ion scans were performed on the parent compound. Auto-tune mode was used
to optimize declustering potential (DP), collision energy (CE), and cell exit potential
(CXP) of the three most intense fragments of domperidone. Different MS techniques
were used to identify the metabolite of domperidone in plasma, urine as well as in vitro
incubations. Product ion scan in positive mode was used to obtain fragments of putative
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metabolites. Neutral losses of 176 amu and 80 amu were used to identify the glucuronide
and sulfate metabolites respectively. Neutral loss scans were carried out in negative
mode.

2.2.6 Comparison of Domperidone Circulatory and Urinary Metabolites across
Patients
Circulatory and cumulative urinary domperidone and metabolite absolute peak
areas were compared across all patients (n=11) for inter-subject variability in the
formation of each metabolite. Since the patients were on different dosing regimen (Table
2.1), the peak areas were normalized by dividing the value by the daily dose. It was not
possible to compare absolute formation of the different metabolites because synthetic
metabolite standards were not available. The MS signals obtained for each chemical
moiety could not be compared across chemicals because of a lack of equimolar responses
across the chemical matter.
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2.3 RESULTS
Six metabolites were formed in vivo in human urine and plasma and were
confirmed with in vitro incubations. The in vitro incubations resulted in six additional
metabolites that were not observed in vivo in either urine or plasma. A total 12
metabolites were detected (Figure 2.2) in human plasma (Figure 2.3) and urine (Figure
2.4) as well as in in vitro incubations (Figure 2.5). The metabolites detected in the plasma
and urine of one patient are shown in this chapter as an example and it represent the
general trend of the other patients. The chromatograms of all the other patients are
detailed in Appendix B of this dissertation. The metabolic pathways, incubation matrices,
key fragments of the metabolites and retention time are detailed in Table 2.3. The
structural rationalization of each metabolite is explained in detail below.
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Figure 2.2: Proposed metabolites of domperidone, identified in human urine, plasma and
human liver subcellular fractions by LC-ESI-MS/MS. A dashed arrow indicates that
M8/M9 may lead to M10. However, this pathway has not been experimentally confirmed
in the present study. *Previously reported metabolite not observed in our experiments
†

Undetected intermediate.
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Table 2.3: Overview of domperidone metabolites identified and their fragmentation
Retention
Incubation

Key Fragments (m/z)

Matrix

MS denotes molecular ion

Metabolite(s) Metabolic Pathway

Time
(minute)

M1

Oxidation

HLM+HLC,

442, 252, 235, 207, 191,

21.3

Urine, Plasma 163, 135
M2

Oxidation

HLM,

22.1
442, 252, 235, 207, 191,

CYP3A4,
163, 135
Plasma, Urine
M3

HLM,

442, 252, 235, 207, 191,

CYP3A4

163, 135

HLM,

442, 252, 235, 207, 191,

CYP3A4

163, 135

HLM,

252, 235, 207, 169

23

Oxidation

M4

23.5

Oxidation

M5

N-dealkylation

18

CYP3A4,
Urine
M6

Oxidative

HLM,

193, 119

deamination

CYP3A4,

18.6

followed by
reduction
M7

HLM,

21.1

Dioxidation

458, 207, 179, 151
CYP3A4,
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M8

Oxidation followed HLM, Urine

618, 442, 367, 191, 163

18.2

618, 442, 367, 191, 163

19.5

634, 458, 207, 179

14.2

522, 442, 252, 235, 191,

21.2

by glucuronidation
M9

Oxidation followed HLM, Urine
by glucuronidation

M10

Dioxidation and

HLM

glucuronidation
M11

Oxidation followed HLM+HLC,
by

Urine, Plasma 163, 135

sulfation
M12

Oxidation followed HLM+HLC

522, 442, 252, 235, 191,

by

163, 135

22.2

sulfation
Domperidone N/A

N/A

426, 292, 252, 235, 207,
175, 147, 119
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Figure 2.3: LC-MS/MS chromatograms showing multiple reaction monitoring (MRM)
for domperidone and metabolites formed in the plasma. This data from (DSL-10) and
represents general trends in metabolites formation seen with other patients. Plasma
sample was collected 1 hour post dose. Chromatograms depict a 26-min segment of a 35min run; no parent-related peaks were observed between 26 and 35 min. Relative MS
intensities and LC retention times are shown for (A) domperidone, (B) M1 and M2; and
(C) M11. The parent-daughter transitions used to construct this MRM were 426147 for
domperidone; 442191 for M1 and M2; and 552191 for M11. The peak eluted at 5.9
min in panel (B) was also present in blank blood and did not appear in other MRMs.
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Figure 2.4: LC-MS/MS chromatograms showing multiple reaction monitoring (MRM)
for domperidone and metabolites formed in the urine. This data from (DSL-9) and
represents general trends in metabolites formation seen with other patients. Urine was
collected and pooled together for 4 hours from gastroparesis patients post dose.
Chromatograms depict a 26-min segment of a 35-min run; no parent-related peaks were
observed between 26 and 35 min. Relative MS intensities and LC retention times are
shown for (A) domperidone, (B) M1 and M2, (C) M5, (D) M7, (E) M8, M9 and (F) M11.
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The parent-daughter transitions used to construct this MRM were 426147 for
domperidone; 442191 for M1 and M2; 252207 for M5; 458151 for M7; 618442
for M8 and M9; and 552191 for M11.

Figure 2.5: LC-MS/MS chromatograms for metabolites formed in vitro. (A-D) CYP and
UGT catalyzed reactions with relevant cofactors in HLM are depicted, (E-F) CYP and
SULT catalyzed reactions with relevant cofactors in HLM + HLC are depicted. Insets (G)
and (H) are magnifications for panel (A) and (E) respectively. Chromatograms depict a
26-min segment of a 35-min run; no parent-related peaks were observed between 26 and
35 min. The parent-daughter transitions used to construct this MRM were 442191 for
M1, M2, M3 and M4; 193119 for M6; 618442 for M8 and M9; 634458 for M10
and 552191 for M11 and M12.
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2.3.1 Structural Rationalization of Domperidone
Domperidone was detected with ESI in positive ion mode at protonated molecular
ion [M + H]+ of m/z 426. An isotopic peak was observed at m/z 428 for to the 37Cl parent
ion. The LC retention time was approximately 24.5 minutes (Figures 2.3A and 2.4A).
The product ion spectrum revealed base peak at m/z 147. Other observed fragments were
m/z 292, 252, 235 and 207, 175 and 119 (Figure 2.6). The fragment ion at m/z 175
resulted from the loss of 5-chloro-1-(piperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one
moiety. Fragment ion at m/z 147 corresponded to 1-methylene-2-oxo-2,3-dihydro-1Hbenzo[d]imidazol-1-iumion, as shown in Figure 2.6, whereas fragment ion at m/z 119
corresponds to 1H-benzo[d]imidazol-1-ium ion. Fragment ion at m/z 252 corresponded
to 4-(5-chloro-2-oxo-2,3-dihydro-1H-benzo[d]imidazol-1-yl)piperidin-1-ium moiety.
Subsequent cleavage of the piperidine ring led to the formation of the fragment ions at
m/z 235 and m/z 207. The fragment ion m/z 292 resulted from the loss of the
benzimidazol-2-one moiety (Figure 2.6).
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Figure 2.6: Product ion scan (MS2) of domperidone in ESI positive ion mode. MS2
spectrum revealed fragments at m/z 292, 252, 235 207, 175, 147 and 119.

2.3.2 Structural Rationalization of the Metabolites
Structural Rationalization of M1 to M4
Four peaks corresponding to a protonated molecular ion at m/z 442 were observed
at 21.3, 22.1, 23 and 23.5 minutes (Figures 2.3B, 2.4B, 2.5A and 2.5E). Precursor ion at
m/z 442 was 16 amu higher than the corresponding [M+H] + at m/z 426 in domperidone,
suggesting oxidation. Collision-induced dissociation CID MS2 of M1 – M4 revealed
fragments at m/z 191, 163, 135 (Figure 2.7), higher by 16 amu than the corresponding
fragments in domperidone. M2 to M4 were identified using MS2 and have same
fragments (Appendix C). In M1, M2 and M4 the fragment ions at m/z 252, 235 and 207
were unchanged when compared to domperidone. Therefore, the site of metabolism can
be narrowed down to 1H-benzo[d]imidazol-2(3H)-one moiety.
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Figure 2.7: Product ion scan (MS2) for M1 in ESI positive ion mode.M2 to M4 were
identified using MS2 and have same fragments (Appendix C). Ions indicated by * denote
unchanged fragmentation compared with the parent. M1- M4 afforded major fragments
at m/z 191, 163 and 135 suggesting oxidation on the 1H-benzo[d]imidazol-2(3H)-one
moiety.
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Structural Rationalization of M5
M5 showed a protonated molecular ion [M+H]+ at m/z 252, with a retention time
of approximately 18 minutes (Figure 2.4C). Characteristic fragment ions at m/z 235 and
m/z 207 remained unchanged when compared to domperidone (Figure 2.8). In addition, a
fragment ion at m/z 169 that resulted from the cleavage of the C-N bond between the
piperidine ring and the 5-chloro-1,3-dihydro-2H-benzimidazol-2-one ring was also
observed. Therefore, M5 was identified to be a dealkylated product of domperidone and
was confirmed by diagnostic isotopic pattern arising from the Cl atom present in 5chloro-1H-benzo[d]imidazol-2(3H)-one moiety.

Figure 2.8: Product ion scan (MS2) for M5 revealing fragment ions at m/z 235, 207 and
169. The metabolite was identified as a dealkylated product of domperidone.
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Structural Rationalization of M6
M6 showed a protonated molecular ion [M+H]+ at m/z 193, at a retention time of
approximately 18.6 minutes (Figure 2.5B). CID MS2 spectrum of m/z 193 in positive ion
mode revealed a diagnostic fragment ion atf m/z 119, corresponding to reduced
benzimidazole moiety (Figure 2.9). Therefore, M6 was identified as an alcohol
metabolite of domperidone.

Figure 2.9: Product ion scan (MS2) for M6 revealing fragment ion at m/z 119, suggesting
an alcohol metabolite of domperidone.

Structural Rationalization of M7
M7 showed a protonated molecular ion [M+H]+ at m/z 458, 32 amu higher than
domperidone, to the parent suggesting a dioxidation. The LC retention time was
approximately 21.1 minutes (Figure 2.4D). CID MS2 spectrum revealed characteristic
fragment ions at m/z 207, m/z 179, m/z 151 higher by 32 amu when compared to m/z 175,
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m/z 147 and m/z 119 respectively in domperidone. Therefore the site of metabolism may
be narrowed down to 1,3-dihydro-2H-benzimidazol-2-one moiety (Figure 2.10).

Figure 2.10: Product ion scan (MS2) for M7 revealing fragment ions at m/z 207, 179,
and151 suggesting a dihydroxylation on the 1H-benzo[d]imidazol-2(3H)-one moiety of
domperidone.

Structural Rationalization of M8 and M9
In negative ion mode, neutral loss scans for 176 amu revealed a molecular ion
[M-H]- at m/z 616 was observed at 18.2 and 19.5 minutes (Figure 2.11). In positive mode,
the peaks were also revealed in a MRM scan constructed with the precursor-product ion
transitions of 618442 (Figure 2.4E and 2.5C). Protonated molecular ion at m/z 616 was
higher than domperidone by 192 (16 + 176) amu, suggesting oxidation followed by
conjugation with glucuronic acid. In positive ion mode, CID MS2 of m/z 618 spectrum
afforded diagnostic ions at m/z 442 and m/z 191 corresponding to protonated molecular
ion of hydroxylated domperidone and 3-(2-oxo-2,3-dihydro-1H-benzo[d]imidazol-1yl)propan-1-ylium ion, respectively. Fragment ion at m/z resulted from neutral loss of the
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glucuronic acid (Figure 2.12). Fragment ion at m/z as higher than 367 (16 +176) amu as
compared to fragment ion at m/z 175 in domperidone. Fragment ion at m/z 163 resulted
from the further cleavage of the aliphatic carbon chain, and was higher than 16 amu than
m/z 147 identified in domperidone (Figure 2.12). M8 and M9 are regioisomeric
metabolites of domperidone formed by oxidation followed by glucuronidation on the
substituted benzimidazolone functionality. M9 was identified using MS2 and has same
fragments (Appendix C).

Figure 2.11: Neutral loss scan for 176 amu in negative mode corresponding to the loss of
gluconic acid at m/z 616 showing 2 peaks corresponding to M8 and M9. Peaks at 5.4 and
5.6 minutes were investigated by running a MS2 and didn’t result t in the diagnostic
fragments of the metabolites.
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Figure 2.12: Product ion scan (MS2) for M8 showing fragment ions at m/z 442, 366, 191
and 163 in addition to a neutral loss of 176 were indicative of an oxidation followed by
subsequent glucuronidation. M9 was identified using MS2 and has same fragments
(Appendix C).

Structural Rationalization of M10
M10 showed a protonated molecular ion [M+H]+ at m/z 634, 192 (16 + 16 + 176)
amu higher than domperidone, to the parent suggesting a dioxidation and
glucuronidation. The LC retention time was approximately 14.2 minutes (Figure 2.5D).
CID MS2 spectrum revealed characteristic fragment ions at m/z 458, m/z 207 and m/z 179,
higher by 32 amu when compared to m/z 442, m/z 175 and m/z 147 respectively in
domperidone after the loss of the glucuronide moiety. Therefore the site of metabolism
may be narrowed down to 1,3-dihydro-2H-benzimidazol-2-one moiety (Figure 2.13).
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Figure 2.13: Product ion scan (MS2) for M10 showing fragment ions at m/z 458, 207 and
179 corresponding to di-hydroxylated mono-glucuronidated domperidone.

Structural Rationalization of M11 and M12
In negative ion mode, neutral loss scans for 80 amu revealed molecular ion [MH]- at m/z 520 at a retention time of 21.2 and 22.2 minute (Figure 2.14). In positive
mode, the peaks were also revealed in a MRM scan constructed with the precursorproduct ion transitions of 522191(Figures 2.3C, 2.4F and 2.5F). CID MS2 of
protonated molecular ion at m/z 522 showed fragment ion at m/z 442 that corresponded to
the protonated molecular ion of hydroxylated domperidone. Neutral loss scans of 80 amu,
corresponding to sulfur trioxide moiety afforded diagnostic fragment ions at m/z 191, m/z
163 and m/z 135 (Figure 2.15) similar to those observed in metabolites M1-M5,
suggestion oxidation of to 1H-benzo[d]imidazol-2(3H)-one moiety. Fragment ions at m/z
252 and m/z 235 remained unchanged in comparison with domperidone (Figure 2.15).
M12 was identified using MS2 and has same fragments (Appendix C).
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Figure 2.14: Neutral loss scan for 80 amu in negative mode corresponding to the loss of
sulfate group at m/z 520 showing 2 peaks corresponding to M11 and M12.

Figure 2.15: Product ion scan (MS2) for M11 showing fragment ions at m/z 442, 191,
163 and 135 in addition to a in a neutral loss of 80, thus indicating a mono-hydroxylation
followed by sulfation of domperidone. M12 was identified using MS2 and has same
fragments (Appendix C).
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2.3.3 Intersubject Variability for Circulatory and Urinary Levels of
Domperidone and Its Metabolites
The level of domperidone and its metabolites in plasma and excreted in urine
were compared among patients. Absolute peak area was divided by daily dose to correct
for the different dosing regimens. Figures 2.16 and 2.17 showed high intersubject
variability for both circulatory and urinary domperidone and its metabolites respectively
among patients.

Figure 2.16: Intersubject variability in circulatory domperidone and its metabolites
showing (A) Absolute area normalized to daily domperidone dose for domperidone. (B)
Absolute area normalized to daily domperidone dose for M1, M2 and M11. Blood sample
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was collected one hour after domperidone dose. Plasma immediately harvested from
blood by centrifugation as details under methods.

Figure 2.17: Intersubject variability in urinary domperidone and its metabolites. (A)
Absolute area normalized to daily domperidone dose for domperidone, M1, M2 and M11.
(B) Absolute area normalized to daily domperidone dose for M5 and M8. Data are from
11 gastroparesis patients. Urine sample was collected and pooled together for 4 hours
from each patient after the administration of a post-prandial domperidone dose.
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2.4 DISCUSSION
Metabolite identification is vital for understanding drug disposition and for
ascertaining drug safety. Radiolabeled compounds allow the most thorough and definitive
determination of biotransformation pathways and allow for a drug’s mass balance. Recent
advances in LC-MS/MS technology have made metabolite identification without
radiolabeled material more reliable, although less quantitative (Zhang et al., 2008).
Sensitive techniques such as multiple reaction monitoring, product ion scanning and
neutral loss offered by triple quadruple mass spectrometers present uncomplicated and
confident determination of many metabolites even in complex matrices (Zhang et al.,
2008). Ideally, metabolite identification is performed in healthy volunteers because
multiple medications that a patient may be on can interfere with the analytical
identification of drugs and metabolites on the MS. Further, expression levels of drug
metabolizing enzymes and resultant metabolic efficiency can be altered by disease. In our
study, it was not possible to recruit healthy volunteers because domperidone is not
approved for use in the USA. All gastroparesis patients enrolled in the present study were
already prescribed domperidone and were on a chronic dosing schedule (Table 2.1). It
was anticipated that domperidone levels in blood were at steady state, because patients
were taking 10-20 mg domperidone 3-4 times/day and the elimination half-life of
domperidone is 7 hours (Agarwal et al., 2007).

Three circulating metabolites, M1, M2 and M11, were observed, while a total of 7
metabolites (M1, M2, M5, M7, M8, M9 and M11) were identified in urine. A total of 4
monohydroxylated metabolites (M1to M4) were observed in the present investigation. Of
these, M1 and M2 were observed in human plasma and in urine (Figures 2.3 and 2.4). In
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vitro results suggested that the oxidation resulting in M1 is not CYP mediated. M1 was
detected in incubations containing HLM and HLC (Figure 2.5E). To investigate the
possible role of cytosolic enzymes in the formation of M1, domperidone was incubated
with HLC in presence of NADPH regenerating systems but the metabolite was not
detected. The mechanism of M1 formation will be explored in future studies. M5, a
dealkylated metabolite, was observed in urine as well as in vitro but not in plasma,
suggesting that M5 might be excreted too efficiently to allow substantial circulating
levels. M6 is an alcohol, potentially formed from an unstable aldehyde intermediate,
which resulted from an oxidation deamination of domperidone. It was formed only in the
in vitro CYP incubations. The corresponding acid (m/z 207) was not detected in our
studies although it was reported in an earlier study (Ward et al., 2004). We checked for
the possibility of the conversion of the acid to the corresponding acyl-glucuronide, but
the latter was not detected. All the aforementioned metabolites (M2 – M7) are oxidation
products and they were detected in CYP3A4 incubation (Table 2.3). These results
confirm previous findings that CYP3A4 is a contributor in domperidone metabolism
although CYP1A2, CYP2D6, and CYP2C8 are also implicated in the metabolism of
domperidone (Simard et al., 2004; Ward et al., 2004) and need to be evaluated.
Furthermore, other enzyme classes (for instance, FMOs or Aldehyde Oxidase) may
contribution to the formation of metabolites and need to be evaluated.

For glucuronide conjugates, M8 was detected in in vitro incubations and urine
whereas M9 was only detected in vitro. Neither metabolite was detected in the plasma.
We checked the possibility of direct conjugation of a heteroatom with glucuronic acid;
however we did not observe neutral loss of 176 in incubations that did not contain
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NADPH regenerating system suggesting that glucuronidation only occur after
hydroxylation. Finally, for sulfate conjugates, only M11 was detected in urine and
plasma.

Overall, oxidative metabolites M1 to M4 may have led to formation of M7,
sulfate metabolites M11 and M12 and glucuronide metabolites M8 and M9. M10 was
identified as a tertiary metabolite of domperidone, possibly arising from M7 (or M8 and
M9). M5 and M6 were primary metabolites of domperidone arising from dealkylation or
deamination reactions.

The relatively high drug concentration to which the liver subcellular fractions are
directly exposed to, leads to the formation of some metabolites that are formed only in
vitro but not in vivo. The Cmax of domperidone after single oral dose of 20 mg was 20-50
ng/ml (47-111 nM) (Wu et al., 2002). However, using these concentrations could yield
very low amount of some metabolites that may not below the signal-to noise ratio. It is
also possible that M3, M4, M6, M10 and M12 were not detected in vivo because they
were formed in amounts not detected analytically. In addition, we accounted in this study
for circulating metabolites and metabolites excreted in urine. M5 and M8 were detected
in urine but not in plasma potentially due to their rapid excretion or due circulating levels
below the level of detection. Metabolites excreted by non-renal pathways will be
investigated in a future study. Quantification of domperidone and its metabolites is
beyond the scope of this study; however we observed variation in the concentration of
both (Figures 2.16 and 2.17) which can be partially explained by common
polymorphisms reported in CYP3A4 (Zhou et al., 2009) along with the variability
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associated with different age, gender, disease progression, co-mediations that patients
may be taking and other environmental factors that can cause variability. It should also be
noted that Figures 2.16 and 2.17 represent relative metabolites of domperidone,
normalized to the administered dose of domperidone, because the dosage regimens were
not the same across patients. For the purposes of this investigation it was assumed that
fraction of domperidone absorbed was similar across patients. However, it is possible that
domperidone oral bioavailability is variable among patients and contributes to the
variability observed in metabolite levels. It would be interesting to compare this data with
the metabolism in healthy subjects since the basal metabolic rate in patients with
gastroparesis may be lower than healthy individuals (Parkman et al., 2011b).

The metabolism of domperidone has been previously evaluated in humans by
measuring the radioactivity in urine and feces after oral administration of 14C-labelled
drug (Meuldermans et al., 1981). The metabolites reported in this study were a) monohydroxylated domperidone structurally similar to structures of M1-M4 reported in our
study, b) a metabolite that resulted from oxidative N-dealkylation (labeled M5 in our
studies) and c) the acid equivalent to M6 reported in our study. Meuldermans et al., 1981
confirmed the structures of the metabolites by comparing the retention time of the
metabolites with that of synthetic standards. In the same study, a conjugate of the monohydroxylated domperidone was also reported but the type of conjugation was not
confirmed. This was the only reported in vivo study to our knowledge that investigated
domperidone metabolism in humans. Subsequent in vitro studies (mainly in HLM)
confirmed the previous metabolites and reported 3 additional mono-hydroxylated
metabolites (Simard et al., 2004; Ward et al., 2004). No further domperidone metabolite
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identification studies were conducted. In the present study, we utilize advanced MS/MS
tools to confirm previous findings as well as identify new metabolites. Synthetic
standards for metabolites were not commercially available for the present study, and
synthesis of metabolites was outside the scope of this project.

The pharmacokinetics of domperidone have been evaluated in humans as well as
preclinical species. Its metabolism has been characterized in rats, dogs, and humans, with
similar metabolites and excretion pathways reported in all three species (Meuldermans et
al., 1981). With respect to drug interaction studies, it is noteworthy that domperidone is
not only a CYP3A4 substrate as discussed above, but may also be a CYP3A4 inhibitor
(Chang et al., 2010). The interplay between the metabolism of domperidone and
inhibition of its own metabolism via CYP3A4 remains to be characterized. Another
interesting area of study is the role of drug transporters in the disposition of domperidone
and/or its metabolites. Domperidone had been shown to be a substrate for the apical
efflux transporter P-glycoprotein (Dan et al., 2002; Bamburowicz-Klimkowska et al.,
2007). A recent study found that the polymorphism in P-glycoprotein is strongly
associated with the response to domperidone therapy (Parkman et al., 2011a). The
interplay between metabolism of domperidone, and transport of the parent as well as its
metabolites, will be important in the overall safety and drug interaction profile of this
drug.

In summary, the study successfully determined the metabolism of domperidone in
gastroparesis parents and in vitro with MS/MS identification and characterization. A total
of 12 metabolites were identified, of which 7 metabolites were formed in vivo. Among
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the metabolites, M7-M12 have not been reported previously. The variability in
domperidone efficacy and toxicity might be due to the genetic variation in metabolizing
enzymes and the knowledge of domperidone metabolism is required to clarify these
effects. The outcome of these studies allows a deeper understanding into the metabolism
of domperidone in humans.
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CHAPTER 3
REACTION PHENOTYPING OF METOCLOPRAMIDE USING
PARENT DEPLETION APPROACH

3.1 RATIONALE
Although metoclopramide had been used for decades for treatment of
gastroparesis, essential information about its metabolism in human is not fully
characterized. Metoclopramide is absorbed rapidly after oral dosage (Teng et al., 1977)
and is extensively metabolized via oxidation and conjugation to a reported ten
metabolites (Teng et al., 1977; Argikar et al., 2010) whereas 25% of the dose is excreted
unchanged in urine (Teng et al., 1977). The majority of metabolite is excreted in urine
with overall renal excretion of 80%. CYP2D6 was reported to play a role in
metoclopramide metabolism (Desta et al., 2002). In this study, CYP2D6 was responsible
for the formation of the dealylated metabolite (labeled M3 in this chapter). Recent
metabolite identification studies revealed 4 extra oxidative metabolites for
metoclopramide (Argikar et al., 2010). The role of CYP enzymes in the formation of
these metabolites was studies in this chapter. In the present study, six CYP isoforms were
evaluated namely CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1 and CYP3A4. This
choice was made based on the results reported that these enzymes account for the
metabolism of nearly 90% of the drugs (Yu et al., 2006).

In order to characterize the relative contribution of different CYP isoforms in the
metabolism of metoclopramide, a sensitive and rapid LC-MS/MS method was developed
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and validated in the present study. This method will enable accurate quantification of the
remaining metoclopramide after incubation with different CYPs. An intrinsic clearance
can be calculated from the regression of the depletion graphs. There have been several
HPLC-UV methods reported for the quantification of metoclopramide (Bishop-Freudling
and Vergin, 1983; Popović, 1984; Buss et al., 1990). By using UV detection at 273 nm, a
lower limit of quantification of 3 g/ml in plasma was reported (Buss et al., 1990). The
success of reaction phenotyping by parent depletion relies mainly on the ability to
accurately quantify the low depletion of metoclopramide in the samples. This level of
sensitivity was not offered with the existing HPLC-UV methods. Several LC-MS/MS
were also reported (Lee et al., 2009; Inamadugu et al., 2010), however the linearity range
was very narrow and hence was not practical for our use.

The aim of this study was to identify the CYP isoforms responsible for
metoclopramide metabolism using recombinant enzymes and to study the contribution of
studied isoforms in the formation of metoclopramide metabolites. This identification will
help clinicians avoid drug combinations that can be considered to exhibit potential safety
liability. The knowledge provided by this work will help make more confident, effective
and less hazardous clinical decisions which will ultimately lead to more successful
gastroparesis management.

The objectives of these studies were:
1- Develop and validate an LC-MS/MS assay to quantity metoclopramide concentration
in incubation reaction.
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2- Identify the main CYP enzyme(s) involved in metoclopramide metabolism using the
substrate depletion approach which will pave the way for future DDI experiments that
include metoclopramide and concomitant medications sharing same DME.
3- Calculate the intrinsic clearance value of each isoform.
4- Monitor the formation of metoclopramide metabolites in the panel of the studied CYP
enzymes to identify which metabolite is catalyzed by CYP2D6 for future CYP mediated
DDI studies.
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3.2 EXPERIMENTAL DESIGN
3.2.1 Chemicals and Reagents
Metoclopramide hydrochloride was purchased from Sigma-Aldrich (St. Louis,
MO). Human recombinant CYP enzymes and NADPH-regenerating system were
purchased from BD Biosciences (San Jose, CA). Potassium phosphate, dimethyl
sulfoxide (DMSO) and HPLC-grade acetonitrile and methanol were purchased from
common vendors. Deionized water (above 18 MΩ) (Nanopure deionization system,
Barnstead/Thermolyne, Dubuque, IA) was used for all aqueous solutions.

3.2.2 In vitro Incubations
Metoclopramide depletion study: Reaction phenotyping was conducted to identify
the isozymes responsible for metoclopramide metabolism using the parent depletion
approach. The CYP isoforms included CYP1A2, CYP2C9*1, CYP2C19, CYP2D6*1,
CYP2E1 and CYP3A4. In brief, each reaction solution contained one of the
aforementioned isoforms (1 mg/ml) and 1 M metoclopramide (final concentration) in 50
mM potassium phosphate buffer (pH 7.4). Tris buffer (100 mM, pH7.5) was used with
CYP2C9*1 as recommended by the manufacturer. The reactions were warmed for 3 min
at 37C in a shaking water bath. Reactions were started by the addition of a NADPHregenerating system (final concentrations of components in reactions are 1.3 mM NADP,
3.3 mM glucose 6-phosphate, 0.4 U/ml glucose- 6-phosphate dehydrogenase, and 3.3
mM magnesium chloride) and further incubated for one hour. Aliquots (25 l) were
sampled at 5, 10, 20, 30, 60 min and immediately quenched with 50 l ice cold
acetonitrile containing 0.2 g/ml fenofibrate (internal standard). Samples were
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centrifuged at 14,000 rpm for 15 min, and 5 l of the supernatant was injected into the
LC-MS/MS to determine the remaining metoclopramide concentrations. Negative
control reactions, without NAPDH-regenerating system, were conducted at the same time
under similar conditions.

Metoclopramide metabolite formation: Phase I metabolites were generated by
incubation of metoclopramide (1 mM final concentration) with 1 mg/ml pooled HLM or
recombinant CYP isoforms in 50 mM potassium phosphate buffer (pH 7.4) for all
isoforms except CYP2C9*1 which uses 100mM Tris (pH 7.5) according to the
manufacturer’s recommendation. The reactions were warmed for 3 min at 37C in a
shaking water bath and then initiated with the addition of NADPH-regenerating system.
The reactions were further incubated overnight at 37°C. Reactions were terminated by
addition of equal volume ice-cold acetonitrile. Reactions were then centrifuged at 14,000
rpm for 15 min and 10 l of the supernatant was used for further analysis for metabolites.
Negative control incubations (with buffer instead of NADPH) were carried out in
parallel.

3.2.3 Analytical Methods
Preparation of stock solution, calibration standards and quality control
samples: Standard stock solutions of metoclopramide and fenofibrate (internal standard)
were prepared at 1 mg/ml in methanol. The working solutions of metoclopramide and
fenofibrate were prepared fresh daily. Aliquots of the metoclopramide stock solution
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were diluted with methanol to approximately 23.9 g/ml. Stock of fenofibrate was
diluted with acetonitrile to 0.2 g/ml which was used to quench the incubation reactions.
Aliquots of stock solutions of metoclopramide were diluted serially with buffer
containing HLM to achieve concentration ranges from 6.3 to 1020 ng/ml to construct the
calibration curve. Quality control samples were prepared in a similar manner over a
concentration range from 14.7 to 435 ng/ml, and were assayed in triplicate on each day
that samples were analyzed. Calibration curves were obtained by weighted (weight
factor = 1/x2) least-squares linear regression of the peak area ratio of metoclopramide to
fenofibrate versus the metoclopramide concentration. Calibration and QC samples were
stored at −80 °C.

Method validation: Linear calibration curves were determined from the best-fit of
the peak-area ratios (peak area analyte/peak area IS) vs. concentration using a weighing
factor (1/X2). Linearity of calibration curve was determined by linear regression with the
appropriate weighting scheme to yield a correlation coefficient (r 2) of ≥0.99. The intraday and inter-day means, precision and accuracy of the quality control samples were
calculated. Precision was calculated as the relative standard deviation (RSD) of the
determined concentrations while accuracy was expressed as percent bias [%
Bias = ((mean of the measured concentration − added concentration)/added
concentration) × 100]. The precision and accuracy value of less than 15% were
considered satisfactory.
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LC–MS/MS method for metoclopramide determination: The LC–MS/MS
instrumentation consists of an Agilent 1100 HPLC system (Agilent Technologies, Santa
Clara, CA) equipped with a binary pump, autosampler and degasser coupled to an API
4000 MS/MS system (AB SCIEX, Foster City, CA) using electrospray ionization
operated in positive ion scan mode. Analyst software version 1.6.1 (AB SCIEX,
Framingham, MA) was used for instrument control, data acquisition and processing.
Nitrogen was used as the curtain, collision and ion source gas.
Separation of metoclopramide was achieved by new validated isocratic method using a
mobile phase of 10 mM ammonium formate containing 0.1% formic acid : acetonitrile
containing 0.1% formic acid [15:85, v/v] delivered at a flow rate of 0.35 ml/min through
a C18 column (Zorbax SB-C18, 3.5 μm particle size, 4.6 × 50 mm; Agilent Technologies,
Santa Clara, CA). The needle was washed with 50% acetonitrile after each injection to
ensure that there is no carry-over effect. The column temperature was adjusted at 45 °C.
The electrospray ionization was operated in positive ion scan mode and the column
effluent was monitored at the following precursor-product ion transitions: m/z 300→277
for metoclopramide and m/z 361→233 for fenofibrate (internal standard) with a dwell
time of 200 ms for each ion transition. Automatic tuning mode was used to optimize the
tandem mass spectrometry conditions listed in Table 3.1.
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Table 3.1: Optimized ESI–MS/MS operating, MRM and MS/MS parameters for
metoclopramide and the internal standard.
Operating condition

Setting

Collision gas (psi)

5

Curtain gas (psi)

40

Ion source gas 1 (psi)

50

Ion source gas 2 (psi)

50

Ion spray voltage (V)

4200

Temperature (°C)

400

EP (V)

10

Run duration (min)

5.5

Metoclopramide Fenofibrate (IS)
Precursor ion (m/z)

361

300

Product ion (m/z)

233

227

Dwell time (ms)

200

200

DP (V)
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40

CE (V)

23

25

CXP (V)

6

6

LC–MS/MS for metabolite identification: Samples from in-vitro incubations
were analyzed using the above LC-MS/MS system by reverse-phase high-performance
liquid chromatography using the published method (Argikar et al., 2010) with slight
modifications. Briefly, a gradient elution consists of 10 mM ammonium formate with
68

0.1% formic acid (Mobile phase A) and acetonitrile with 0.1% formic acid (Mobile phase
B) delivered at a flow rate of 0.35 ml/min through a Zorbax C18 (250 × 4. 6 mm, 5 μm)
column. For the initial 5 min, the percentage of mobile phase B was adjusted to 5%.
Thereafter, the percentage of B was gradually increased to 40% B over 20 min and to
95% over 5 min. After the elution of metoclopramide and its metabolites, the column was
returned over 1 min to 5% B, where it was held for 3 min for reequilibration, before the
next injection. The total run time was 35 min and the column temperature was maintained
at 25 °C. MRM transitions for individual metoclopramide phase I metabolites are based
on previous work performed on metabolite identification (Argikar et al., 2010) and are
summarized in Table 3.2.

Table 3.2: Phase I metoclopramide metabolites as identified by (Argikar et al., 2010).
MRM
Metabolite

Reaction type

Structure
transitions
CH3

O

Metoclopramide

300227

N

Cl
NH

N/A
H2N

CH3

O

300272

CH3

300184
300115
300100

O
NH

Cl
NH

M3

N-dealkylation
H2N

O
CH3
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272227
CH3

272184

CH3

O
N

Cl
NH

M4

Oxidation
H2N

CH3

O

316117
316100

CH3

OH
O

Oxidative

OH

Cl

deamination,

NH

M5
followed by

259184
O

H2N

259115

O
CH3

oxidation

CH3

O
N

Cl

N-

NH

344271

M9
carbamoylation

HN
HO

CH3

O
CH3

O

CH3

O

330257

NH

M10
formation

N

Cl

Nitro
O

+

344228

N

O

O

CH3

CH3

330214

3.2.4 Data Analysis
Metoclopramide depletion with CYP isoforms: The remaining concentration of
metoclopramide after 1 hour was converted to percent remaining as follows:
Percent remaining =

*100
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All experiments were performed in triplicate and data was presented as mean  standard
deviation. Remaining and initial concentration were compared by Student’s t-test. The
statistical significance was set at p < 0.05.

Intrinsic clearance calculation: The intrinsic clearance was calculation using the
“in vitro t1/2 method” described previously (Obach et al., 1997). First, the turnover rate
constant (k, min-1) is calculated by non-linear regression of the percent of
metoclopramide remaining after incubation with a given CYP enzyme (C t) versus time (t)
as shown by the equation Ct=Coe-kt , where Ct and Co are the percentage of
metoclopramide remaining after time (t) and time zero respectively. The stability halflive was calculated using the equation t1/2 = 0.693/k. The in vitro intrinsic clearance
(CLint) as follows (Obach, 2011):
CLint =
The values of 12 mg total protein per ml supersomes and abundance of 83.3 pmol per mg
protein were obtained from the manufacturer.

Metabolite formation analysis: Absolute peak areas for M3, M4 and M9 were
calculated for negative control and test samples based on the response from the MRM
272184, 316 100 and 344 228 respectively. M5 and M10 were not detected in
this experiment.
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3.3 RESULTS
3.3.1 Mass spectrometry and Chromatography
Standard curves of metoclopramide were linear within the ranges 6.3 to 1020
ng/ml (Figure 3.1). The developed method produced peaks for metoclopramide and
fenofibrate within a run time of 5.5 min. The LC showed the retention time of
metoclopramide and fenofibrate at 2.3 min and 3.2 min respectively (Figure 3.2). The
lower limit of detection of metoclopramide was 6.3 ng/ml whereas the lower limit of
quantitation (LLOQ) was 14.7 ng/mL in phosphate buffer containing HLM.
Chromatograms of metoclopramide and fenofibrate are shown in (Figure 3.2) at 6.3, 79.9
and 435 ng/ml of metoclopramide. The MS operated with ESI in positive ion scan mode
showed a protonated molecular ion (M+H+) at m/z of 300 and 361 corresponding to
metoclopramide and fenofibrate, respectively. The product ion scans (MS2) for
metoclopramide and fenofibrate is shown in (Figure 3.3). The fragments with the highest
intensity (227 for metoclopramide and 233 for fenofibrate) were chosen for the MRM.

Figure 3.1: Calibration curve of metoclopramide showing linearity over concentration
range of 6.3 -1020 ng/ml (r2 = 0.9967 using a weighting scheme of 1/x2). n=1 at each
concentration.
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Fenofibrate

Metoclopramide

Metoclopramide
Fenofibrate

Metoclopramide
Fenofibrate

Figure 3.2: Chromatograms of metoclopramide (red) at (A) 6.3 ng/ml, (B) 79.9 ng/ml
and (C) 435 ng/ml monitored at the transitions of 300 → 227 eluted at 2.3 min.
Chromatogram of fenofibrate (blue) at 200 ng/ml is monitored at a transition of
361 → 233 eluted at 3.2 min.
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Figure 3.3: Product ion scan (MS2) of A) metoclopramide and B) fenofribrate.

3.3.2 Method Validation
The results of the method validation are summarized in Table 3.3. The interday (5
replicates) and intraday (5 replicates) accuracy and precision for metoclopramide in
buffer containing HLM were less than ±15% at all QC concentrations which is acceptable
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(Shah et al., 2000). Calibration curves were linear over the concentration ranges with
correlation coefficients greater than 0.99 (Figure 3.1).

Table 3.3: Interday (n = 5) and intraday (n = 5) assay accuracy and precision in
determination of metoclopramide in phosphate buffer containing HLM.
Interday validation

Intraday validation
Mean

Mean
Nominal

observed
observed

Precision

Accuracy

concentration

Precision

Accuracy

(RSD)

(% Bias)

concentra
concentrati

(RSD)

(% Bias)

(ng/ml)

tion
on (ng/ml)
(ng/ml)

435

410.1

8.1

-5.73

422.8

9.2

-2.80

79.9

83.5

5.6

4.52

85.7

6.4

7.30

34.3

35.4

6.6

3.09

36.2

6.7

5.50

14.7

15.3

7.2

4.00

14.7

2.2

-0.30

3.3.3 Characterization of Metoclopramide Metabolism in Human CYP Supersomes
The developed LC-MS/MS method was applied to screen metoclopramide
metabolic stability against a panel of CYP isoforms. The rate of metoclopramide
disappearance was monitored over 1 hr. Significant metoclopramide disappearance
(90%, p<0.05) was observed within 30 min in CYP2D6*1 incubations (Figure 3.4 and
Table 3.4). Metoclopramide concentration remained unaltered in incubations containing
other CYP enzymes.
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Table 3.4: Percentage of metoclopramide remaining after incubation with recombinant
enzymes in presence of NADPH-regenerating system for 1 hour. n=3, mean standard
deviation.
Incubation
CYP2C19

CYP2C9*1

CYP2E1

CYP2D6*1

CYP3A4

CYP1A2

0

100  0

100  0

100 0

100  0

100  0

100  0

5

100.5  5.9

106.4  5.4

94.7  4.8

60.4  6.9

99.9  4.2

95.7  8.9

10

95.7  1.6

98.3  4.5

96.1  3.3

30.4  5.1

100.0  5.4

90.7  0.7

20

91.9  5.4

103.9  3.1

96.7  2.7

14.9  0.3

97.8  4.1

91.5  7.1

30

95.2  3.5

109.0  4.6

96.1  7.5

11.2  0.6

102.3  2.2

86.5  3.2

60

94.6  0.4

111.1  0.6

96.5  13.8

9.3  0.3

95.6  0.7

98.6  7.3

Percentage metoclopramide remaining (%)

time (min)

120
100
80

2C19
2C9

60

2E1
2D6

40

3A4
20

1A2

0

0

10

20

30

40

50

60

70

Time (min)

Figure 3.4: Metoclopramide in vitro metabolism screening with various CYP isoforms.
Metoclopramide (1M) was incubated with CYP enzymes for 1 hour. The percentage of
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metoclopramide remaining (mean  standard deviation, n=3) relative to the control
(lacking NADPH regenerating system) versus time is shown.

Percentage metoclopramide remaining
(%)

120
100
80

y = 90.178e-0.093x
R² = 0.9553

60
40
20
0
0

5

10

15

20

25

Time (min)

Figure 3.5: Nonlinear regression fitting of the percent metoclopramide remaining after
incubation with CYP2D6 versus time. Data shown as triplicates.

kdeg was calculated from the non linear regression of the depletion curve (Figure 3.5) and
was equal to 0.096 min-1 and the stability t 1/2 was 7.2 min. Intrinsic clearance for
CYP2D6 (Clint CYP2D6) was calculated to be 0.67 ml/hr/pmole.
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3.3.4 Metoclopramide Metabolites Formation

Figure 3.6: MRM transitions for individual metoclopramide phase I metabolites.
For every metabolite, all reported MRM in (Argikar et al., 2010) were compared and the
MRM with the highest intensity was chosen for calculation of the metabolite peak area.
Only M3, M4, M9 and M10 were detected using our experiment. The highest MRM
responses were 272184, 316100, 3440228 and 330214 for M3, M4, M9 and
M10 respectively.
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Figure 3.7: Absolute peak areas of M3 (upper panel) and M4, M9 (lower panel) in
presence of HLM and recombinant CYP enzymes. NC: Negative control; T: Test.

Metoclopramide (1mM) was incubated with HLM and CYP450 enzymes for 1 hour. As
shown in Figure 3.7, M3 was formed mainly in CYP2C19 incubations and to a less extent
in CYP2C9*1, CYP3A4, CYP2D6*1 and CYP1A2. CYP1E2 showed no activity for M3
formation. M4 and M9 were mainly formed in CYP2D6 incubations and to a lesser extent
in CYP1A2. Other isoforms showed modest or no activity at all.
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3.4 DISCUSSION
Drugs that are mainly metabolized by CYP2D6 can express huge exposure
variation due to the polymorphic nature of the enzyme (Brynne et al., 1999; Preskorn et
al., 2009; Oishi et al., 2010; Lindskov Krog et al., 2013). Previous reports showed that
CYP2D6 plays a major role in metoclopramide metabolism (Desta et al., 2002). In the
aforementioned study, the formation of M3 was monitored in various CYP incubations.
M3 was reported previously as the major metabolite in lower animals (Teng et al., 1977).
Same results were reported using in-silico prediction models (Yu et al., 2006). In our
study design, we used the parent depletion approach, a more holistic technique since it
accounts for the formation of all possible metabolites.

The new developed and validated LC/MS/MS method provided a high sensitivity
with a detection limit of 6.3 ng/ml with a linear relationship over the concentration ranges
of 15-1400 ng/mL (r2 >or=0.99). The precision and accuracy were less than 15% which
is acceptable analytically.

Due to instrumentation differences, it was imperative to ensure that reported LCMS/MS method for metoclopramide metabolite identification (Argikar et al., 2010) was
reproducible under our laboratory conditions. Metoclopramide and all its metabolite were
detected with exception of M5 (Figure 3.6). It was concluded from the metabolite
formation experiment that CYP2D6, CYP2C19, CYP1A2, CYP3A4 and CYP2C9
contribute in metoclopramide metabolism. However, if these results are viewed in
context with the results of the parent depletion experiment, it can be concluded that only
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CYP2D6 is the major contributor in metoclopramide metabolism among the CYP
enzymes tested in our experiments. Other CYP enzymes that were not included in our
experiments (for instance, CYP2C8 or CYP 2B6) may also contribute to metoclopramide
metabolism. Other phase 1 oxidative enzymes may also contribute to the formation of
these metabolites.

Hepatic clearance of metoclopramide is not limited to CYP enzymes. UGT and
SULT can also contribute in the metabolism of the drug. Metoclopramide is conjugated
to at least 5 metabolites by UGTs and SULTs (Argikar et al., 2010). It is also noteworthy
that liver is not the only metabolizing organ, extrahepatic metabolism can occur in
intestine, lung and other organs. CYP enzymes are expressed in human intestine, lung
(Hukkanen et al., 2002) and kidney (Lock and Reed, 1998). UGT isoforms are expressed
in human intestine, and kidney (Yamanaka et al., 2007). SULT isoforms are expressed in
human intestine (Teubner et al., 2007) and lung (Riches et al., 2009).

This work was limited to identify the CYP isoforms responsible for
metoclopramide metabolism using recombinant enzymes approach and to assess the
relative contribution of each isoform. Reaction phenotyping of UGT and SULT will be
investigated in future studies. Full knowledge of the CYP enzymes responsible for the
metabolism of metoclopramide will help evaluate some commonly prescribed drug
combinations that involve metoclopramide. CYP2D6 was proved to contribute
significantly in the metabolism of metoclopramide as confirmed by this study and earlier
work (Desta et al., 2002). CYP2D6 also eliminates other drugs that are frequently
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prescribed in gastroparesis treatment like ondansetron and promethazine. A future DDI
study can investigate the probability of CYP2D6-mediated interaction between
metoclopramide, ondansetron and promethazine through monitoring the formation of M3,
M4 or M9. Caution must be exercised when prescribing metoclopramide with other
CYP2D6 substrates.
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CHAPTER 4
METABOLIC INTERACTION OF DOMPERIDONE WITH
PIOGLITAZONE OR ONDANSETRON

4.1 RATIONALE
Prokinetic agents are often the first choice of pharmacological intervention in
gastroparesis. Metoclopramide is often used in gastroparesis treatment (Goodman et al.,
2001). Domperidone or erythromycin may be also used (Friedenberg and Parkman,
2006). In addition to prokinetic agents, anti-emetic medications (for instance,
ondansetron or promethazine) may be co-prescribed to relieve gastroparesis symptoms.
Gastroparesis is prevalent in diabetic patients (Horowitz et al., 1989; Lyrenås et al., 1997)
and therefore, an anti diabetic agent such as pioglitazone may be co-prescribed with
prokinetic agents to control blood glucose level. CYP3A4 and CYP2D6 are involved in
the metabolism of many drugs commonly used in gastroparesis (Table 4.1).

Table 4.1: Main CYP enzymes involved in the metabolism of drugs commonly used in
the management of gastroparesis
Class

Drug

Main CYP

Reference

enzymes
Prokinetic

Metoclopramide 2D6 [S] [I]

(Desta et al., 2002)

Domperidone

(Simard et al., 2004; Ward et

3A4 [S] [I], 2D6 [S]

al., 2004; Chang et al., 2010)
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Antiemetic

Erythromycin

3A4 [I]

(Okudaira et al., 2007)

Ondansetron

3A4[S], 2D6[S] [I]

(Fischer et al., 1994; Dixon et
al., 1995; Niwa et al., 2006)

Anti-

Promethazine

2D6 [S]

(Nakamura et al., 1996)

Amitriptyline

1A2 [S], 2C9[S],

(Bertschy et al., 1991;

2C19 [S], 2D6[S]

Ghahramani et al., 1997;

depressant

Olesen and Linnet, 1997b;
Miners and Birkett, 1998;
Venkatakrishnan et al., 1998)
Imipramine

Desipramine

1A2 [S],2C19 [S],

(Brøsen et al., 1991; Brøsen,

2D6[S]

1995; Koyama et al., 1997)

2D6 [S] [I]

(Dahl et al., 1993; von
Moltke et al., 1994; Hara et
al., 2005)

Nortriptyline
Hypoglycemic Pioglitazone

2D6 [S]

(Olesen and Linnet, 1997a)

2C8[S] [I], 3A4[S]

(Jaakkola et al., 2006b;

[I]

Kajosaari et al., 2006)

[S]= Substrate, [I]= Inhibitor

Domperidone is extensively metabolized in the liver predominantly by CYP3A4
with minor contributions by CYP1A2, CYP2D6, and CYP2C8 (Simard et al., 2004; Ward
et al., 2004). Drug combinations of domperidone with other drugs for which CYP3A4mediated metabolism is a major pathway can trigger potential DDI. The co-
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administration of pioglitazone or ondansetron with domperidone might result in
inhibition of CPY3A4-mediated domperidone metabolism, and consequently may lead to
higher-than-expected systemic exposure of domperidone. Ondansetron is metabolized by
CYP2D6 and CYP3A4 (Dixon et al., 1995). Ondansetron is also a competitive inhibitor
of CYP3A-mediated biotransformation reactions (Fischer et al., 1994; Dixon et al.,
1995). Additionally, rifampin (a potent inducer of CYP3A4) increased the metabolism of
ondansetron in humans (Villikka et al., 1999).

Pioglitazone is a PPAR- agonist used to treat type 2 diabetes. Pioglitazone is
primarily CYP2C8 substrate (Jaakkola et al., 2006b). It is also a substrate and
competitive inhibitor of CYP3A4 (Sahi et al., 2003). Pioglitazone competitively inhibited
CYP3A4-mediated biotransformation reactions, such as testosterone hydroxylation in
HLM (Ki 11.8 μM) (Sahi et al., 2003) and verapamil demethylation in rats (Choi and
Burm, 2008). Additionally, pioglitazone was reported to be a mechanism-based
inactivator of CYP3A4 (Lim et al., 2005).

Prescription of two or more drugs that have overlapping metabolic pathways,
mainly via common CYP enzymes might lead to serious DDI. Some of the common drug
combinations that are frequently co-prescribed for gastroparesis patients are summarized
in table 4.2.
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Table 4.2: Common drug combinations, involving a prokinetic agent, used in the
management of gastroparesis and the common CYP enzyme.
Prokinetic

Second medication

Common CYP

Domperidone

Erythromycin (Prokinetic)

CYP3A4

Domperidone

Pioglitazone (Antidiabetic)

CYP3A4

Domperidone

Ondansetron (Antiemetic)

CYP3A4

Metoclopramide

Ondansetron (Antiemetic)

CYP2D6

Metoclopramide

Promethazine (Antiemetic)

CYP2D6

The objectives of these studies were:
1- Development of an accurate HPLC method to quantify monohydroxy domperidone
metabolites in incubation matrices.
2- Determination of the membrane sequestration of domperidone, pioglitazone and
ondansetron in HLM.
3- Evaluation of the inhibitory effect of pioglitazone and ondansetron on the CYP3A4mediated hydroxylation of domperidone in HLM.
4- Evaluation of the mechanism-based inhibition of pioglitazone on the CYP3A4mediated hydroxylation of domperidone in HLM.
5. Prediction of in vivo interaction.
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4.2 EXPERIMENTAL DESIGN
4.2.1 Chemicals and Reagents
Domperidone was purchased from Sigma Aldrich (St. Louis, MO) and MP
Biomedicals (Solon, OH). Caffeine was purchased from Alfa Aesan (Ward Hill, MA).
Pioglitazone was purchased from LKT Laboratories, (St. Paul, MN). Ondansetron was
purchased from Toronto Research Chemicals (North York, Ontario). Fenofibrate was
purchased from Sigma Aldrich (St. Louis, MO). Rat liver microsomes (RLM), pooled
HLM and NADPH-regenerating system were purchased from BD Biosciences (San Jose,
CA). Ammonium acetate and dimethyl sulfoxide (DMSO) were purchased from Thermo
Fisher Scientific, Inc. (Waltham, MA). HPLC grade acetonitrile was purchased from
EMD Chemicals (Gibbstown, NJ). Deionized water (above 18 MΩ; Nanopure
deionization system, Barnstead/Thermolyne, Dubuque, IA) was used for all aqueous
solutions.

4.2.2 Microsomal Binding Assay
Equilibrium dialysis was performed with a 96-Well Equilibrium dialyzer
(Harvard Apparatus, Holliston, MA). The donor (sample) side was sealed and 200L
dialysis buffer (0.1M phosphate buffer containing 3 mM MgCl2, pH =7.4) was added to
the receiver (buffer) side. The filled buffer side was sealed with cap strips and 200 L
dialysis buffer containing 0.5 mg/ml HLM and ondansetron, domperidone or pioglitazone
(final concentration 1, 2 and 4 M) was added. The donor wells were sealed and the
dialyzer plate was placed into a single plate rotator (Harvard Apparatus, Holliston, MA)
and kept in an incubator at 37°C [to decrease time needed for equilibration] for 22h.
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After equilibrium was reached, the plate was removed from the rotator and the 150 L
sample from each well was removed. Samples from the donor side were diluted with
equal volume of plain dialysis buffer whereas samples from the receiver side were diluted
with equal volume of dialysis buffer containing HLM. Acetonitrile (50 L) containing
0.2 g/ml fenofibrate (internal standard) was added to 25 L sample from receiver and
donor cell. Samples were vortexed for 3 min and centrifuged for 10 min at 15000 rpm.
Supernatant (5 L) was injected onto the HPLC column.

4.2.3 Reversible (Concentration Dependent) Inhibition
Domperidone - pioglitazone DDI: The concentrations for pioglitazone used were
selected to match in vivo drug concentrations achieved upon clinical doses as detailed
later in the discussion section. Briefly, incubation preparations of 100 μl total volume
contained HLM (0.5 mg/ml) with a NADPH-regenerating system (final concentrations of
components in reactions were 1.3 mM NADP+, 3.3 mM glucose 6-phosphate, 0.4 U/ml
glucose- 6-phosphate dehydrogenase, and 3.3 mM magnesium chloride) and 50 mM
potassium phosphate buffer (pH 7.4). The preparations were warmed to 37C for 2
minute to activate HLM. Seven concentrations (total final concentration 1, 2, 5, 10, 25,
50 and 100 μM) of pioglitazone were investigated at each of six concentrations of
domperidone (total final concentration 10, 15, 25, 50, 100 and 200 M). The conditions
for linearity of protein amount and time were optimized in preliminary studies.
Pioglitazone was added and reactions were immediately initiated by addition of
domperidone and further incubated for 30 minutes at 37°C in a shaking water bath. The
percentage of DMSO did not exceed 2% of the total reaction volume. Reactions were
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terminated by addition of 50 μl cold acetonitrile containing 50 mM caffeine (internal
standard). The samples were centrifuged at 3700 rpm for 15 min. The supernatant was
collected and analyzed for the major metabolite of domperidone (monohydroxy
domperidone) by HPLC. All incubations were carried out in triplicate and with negative
controls (incubations without NADPH).

Domperidone - ondansetron DDI: The incubation protocol used in this
experiment was similar to the one used in domperidone-pioglitazone experiment. The
total final concentrations of ondansetron used were 0.05, 0.1, 0.2, 1, 5, 20, and 75 μM.
Domperidone concentrations were used as under pioglitazone.

4.2.4 Time Dependent Inhibition
The domperidone – pioglitazone interaction was additionally evaluated for timedependence in order to check for mechanism-based inactivation of CYP3A4 by
pioglitazone. Time dependent enzyme assays were performed in HLM with the method
described previously (Ung et al., 2009). Briefly, HLM were pre-incubated with
pioglitazone at various concentrations (0, 10, 15, 20, 30, 50, 75 and 150 µM) in presence
of NADPH generating system for 0, 10, 20, 30 or 40 minutes. The reaction mixtures
consisted of 0.5 mg/ml HLM, an NADPH-regenerating system, and pioglitazone
(dissolved in DMSO) in 50 mM potassium phosphate buffer (pH 7.4) in a total volume of
100 μl. After pre-incubation at 37°C, domperidone (dissolved in DMSO, 400 μM in final
solution) was added and further incubated for 30 minutes. The percentage of DMSO did
not exceed 2% of the total reaction volume. Reactions were terminated by addition of 50
μl cold acetonitrile containing 50 mM caffeine (internal standard). The samples were
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centrifuged at 3700 rpm for 15 min. The supernatant was collected and analyzed for the
major metabolite (monohydroxy domperidone) using HPLC. Control samples were
performed under the same conditions with DMSO instead of pioglitazone to take into
account the normal loss of enzyme activity due to experimental conditions. The enzyme
activity in these control samples was set to 100% at each time point.

4.2.5 Analytical Methods
HPLC-fluorescence for DDI:
The HPLC system (Hewlett-Packard 1100 series; Agilent Technologies, Santa
Clara, CA, USA) components were a vacuum degasser, a quaternary pump, an
autosampler, a fluorescence detector and ultraviolet (UV) detector. For the domperidonepioglitazone studies, quantification of monohydroxy domperidone was achieved with the
method described previously (Ward et al., 2004) with slight modifications.
Chromatographic separation was achieved by using a mobile phase of 20 mM ammonium
acetate/methanol/acetonitrile (50:25:25, v/v/v) delivered at a flow rate of 0.5 ml/min
through an AlltimaTM phenyl (250 × 4. 6 mm; 5 μm) column (Grace, Deerfield, IL).

For the domperidone-ondansetron study, a reverse-phase HPLC assay for
domperidone and its major metabolite (monohydroxy domperidone) was developed and
validated. Chromatographic separation was achieved by using a mobile phase of 40%
acetonitrile and 60% 20 mM ammonium acetate (pH adjusted to 6.0 with acetic acid)
delivered at a flow rate of 0.5 ml/min through a Zorbax C18 (250 × 4. 6 mm, 5 μm)
column. The assay was validated for intraday precision at each concentration of the
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standard curve. The percent coefficient of variation (%CV; Relative standard deviation,
RSD) was used as a measure of precision and was calculated as: %CV = [(standard
deviation)/(mean actual concentration)]x100. The accuracy was calculated as % bias as
follows: % bias = [(mean actual concentration - theoretical concentration)/theoretical
concentration)]x100. For assay validation, standard curve correlation coefficients were
set at ≥ 0.99 with intra- and interday coefficients of variation and bias of less than 10%
for the concentration ranges studied.

In both methods, the column temperature was maintained at 25 ºC and the
detection of monohydroxy domperidone was achieved on a fluorescent detector
(Excitation = 282 nm; Emission = 328 nm), whereas the detection of caffeine (internal
standard) was achieved through UV absorption at 275 nm. Sample acquisition and peak
integration were performed with ChemStation software for LC (Version A.08.01, Agilent
Technologies). Samples were randomized prior to analysis. Due to the absence of
synthetic standards of monohydroxy domperidone, quantification was achieved by
comparing metabolite-to-internal standard peak area ratio to relative standard curves
generated with known domperidone (5–200 µM) concentrations in pooled RLM.

LC-MS/MS for membrane partitioning:
Domperidone, pioglitazone and ondansetron quantification was performed with
LC–MS/MS instrumentation which consists of an Agilent 1100 HPLC system (Agilent
Technologies, Santa Clara, CA) autosampler and degasser coupled to an API 4000
MS/MS system (AB SCIEX, Foster City, CA). Analyst software version 1.6.1 (AB
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SCIEX, Framingham, MA) was used for instrument control, data acquisition and
processing. Chromatographic separation was achieved with an isocratic method using a
mobile phase of 10 mM ammonium formate with 0.1% formic acid and acetonitrile with
0.1% formic acid delivered in the ratio of 15:85 (% v/v) at a flow rate of 0.35 ml/min
through an Zorbax SB-C18 (4.6 x 50 mm) 3.5um (Agilent Technologies, Santa Clara,
CA). The column oven was maintained at 45°C and the needle was washed with 50:50
mobile phase after each injection. The electrospray ionization was operated in positive
ion scan mode. The optimized tandem mass spectrometry conditions are summarized in
Table 4.3. Nitrogen was used as the curtain, collision and ion source gas.

Table 4.3: Optimized ESI-MS/MS operating, MRM and MS/MS parameters for
pioglitazone, domperidone, ondansetron and fenofibrate (IS).
Operating condition

Setting

Collision gas (psi)

5

Curtain gas (psi)

40

Ion source gas 1 (psi)

50

Ion source gas 2 (psi)

50

Ion spray voltage (V)

4200

Temperature (°C)

400

EP (V)

10

Run duration (min)

5.5
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Domperidone

Pioglitazone

Ondansetron

Fenofibrate (IS)

Precursor ion (m/z)

426.1

357.1

294.4

361

Product ion (m/z)

175.1

134.3

170.3

233.1

Dwell time (ms)

200

200

200

200

DP (V)

81

81

66

61

CE (V)

37

37

43

23

CXP (V)

16

8

14

6

4.2.6 Data Analysis
The unbound fraction in microsomes (fu,mic) was calculated by dividing the
concentration of the drug in the receiver compartment by the concentration in the donor
compartment. For all the calculation used in this chapter, the domperidone, pioglitazone
and ondansetron total concentration used in the experiments were converted to free
concentration by multiplying the total concentration by (fu,mic). All linear and nonlinear
regression analysis was performed with GraphPad Prism (version 4.03; GraphPad
Software Inc., San Diego, CA). The formation kinetics of the monohydroxy domperidone
was first checked for linearity with the Eadie-Hofstee plot, then the parameters were
estimated by fitting the Michaelis-Menten equation to the data by nonlinear regression as
follows.

v  Vmax 

[S ]
Km  [ S ]

where v is the rate of the reaction; Vmax is the maximal velocity estimate; Km is the
Michaelis-Menten constant and [S] is domperidone concentration.
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For the concentration-dependent experiments, the Michaelis-Menten equation was
first fit to the data. The in vitro intrinsic clearance values were obtained by dividing Vmax
by Km at each inhibitor concentration. These values were compared with the intrinsic
clearance with no inhibitor. Statistically analysis was performed using a two-sided t test
assuming normal distribution, for which a p value < 0.01 was considered significant.

Data linearization was then conducted to generate Lineweaver-Burk, Dixon and
Cornish-Bowden plots (Cornish-Bowden, 1974; Segel, 1993) in order to determine the
type of inhibition (competitive, noncompetitive, uncompetitive, or mixed) and to
determine Ki. Visual inspection of the plots revealed the type of inhibition. The velocity
equation that described partial (hyperbolic) mixed inhibition is as follows (Segel, 1993).
v
Vmax



[S ]
 [ I ]  Ki 
 [ I ]  Ki 
  [ S ]

Ks
  [ I ]  Ki 
  [ I ]  Ki 

where Ks is the dissociation constant of the enzyme-substrate complex; [I] is the inhibitor
concentration; Ki is the dissociation constant of the enzyme-inhibitor complex; α is the
factor by which Ks changes when the inhibitor occupies the enzyme; αKi is the
dissociation constant of the enzyme-inhibitor-substrate complex and β is the factor by
which formation rate (Kp) of the product from the enzyme-substrate-inhibitor complex is
changed. To distinguish between linear and partial (hyperbolic) mixed inhibition, a slope
and y-intercept replot of Lineweaver- Burk data versus the [I] was performed. Ks and
Vmax were determined from the reciprocal of the x and y intercept respectively of the
control Lineweaver-Burk plot (Segel, 1993). Estimates for α, β were determined from the
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x- and y- intercepts of the Lineweaver-Burk plot with maximum [I], and Ki was then
estimated with the plot of 1/ Δ slope of the Lineweaver-Burk replot versus 1/[I] (Segel,
1993).

For time-dependent inhibition experiments, kinetic constants of inactivation concentration of inactivator required for half-maximal inactivation (KI) and maximum
rate of inactivation (kinact) - were calculated by nonlinear regression (Polasek et al., 2004;
Obach et al., 2007). The log enzyme activity remaining after pre-incubation versus preincubation time of the inhibitor at each inhibitor concentration were plotted. The apparent
rates of inactivation (Kobs) were described as the negative slopes of the lines. The KI and
kinact were estimated by fitting data to the equation (Obach et al., 2007).
K obs  K obs[I]0 

kinact .[I]
K I  [I]

where kobs[I] = 0 is the kobs measured in the absence of the inhibitor; [I] is the concentration
of the inhibitor; kinact is the maximum rate of inactivation; and KI is the concentration of
the inhibitor required for half-maximal inactivation. At each pre-incubation time, the
average remaining activity was compared with and without (control) the inhibitor with a
one-way ANOVA followed by post-hoc Tukey-Kramer multiple comparison test
(p<0.05) (GraphPad Instat 3, GraphPad Software Inc., San Diego, CA). If the value of q
is greater than 4.897 then the P value is less than 0.05.
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4.2.7 Prediction of In Vivo Interactions
In the concentration dependent experiment, the in vitro in vivo correlation
(IVIVC) model was applied to predict the magnitude of domperidone-inhibitor in vivo
interaction as shown below.
AUCi
 1  [I]/Ki
AUC

where AUCi/AUC is the area under the curve ratio of the victim drug in the presence of
the inhibitor to its absence; [I] is the in vivo concentration of the inhibitor; Ki is the
inhibition rate constant. A ratio equal or greater than 1.1 was considered a predictor for a
significant in vivo DDI (Food and Drug Administration, 2012). The relative contribution
of CYP 3A4 in domperidone metabolism is incorporated into the equation to improve
prediction (Ito et al., 2005).

AUCi
1

fm CYP3A4
AUC
 (1  fm CYP3A4 )
1  [I]/Ki

where fmCYP3A4 is the fraction of the drug metabolized by the CYP3A4 enzyme. For
domperidone fmCYP3A4 of 0.89 was used (Ung et al., 2009).

The maximum hepatic inhibitor concentration at the inlet to the liver [I]in is gives
better prediction (Brown et al., 2005).
[I] in  [I] av 

ka.fa.D
Qh
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where ka is absorption rate constant, fa is the fraction absorbed from the gastrointestinal
tract and Qh is the hepatic blood flow. ([I]av) is the average systemic plasma
concentration after repeated oral administration and it is equal to
[I] av 

D/τ
Cl/F

where D is the inhibitor dose, Cl/F is the apparent total body clearance and  is the
dosing interval. For pioglitazone, [I]in = 0.53 g/ml (1.49 M) was calculated using the
following values: D = 30 mg;  , 1 day ; Cl/F = 1.19-1.67 ml/min/kg (Goodman et al.,
2001) with an average oral clearance value of 1.43 ml/min/kg and average weight of 70
kg were used; fa = 0.83 (Hanefeld, 2001) , ka = 0.0195 min-1 (Hanefeld, 2001), Qh = 1500
ml/min (Gibaldi and Perrier, 1982).
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4.3 RESULTS
4.3.1 Development and Validation of the Analytical Method Used for the
Domperidone-Ondansetron DDI Study
The incubation of domperidone with pooled HLM resulted in the formation of a
monohydroxy metabolite. Figure 4.1A-B depict the chromatograms for monohydroxy
domperidone ,domperidone and caffeine (IS). The metabolite eluent was collected and
verified on LC-MS/MS to have a corresponding mass (m/z 442) and distinct
fragmentation pattern of monohydroxy-domperidone as demonstrated in chapter 2. Figure
4.1C showed that the standard curves were linear with correlation coefficients ≥ 0.99
over the used concentration ranges. Tables 4.4 and 4.5 summarized the intraday (n=3)
and interday assay (n=3) validations for domperidone respectively. The assay exhibited
acceptable intra- and interday precision and accuracy with % CV and bias of less than
10% except at the two lowest domperidone concentrations.
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Figure 4.1: Reverse-phase HPLC chromatograms depicting peaks of domperidone and
its major metabolite (monohydroxy domperidone) (A) detected by fluorescent detector
and (B) caffeine (internal standard) detected by UV spectrophotometer. (C) Standard
calibration curve of domperidone over the concentration 5-100 M.
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Table 4.4: Intraday validation of domperidone analytical method
Actual Concentration (μM)

Theoretical

*

%CV
(RSD)

% Bias

concentration (M)

(Mean ± standard deviation)

5

6.98 ± 0.59

8.48

39.63

10

10.63 ± 1.09

10.24

6.33

15

15.04 ± 1.25

8.30

0.25

25

23.99 ± 2.19

9.12

-4.05

50

46.64 ± 1.86

3.98

-6.72

100

101.85 ± 5.74

5.64

1.85

*n=3

Table 4.5: Interday validation of domperidone analytical method
Theoretical
Average actual

Standard

concentration

Mean
concentration (M)

deviation

%CV
(RSD)

%Bias

(M)
Day 1

Day 2

Day 3

5

6.98

7.55

5.63

6.72

0.99

14.72

34.43

10

10.63

10.74

8.21

9.86

1.43

14.51

-1.39

15

15.04

12.30

14.41

13.91

1.44

10.32

-7.24

25

23.99

24.93

25.05

24.66

0.58

2.36

-1.37

50

46.64

48.54

52.80

49.33

3.16

6.40

-1.35

100

101.85

100.97

98.67

100.50

1.64

1.64

0.50

100

4.3.2 Microsomal Binding Assay
The unbound fraction in microsomes (fu,mic) was determined over concentration
range 1 to 4 M of the drugs to ensure linearity. The average fu,mic for ondansetron,
domperidone and pioglitazone over was 0.96, 0.4 and 0.82 respectively (Table 4.6).
These results were used to determine the free fraction for all subsequent calculations.

Table 4.6: Fraction unbound to microsomes (fu,mic) of ondansetron, domperidone and
pioglitazone for each concentration and average fu,mic over concentration range 1-4 M.
[1 M]

[2 M]

[4 M]

Average fu,mic

Ondansetron

0.96  0.05

0.99  0.03

(0.94-0.95)*

0.96

Domperidone

0.41  0.04

0.39  0.09

0.42  0.03

0.40

Pioglitazone

0.75  0.04

(0.85- 0.86)*

0.84  0.08

0.82

fu,mic

Data are expressed as mean ± standard deviation, n = 3
* Data expressed as range for n = 2

4.3.3 Kinetic Profiles for the Monohydroxy Domperidone Formation
The kinetic profile for the formation of the monohydroxy domperidone in HLM is
depicted in Figure 4.2 along with the respective Eadie-Hofstee plots shown as insets.
Visual examination of the Eadie-Hofstee plot showed linearity suggesting that the
formation reaction followed Michaelis-Menten kinetics. Vmax and Km estimates from
nonlinear regression were 1.12  0.04 (Estimate  SE) nmol/min/mg protein and 3.5 
0.57 M respectively.
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Figure 4.2 Michaelis-Menten plot characterizing the kinetic profile for the formation of
monohydroxy domperidone in pooled HLM. Domperidone concentrations depicted were
corrected to the corresponding free fraction [domperidone’]. Inset, Eadie-Hofstee plot is
shown. Data are expressed as mean ± SEM, n=3. Parameter estimates were obtained by
fitting the model to actual data in triplicate.
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4.3.4 Pioglitazone Reversible Inhibition of Domperidone Metabolism
To determine the type of inhibition and obtain a Ki value, a series of diagnostic

Figure 4.3: Different diagnostic plots to determine the type of inhibition
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plots were constructed (Figure 4.3) (Segel, 1993). The Dixon plots of competitive and
mixed inhibition are similar; however plotting Dixon slopes versus the inhibitor
concentrations results in a straight line that pass through the origin for competitive
inhibition only (Figure 4.3C) (Segel, 1993). To investigate whereas the mixed inhibition
is linear or hyperbolic, Lineweaver-Burk slopes and Y-intercepts were plotted again the
pioglitazone concentrations. (Figure 4.3E) (Segel, 1993). Figure 4.4 illustrates that
pioglitazone inhibited the formation of monohydroxy domperidone in a concentration
dependent manner. The intrinsic clearance of domperidone hydroxylation in HLM
decreased significantly at the pioglitazone free concentrations of 41 M (p= 0.009) and
82 M (p=0.006) (Table 4.7).
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Table 4.7: In-vitro intrinsic clearance (Vmax/Km) estimates for the inhibition of
domperidone hydroxylation by pioglitazone or ondansetron in HLM.
[Pioglitazone]'

Metabolite intrinsic

[Ondansetron]'

Metabolite intrinsic

(μM)

clearance (Vmax/Km)

(μM)

clearance (Vmax/Km)

0

0.34 ± 0.05

0

0.45 ± 0.22

0.82

0.28 ± 0.14

0.048

0.59 ± 0.24

1.64

0.24 ± 0.02

0.096

0.25 ± 0.09

4.1

0.18 ± 0.01

0.192

0.24 ± 0.04

8.2

0.21 ± 0.02

0.96

0.29 ± 0.04

20.5

0.16 ± 0.02

4.8

0.28 ± 0.002

41

0.13 ± 0.03*

19.2

0.23 ± 0.01

82

0.12 ± 0.02*

72

0.16 ± 0.01

Data are represented as estimate ± standard error, n = 3. Estimate units for Vmax/Km = ml
min−1 mg−1 protein. *Estimate significantly different from control (0 μM pioglitazone or
ondansetron) as determined by a two-sided t-test, p < 0.01.
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Figure 4.4: Effect of different concentrations of pioglitazone on domperidone
hydroxylation - both corrected for free fraction- in pooled HLM showing a hyperbolic
mixed-type inhibition. Details of the assay conditions are described in the Material and
Methods section. The representative plots are (A) The velocity (v) versus [domperidone’]
in presence of different [pioglitazone’] concentrations; (B) Lineweaver–Burk (1/v vs.
1/[domperidone’]) plot; (C) Dixon plot (1/v vs. [pioglitazone’]); (D) Dixon slope re-plot
(slopes vs. 1/[domperidone’]; (E) Cornish-Bowden plot ([domperidone’]/v vs.
[pioglitazone’] and (F) Slopes and Y intercepts of the Lineweaver-Burk plot vs.
[pioglitazone’] (G) 1/Δ Lineweaver-Burk slope (change in slopes relative to control) vs.
1/[pioglitazone’]. v: velocity of the reaction, [domperidone’]: concentration of the free
domperidone in HLM; [pioglitazone’]: concentration of the free pioglitazone in HLM.
Data presented in plots A, B, C and E represents the mean  SEM, n=3
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Lineweaver-Burk and Dixon plots (Figure 4.4B and 4.4C respectively) revealed
an inhibition in the formation rate of monohydroxy domperidone with increasing
concentration of pioglitazone. The re-plot of Dixon slopes (Figure 4.4D) showed a
straight line that does not pass through the origin, indicating that the inhibition is not
purely competitive in nature (Segel, 1993). The Cornish Bowden plot (Figure 4.4E)
illustrated the intersect of the lines in the third quadrant confirming that the inhibition is
mixed type (Cornish-Bowden, 1974). The re-plot of Lineweaver-Burk slopes and Y
intercepts (1/v) versus pioglitazone concentration (Figure 4.4F) showed a partial (
hyperbolic) mixed-type inhibition (1<α<∞, 0<β<1) (Segel, 1993). Figure 4.4G illustrates
1/Δ Lineweaver-Burk slope versus 1/[I]. We could not obtain a straight line for 1/Δ
Lineweaver-Burk y-intercept versus 1/[I]. Ideally, estimates for α, β and Ki are obtained
from the plots of 1/Δ Lineweaver-Burk slope (change in slopes relative to control)
versus 1/[I] and 1/Δ Lineweaver-Burk y-intercept (change in y-intercepts relative to
control) versus 1/[I]. In the 1/Δ slope versus 1/[I] plot, slope = αKiVmax/Ks(α-β); yintercept = βVmax/Ks(α-β). In the 1/Δ intercept versus 1/[I] plot: slope = αKiVmax/1-β; yintercept = βVmax/1-β. In both plots, the x-intercept = - β/αKi. Consequently we assumed
that the maximum pioglitazone inhibition ([I] =∞) is obtained at the highest pioglitazone
concentration used. From the Lineweaver –Burk plot at [pioglitazone’] of 82 M, the x
and y intercept are equal to -1/αKs and 1/βVmax respectively. Knowing Ks and Vmax from
control Lineweaver-Burk plot, α and β were estimated to be 2.18 and 0.754 respectively
(Table 4.8). To validate our assumption, the value of the y-intercept of the for 1/Δ
Lineweaver-Burk slope versus 1/[I] (figure 4.4G) was back-calculated using these
estimates and compared with the observed value. The difference was 20%. From the x
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intercept of the for 1/Δ Lineweaver-Burk slopes versus 1/[I], Ki was calculated to be 1.52
M. The predicted AUCi/AUC ratio was 1.98 and 1.78 assuming fmCYP3A4 value of 1 and
0.89 respectively.

4.3.5 Ondansetron Reversible Inhibition of Domperidone Metabolism
Figure 4.5 illustrates the Lineweaver-Burk, Dixon and Cornish-Bowden plots for
the inhibition of monohydroxy domperidone formation by ondansetron in HLM.
Ondansetron only showed inhibitory effect on low domperidone concentrations (10 and
15 μM). Additionally, there was no significant change in the intrinsic clearance values
(Table 4.7).
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Figure 4.5: Effect of different concentrations of ondansetron on the metabolism of
domperidone -both corrected for free fraction- in pooled HLM. Details of the assay
conditions are described in the Material and Methods section. (A) The velocity (v) versus
[domperidone’] in presence of different [ondansetron’] concentrations; (B) Lineweaver–
Burk (1/v vs. 1/[domperidone’]) plot; (C) Dixon plot (1/v vs. [ondansetron’]); (D) Dixon
slope re-plot (slopes vs. 1/[domperidone’] and (E) Cornish-Bowden plot
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([domperidone’]/v vs. [ondansetron’] v: velocity of the reaction, [domperidone’]:
concentration of the free domperidone in HLM; [ondansetron’]: concentration of the free
ondansetron in HLM. Data presented in plots A, B, C and E represent the mean  SEM,
n=3

Table 4.8: Estimates of enzyme kinetics of domperidone alone and in combination with
pioglitazone
Equation†

Experiment
Domperidone

v  Vmax 

alone

Kinetics parameters

[S ]
K m  [S ]

Vmax

1.12  0.04* nmol/min/mg protein

Km

3.5  0.57* M
R2 = 0.83

Domperidonepioglitazone
mixed
inhibition
Domperidonepioglitazone

v
Vmax



[S ]
 [ I ]  Ki 

Ks
  [ I ]  Ki 

Ki

1.52 M

α

2.18

 [ I ]  Ki 

 [ S ]
  [ I ]  Ki 

β

0.75

K inact .[I]
K I  [I]

KI

N/A

kinact

0.017 ±0.004* min-1

K obs  K obs[I]0 

R2 = 0.79

timedependent
inhibition

† (Segel, 1993), * Data are represented as estimate ± standard error, n = 3.
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4.3.6 Pioglitazone Time Dependent Inhibition of Domperidone Metabolism
In the time-dependent experiment, pioglitazone excreted mechanism –based
inhibition on domperidone metabolism especially at high concentrations as shown in
Figure 4.6A. The average remaining enzymatic was significantly different than the
control (no pioglitazone) after 20, 30, and 40 minutes pre-incubation with 50, 75 and 150
μM pioglitazone respectively (p <0.05). Table 4.9 shows significant difference in the
average remaining activity at different pre-incubation times and different inhibitor
concentrations. kinact was 0.017 ±0.004 min-1 (estimate  standard error). The inhibition
constant (KI) of pioglitazone could not be accurately determined due to high variability in
the data (Figure 4.6B).
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Figure 4.6: Assessment of time dependent inhibition of domperidone metabolism by
pioglitazone in pooled HLM (A) shows the remaining enzyme activity after preincubation with pioglitazone (corrected for free microsomal fraction) at varying times (0–
40 minutes) vs. the pre-incubation time. Data are expressed as mean  SEM, n=3; (B) is
corresponding nonlinear regression to determine KI and kinact, a representative fitted line
is depicted.

115

Table 4.9: Tukey-Kramer multiple comparisons test showing significant difference in the
average remaining activity at different pre-incubation times and different inhibitor
concentrations.
Mean
Comparison

q

P value

difference
After 20 min preincubation
0 M (control) vs. 50 M pioglitazone

0.22

6.28

P<0.01

0 M (control) vs. 75 M pioglitazone

0.19

5.61

P<0.05

0 M (control) vs. 150 M pioglitazone

0.30

8.60

P<0.001

10 M pioglitazone vs. 150 M pioglitazone

0.21

6.19

P<0.01

15 M pioglitazone vs. 150 M pioglitazone

0.20

5.90

P<0.05

20 M pioglitazone vs. 150 M pioglitazone

0.19

5.61

P<0.05

5.14

P<0.05

After 30 min preincubation
0 M control vs. 75 M pioglitazone

0.25

After 40 min preincubation
0 M control vs. 75 M pioglitazone

0.25

5.14

P<0.05

10 M pioglitazone vs. 150 M pioglitazone

0.33

5.28

P<0.05

15 M pioglitazone vs. 150 M pioglitazone

0.32

5.02

P<0.05
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4.4 DISCUSSION
Adverse drug reactions (ADR) are estimated to be the fourth leading cause of
death for hospitalized patients in the US (Lazarou et al., 1998). DDI resulting from
inhibition of CYP-mediated metabolism is a major cause of ADR. Decrease in CYP
activity can alter the pharmacokinetic properties of drugs metabolized by the affected
enzyme, with subsequent drug accumulation and toxicity. CYP inhibition may be
“reversible” where the inhibitor competes with the drug for binding at the active site of
the CYP enzyme or “mechanism-based” where the inhibitor is converted to a reactive
metabolite which binds quasi-irreversibly or irreversibly to the CYP enzyme leading to
permanent destruction of the activity (Orr et al., 2012).

In our studies, we evaluated drug combinations used frequently in gastroparesis
management. Inhibition of domperidone hepatic metabolism can potentially result in
elevated systemic concentrations and subsequent increased intra-cardiac concentration,
leading to increased blockage of the delayed rectifier potassium current and consequently
the risk of drug-induced long QT syndrome (Drolet et al., 2000).

Microsomal binding of the studied drugs was first conducted. Despite the fact that
the total concentration of the drugs is frequently reported in clinical studies, it is assumed
that the free fraction of the inhibitor and/or substrate is only available for interaction with
the metabolizing enzyme. Calculation of inhibition constants based on total inhibitor
concentration produces inaccurate predictions when scaling the in vitro data to predict in
vivo DDI (Obach, 1996; Tran et al., 2002). Sequestration of the inhibitor by the
microsomes results in overestimation of Ki (Obach, 1996; Margolis and Obach, 2003;
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Korzekwa et al., 2012). The microsomal binding study was performed using equilibrium
dialysis because this methods is the least subject to nonspecific binding to components of
the apparatus compared with ultrafiltration andultracentrifugation (Obach, 1997).
Ondansetron and pioglitazone showed low binding to HLM (fu,mic 96 % and 82 %
respectively; Table 4.6) whereas domperidone showed higher microsomal binding
affinity (fu,mic 40%).

In our studies, we used pioglitazone in concentrations that are relevant to those
attained in human plasma after oral administration. It is reported that pioglitazone plasma
maximum concentration (Cmax) was 1.14 ± 0.29 μg/ml (3.2 ± 0.8 μM) in healthy subjects
after a single oral dose of 30 mg tablet (Wittayalertpanya et al., 2006). Comparable Cmax
values were reported by (Wong et al., 2004; Jaakkola et al., 2006a). Based on the
aforementioned information, the total concentration range used was 1-100 μM. The Cmax
of domperidone after single oral dose of 20 mg was 20-50 ng/ml (47-111 nM) (Wu et al.,
2002). However, we could not use these concentrations because it would yield a very low
amount of the metabolite that was not quantifiable. For ondansetron, the Cmax after single
oral dose of 8 mg was 25-50 ng/ml (76-152 nM) (Bozigian et al., 1994; Jann et al., 1998).
This was significantly lower than the C max attained after pioglitazone administration and
hence a lower concentration range of ondansetron starting at 50 nM was used. However,
concentrations up to 75 M were used to ensure lack of interaction even with high
ondansetron concentrations. Thus, due to bioanalytical limitations, the range of victim
drug: perpetrator drug concentration ratios used in the present study was higher than that
expected with clinical doses. This suggests that a DDI predicted with our experimental
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design may well be observed to the same if not greater extent with clinical domperidone
doses.

The formation of monohydroxy domperidone was inhibited by pioglitazone as
demonstrated by the significant decrease in metabolic intrinsic clearance value (Table
4.7). The inhibition constant Ki estimate was estimated to be 1.52 M (Table 4.8). IVIVC
model was applied to predict the magnitude of domperidone-pioglitazone in vivo
interaction (Brown et al., 2005). Pioglitazone concentration at the liver inlet ([I]in) was
used as a surrogate for pioglitazone at the enzyme site because it was expected to yield
the most accurate prediction for in vivo DDI compared with other [I] values (Brown et
al., 2005). In domperidone-pioglitazone concentration dependent experiments, the
AUCi/AUC ratio was 1.98, predicting significant in vivo DDI.

Based on our study, there was not enough evidence that ondansetron inhibited the
metabolism of domperidone in the studied concentration range and consequently no
IVIVC was conducted. However, this finding does not mean that the combination is
without DDI. Pharmacokinetic DDI may also occur when 2 drugs are effluxed by
common transporters. Both domperidone and ondansetron are known P-glycoprotein
substrates (Schinkel et al., 1996; Schinkel, 1999) and therefore a confirmatory study may
be necessary. On the other hand, there is no evidence that pioglitazone is a substrate for
P-glycoprotein (Weiss et al., 2009).
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Mechanism-based inhibition (also referred to as time-dependent inactivation) is
more clinically severe than reversible inhibition since the enzymatic activity can only be
restored by newly synthesized protein (Orr et al., 2012). In our studies, pioglitazone
decreased the mean enzymatic activity leading to inhibition in domperidone metabolism
(Figure 4.6A). Interestingly, it was also reported that domperidone is a mechanism-based
inhibitor for CYP3A4 (Chang et al., 2010). The inhibitory action of domperidone on the
metabolism of pioglitazone and ondansetron will be evaluated in future studies.

These studies aimed to draw attention to some drug combinations currently used
in gastroparesis treatment that need to be investigated for potential DDI (Table 4.10.
Domperidone/erythromycin combination has been suggested for gastroparesis treatment
(Reddymasu et al., 2007). Our group investigated this combination for DDI in pooled
HLM (Ung et al., 2009) because erythromycin is a known mechanism-based inhibitor of
CYP3A4 (Zhou et al., 2005). In this study, the KI and AUC ratio (AUCi/AUC) estimates
were 18.4 μM and 2.54 respectively in pooled HLM, predicting significant inhibition of
domperidone metabolism by erythromycin and consequently greater domperidone
exposure when used with erythromycin.
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Table 4.10: Common drug combinations, involving domperidone, used in the
management of gastroparesis and prediction of CYP-mediated DDI
Drug combination

DDI

Domperidone + Pioglitazone

Yes

Domperidone + Ondansetron

No (at the studied concentrations range)

Domperidone + Erythromycin

Yes (Ung et al., 2009)

It is important to mention that some positive in vitro interactions do not
necessarily translate into an in vivo interaction. In a study published by (Kajosaari et al.,
2006), the in vitro inhibitory effect of pioglitazone was not replicated in healthy
volunteers due to the high plasma protein binding of pioglitazone (97–99%) (Kajosaari et
al., 2006) which may limit its intracellular concentration available to the enzyme in vivo
Interestingly, it has been suggested that the correction for plasma protein binging did not
improve the prediction for DDI (Brown et al., 2006). These conflicting reports about the
effect of plasma protein binding are important in the context that pioglitazone is a low
hepatic extraction ratio drug (Budde et al., 2003) and hence the extent of its interaction
with metabolizing enzyme depends largely on the free fraction of drug in plasma.

Alteration in CYP activity is not limited to enzyme inhibition. CYP induction by
drugs is equally important and may lead to serious DDI (Chu et al., 2009). Pioglitazone
was reported to induce CYP3A4 (Krentz et al., 2000). However, other reports refuted this
claim (Glazer, 2000). Neither domperidone (Motilium data sheet; see
http://www.medsafe.govt.nz/Profs/datasheet/m/motiliumtab.htm, accessed 1 March 2013)
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nor ondansetron (Zofran data sheet; see http://us.gsk.com/products/assets/us_zofran.pdf,
accessed 1 March 2013) are thought to induce CYPs. Based on this information, no
attempt was made to test for DDI based on induction.

In conclusion, inhibition of domperidone metabolism by pioglitazone and
ondansetron was evaluated in HLM. Pioglitazone inhibited domperidone metabolism in a
concentration and time depended manner as demonstrated. This in vitro DDI may well
occur clinically as shown by the AUC ratio. On the other hand, ondansetron did not
inhibit domperidone metabolism. Further studies are underway to identify potential DDI
and safe combination in current management of gastroparesis. This caution should be
exercised when using combination of pioglitazone and domperidone in diabetic
gastroparesis patients. The findings will ultimately help inform clinical decisions for this
combination currently used in gastroparesis treatment as well as help identify safe
combinations with minimal adverse effects.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS

This research project focused on identifying key components in the metabolic
profile of prokinetic agents that encompass metabolite identification and reaction
phenotyping. Additionally, DDI studies were carried out to investigate the potential for
interaction in drug combination currently used in gastroparesis.

Previous metabolite identification studies of domperidone reported oxidative
metabolites of domperidone, detected by radiometric-HPLC or single quadrupole mass
spectrometric (LC-MS) techniques. We identified domperidone metabolites in the plasma
and urine of eleven gastroparesis patients currently being treated with the drug as well as
in human liver subcellular fractions using ESI-LC-MS/MS. Seven metabolites were
detected in vivo. Domperidone was metabolized to two mono-hydroxylated metabolites
(M1, M2), a de-alkylated metabolite (M5), and a di-hydroxylated metabolite (M7). The
mono-hydroxylated metabolites were further glucuronidated to M8, M9 and sulfated to
M11. To the best of our knowledge, M7, M8, M9, and M11 have not been reported
previously. Five additional metabolites were identified in vitro in human subcellular
fractions which comprise two additional mono-hydroxylated metabolites (M3, M4), an
alcohol metabolite (M6) possibly formed from an aldehyde intermediate, and other
conjugative metabolites (M10 and M12). M6, M10 and M12 have not been characterized
previously. In the absence of NMR and metabolites synthetic standards, the information
provided regarding the structure of the metabolites should be considered as tentative,
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Future studies will involve the isolation of the metabolites to confirm the structure and
the position of the oxidation and/or conjugation via NMR. The activity of the new
identified metabolites is unknown however some of previously monohydroxy metabolites
were known to be inactive. Dopamine antagonists can be tested for activity by inhibiting
the muscle contraction by electric field in a dose dependent manner (Takahashi et al.,
1991). Ion trap mass spectrometer – if available - offers superior sensitivity over triple
quadrupole counterparts and hence provides more accurate results for metabolites
identification studies.

CYP enzymes responsible for metoclopramide metabolism were investigated
using the patrent depletion approach. For that purpose, we developed and validated a
novel LC-MS/MS analytical method. Alternatively, reaction phenotyping can be
conducted by monitoring the formation of the metabolites; however this approach was
not possible because the synthetic standards of the metabolites were not available.
Additionally, the parent depletion technique represent more holistic approach to identify
the enzymes responsible for metoclopramide metabolism as it accounts for both
identified as well as unknown metabolites In our experiments, CYP2D6 was found to be
the main CYP enzyme responsible for metoclopramide metabolism. In the metabolite
formation study, M3 was formed in the CYP incubations containing CYP2D6, CYP2C9,
CYP2C19, CYP1A2 and CYP3A4; M4 was formed with CYP2D6, CYP1A2 and
CYP2C19; whereas M9 was formed with CYP2D6, CYP2C9, CYP2C19, CYP1A2 and
CYP3A4. Although the relative contribution of each isoforms was not conducted, these
results have potential application to check for DDI involving metoclopramide. For
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instance to check for a CYP2D6 mediated DDI, the rate of formation of M3, M4 or M9
can be used as indicator of the DDI magnitude. Metoclopramide is also known to be
metabolized by UGT and SULT and hence future studies will investigate the specific
isoforms of these enzymes that contribute to metoclopramide metabolism.

In the last section of this dissertation, DDI resulting from common CYP-mediated
metabolic pathways of some drug combination used in gastroparesis were investigated.
The concentration-dependent inhibitory effect of pioglitazone and ondansetron on
domperidone hydroxylation was investigated in HLM. Pioglitazone was further assessed
as a mechanism based inhibitor. Microsomal binding was calculated using membrane
dialysis approach and the free fraction of the victim and perpetrator was used in our
assessment. In HLM, Vmax and Km estimates for monohydroxy domperidone formation
decreased significantly in presence of pioglitazone (p<0.01). Diagnostic plots indicated
that pioglitazone inhibited domperidone in a partial mixed type manner. The in vitro Ki
was 1.52 M. Predicted in vivo AUCi/AUC ratio was 1.98 however, this DDI may not be
seen in vivo mainly because of the high plasma protein binding of pioglitazone.
Pioglitazone also exerted time-dependent inhibition on the metabolism of domperidone
and the average remaining enzymatic activity decreased significantly after 20, 30, and 40
minutes pre-incubation with pioglitazone. Diagnostic plots showed no inhibitory effect of
ondansetron on domperidone hydroxylation. In the light of domperidone metabolite
identification studies, it is clear that conjugation is contributing to the elimination of
domperidone . Future studies will explore drug combinations that involve
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metoclopramide and other drugs metabolized by CYP2D6 (for instance, ondansetron and
promethazine) as well as DDI that are mediated by conjugation.

In conclusion, we aimed that the knowledge gathered in this thesis will help better
management of gastroparesis by better understanding the metabolism of prokinetic agents
and by identifying safe versus hazardous combinations in therapy.
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APPENDIX A

METABOLISM OF DOMPERIDONE IN GASTROPARESIS PATIENTS
PROTOCOL SUBMITTED TO TEMPLE UNIVERSITY INSTITUTIONAL
REVIEW BOARD
Henry P. Parkman, MD and Swati Nagar, PHD
GI Section, Department of Medicine and School of Pharmacy
Temple University School of Medicine; Philadelphia, PA

OBJECTIVES
Domperidone is a prokinetic agent used to treat gastroparesis. Despite being
available for several decades, the metabolism of this agent in vivo has not been fully
characterized. The overall aim of this study is to better understand the metabolism of
domperidone in human subjects. This is expected to yield information that may be used
to predict drug interactions with domperidone, domperidone pharmacogenetics, and
allow this agent to be used more safely.

The specific objective of this study is to characterize the metabolism of
domperidone in vivo by determining the metabolites of domperidone in the blood and
urine in patients taking oral domperidone. More specifically, we wish to characterize the
CYP3A4-mediated in vivo conversion of domperidone to its metabolites as a percent of
domperidone dose.
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BACKGROUND
Gastroparesis is a disorder characterized by delayed gastric emptying due to
chronic abnormal gastric motility (Park and Camilleri, 2006). Symptoms include nausea,
vomiting, and early satiety. Gastroparesis etiology is most commonly idiopathic,
diabetic, or post-surgical. Gastroparesis is reported in 10 – 30% of diabetic patients, and
results in nutritional compromise and worsening glucose control (Camilleri, 2007). The
course of the disease varies among patients, as does the intensity of symptoms.
Management and treatment of gastroparesis include dietary recommendations,
pharmacological treatment, and glycemic control.

Diabetic gastroparesis is often managed with the use of prokinetic agents such as
metoclopramide (Reglan) and domperidone (Motilium, others). These prokinetics agents
exert their effects by antagonizing the dopamine D 2 receptors, which have an inhibitory
effect on GI tract motility, including reduction of lower esophageal sphincter and
intragastric pressures. Moreover, they have an additional advantage of relieving nausea
and vomiting by antagonism of dopamine receptors in the chemoreceptor trigger zone
(Goodman et al., 2001). In contrast to metoclopramide which inhibits both dopamine D2
and 5-HT4-receptor, domperidone predominantly antagonizes the dopamine D 2 receptor
without major involvement of other receptors. Furthermore, domperidone lacks the
central adverse neurological symptoms of metoclopramide because it does not readily
cross the blood–brain barrier. Intravenous domperidone was withdrawn from the U.S.
market following reports of possible cardiac toxicity (Roussak et al., 1984; Osborne et
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al., 1985); its oral counterpart is approved in several countries outside the US to treat
gastroparesis but it is not approved in the U.S., however its use is permitted by physicians
by opening an Investigational New Drug Application (IND). Domperidone is
predominantly metabolized in humans by Cytochrome P450 (CYP) 3A4 with minor
contributions by CYP1A2, CYP2D6, CYP 2C8 and CYP2D6. The major metabolite is
the inactive 5-hydroxy domperidone (Simard et al., 2004; Agarwal et al., 2007).

The long-term goal of this work is to apply pharmacokinetics and
pharmacogenetics to better design individualized drug regimens for gastroparesis
patients. This proposal is similar to a study we have previously conducted with
metoclopramide (Reglan), where novel metabolites were discovered in urine samples
(Argikar et al., 2010). In this study, we will better understand the metabolism of
domperidone in human subjects. The specific objective of this study is to characterize the
metabolism of domperidone in vivo by determining the metabolites of domperidone in the
blood and urine of patients taking oral domperidone. More specifically, we wish to
characterize the CYP3A4-mediated conversion in vivo conversion of domperidone to its
5-hydroxy-domperidone as a percent of metoclopramide dose. This study will help
explain the relative contribution of CYP3A4 to the overall metabolism of domperidone.
Such characterization will aid immensely in predicting clinically relevant drug-drug
interactions (DDIs) related to domperidone. Thus, if in fact CYP3A4 – mediated
metabolism of domperidone is a major pathway, co-administration of other CYP3A4
substrates will predict important DDIs altering effective concentrations as well as toxicity
profiles of domperidone and the co-administered drug. Additionally, the studies proposed
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here will aid in studying the well- known pharmacogenetic variability in the human
CYP3A4 in relation to variability in domperidone efficacy and toxicity.

ELIGIBILITY CRITERIA
Study Design: Ten patients who are already treated with domperidone at a dose of
10-20 mg 3-4 times/day will be included. Patients will be taking their morning
domperidone dose at home 30 minutes before taking breakfast as instructed by their
physician. Then patients will report to the physician’s office at Temple University
Hospital, where they will take the next dose under the physician’s supervision. Thirty
minutes later, patients will be provided with a standardized meal. After one hour of the
domperidone dose, a single blood draw and urine sample will be collected. The time to
reach maximum plasma concentration (Tmax) of domperidone is ranged from 0.5 to 0.89
hr (Heykants et al., 1981; Agarwal et al., 2007). The elimination half life of domperidone
is 7 hours (Heykants et al., 1981) and hence it is anticipated that patients taking 10-20mg
domperidone 3-4 times/day will be in steady state.

The rationale for using patients in this study is that domperidone is not approved
in the United States by the Food and Drug Administration (FDA) and subsequently
cannot be obtained by routine prescriptions. However, physicians who would like to
prescribe domperidone for their patients must obtain a FDA Investigational New Drug
(IND) application with Institutional Review Board (IRB) approval (Food and Drug
Administration, 2005). Since drug metabolism is markedly affected by co-administered
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drugs due to enzyme inhibition or induction, patients who are on medicines which are
known CYP substrates, inducers or inhibitors will be excluded.

In this study, premenopausal females will have the priority to be included since
they constitute a higher percentage of the patients population treated in the GI Motility
Laboratory in Temple University Hospital. However, male patients may be also included
depending on availability. There are differences in metabolizing enzyme expression
levels in females versus males, possibly due to interplay between endogenous hormone
level and hormone metabolism mediated by these enzymes. This difference in hormone
level also occurs between pre and post menopausal females. Domperidone is known to be
metabolized via different Cytochrome P450 isoforms which can metabolize hormones
and also be regulated by hormone levels. In order to minimize inter-subject variability
due to gender effects, we propose focusing this preliminary study in premenopausal
females.

Inclusion criteria:
Patients
1) Patients that had been diagnosed with symptoms of gastroparesis and that are
currently being treated with domperidone
2) Age range 18 to 65 years.
3) Non smokers
4) No other medications that are known to be substrates, inducers or inhibitors of
CYP3A4
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Exclusion criteria:
1) Sensitivity/allergy to domperidone
2) Patients with current or history of cardiac diseases
3) Patients with known renal failure
4) Patients with bowel obstruction or perforation
5) Patients with GI hemorrhage
6) Patients taking other that are known to be substrates, inducers or inhibitors of
CYP3A4 (for example: ethyromythin, diazepam, calcium channel blockers,
dexamethasone)
7) Patients with prolactin-releasing pituitary tumor or elevated prolactin levels
8) Patients with breast cancer
9) Patients with hepatic impairment

STUDY PROTOCOL
1. Potential study subjects will be patients that currently receive domperidone as
treatment for gastroparesis. The study will be explained to them. Informed consent will
be obtained. Subjects will undergo a history and physical examination. The inclusion
and exclusion criteria will be reviewed.

2. An initial urine sample will be collected before patients taking their dose and will be
stored immediately upon collection at –20oC.
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3. Domperidone dose will be administered orally with 100 ml water as part of the
patient’s regular visit with the physician.

4. After one hour of the dose, a 10-ml whole blood sample will be collected in
heparinized tube for domperidone and metabolite systemic level determination and will
be stored immediately upon collection at –20oC. In addition, a saliva sample for DNA
isolation will be obtained.

5. Immediately after blood and saliva collection, patients will be provided with a
standardized meal.

6. Urine will be collected for 4 hrs after the dose and will be stored immediately upon
collection at –20oC. For the purposes of metabolite identification, there is no need to add
preservatives to these urine samples

7. After obtaining the blood sample and saliva for pharmacogenetic analysis, the
patient’s physician visit will end.

RISKS
The risks of this study include any adverse events due to urine collection and blood
drawing.
Domperidone: In this study, patients already being treated with domperidone will be
recruited. Domperidone is a potent dopamine receptor antagonist used for its antiemetic
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and prokinetic properties. Thus, it is primarily used to treat nausea and vomiting, and to
facilitate gastric emptying in patients with gastroparesis. The usual dose of domperidone
for the management of diabetic gastroparesis is 10 to 20 mg QID 30 minutes before
meals and bedtime. Ten to 20 mg doses administered by the same dosing schedule are
used for gastroesophageal reflux disease and a 20 mg dose is recommended for this
condition if a known precipitating factor will be encountered.

Urine collection: One urine sample will be collected in the physician’s office, and there
is minimal risk associated with this.

Blood drawing: Blood drawing may cause mild discomfort and bruising. Very rarely,
fainting, blood clots, or an infection at the site can occur.

Pharmacogenetics: The saliva sample will be used to assess the pharmacogenetic profile
of the subject, specifically the Cytochrome p450 CYP 3A4 phenotype. After
determination, the sample will be destroyed to ensure confidentiality. Each DNA sample
will be treated with 2.5 % v/v bleach at the end of the study. The resultant liquid
(destroyed DNA + bleach solution) and solid (tubes, pipette tips) waste will be
appropriately disposed in the Nagar lab. There will be no identifying information on any
tubes.
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BENEFITS
There are no direct benefits to the study subject for participation. However,
through these experiments, the metabolism profile of domperidone in patients will be
better understood. This may help patients with gastroparesis being treated with
domperidone. Subjects will be paid $200 for participating in this study and will be
provided a free parking pass.

ALTERNATIVE TREATMENTS
The alternative to participating in this study is not to participate.

DATA COLLECTION AND STATISTICS
Blood and urine samples will be collected from subjects dosed with
domperidone. This will provide information about the extent of domperidone
metabolized. Blood and urine will be collected after the domperidone dose for analysis.
HPLC analysis of domperidone and its metabolites: A reverse-phase HPLC assay has
been developed for domperidone. The assay utilizes a Zorbax C18 4.6x150 mm column;
the mobile phase consists of 40% acetonitrile and 60% 20 mM ammonium acetate (pH
adjusted to 6.0 with acetic acid) at 0.5 ml/min at room temperature. Detection of
domperidone is on fluorescent detector (Excitation = 282nm; Emission = 328 nm),
whereas the detection of caffeine (internal standard) is achieved through UV absorption
at 275nm. The retention times for domperidone and caffeine are 12 and 5.5 minutes
respectively. Figure A.1 depicts a typical HPLC chromatogram.
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Caffeine

Domperidone

Figure A.1. Reverse-phase HPLC chromatograms depicting caffeine (internal standard)
and domperidone peaks.

Data analysis: All assays will be carried out in triplicate. The HPLC assay will be
validated for intra- and inter day variation of less than 10%. Samples will be analyzed
against standard curves generated with purified parent drug.

In general, 6 – 8 patients are studied in a typical ADME (Absorption,
Distribution, Metabolism, and Elimination) study. The number is to account for any
inter-individual variability (metabolizing enzyme activity might vary AT LEAST due to
CYP3A4 genetics, other enzyme polymorphisms, dietary differences, and differential
exposure to environmental factors – all of which are known modulators of enzyme
expression). Ten subjects are requested to allow for any drop outs or technical
difficulties with sample collection or processing.

MEDICAL RADIATION SUBCOMMITTEE APPROVAL
Not needed.

IND/IDE NUMBER; INVESTIGATIONAL DRUG DATA SHEET
Not needed.
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APPENDIX B
CHROMATOGRAMS OF DOMPERIDONE METABOLITES IN PLASMA AND
URINE OF INDIVIDUAL GASTROPARESIS PATIENTS

Legend for figures B.1 to B.12:
LC-MS/MS chromatograms showing multiple reaction monitoring (MRM) for
domperidone and metabolites formed in the plasma (A-C) and urine (D-I) of patients.
Relative MS intensities and LC retention times are shown for:
Plasma: (A) domperidone, (B) M1 and M2; and (C) M11.
Urine: (D) domperidone, (E) M1 and M2, (F) M5, (G) M7, (H) M8, M9 and (I) M11.
The parent-daughter transitions used to construct this MRM were 426147 for
domperidone; 442191 for M1 and M2; 252207 for M5; 458151 for M7; 618442
for M8 and M9; and 552191 for M11.
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Figure B.1: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in blank plasma and urine. Refer to
legend on page 155 for details.
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Figure B.2: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in plasma and urine of patient DLS-1.
Refer to legend on page 155 for details.

157

Figure B.3: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in plasma and urine of patient DLS-2.
Refer to legend on page 155 for details.
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Figure B.4: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in plasma and urine of patient DLS-3.
Refer to legend on page 155 for details.
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Figure B.5: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in plasma and urine of patient DLS-4.
Refer to legend on page 155 for details.
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Figure B.6: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in plasma and urine of patient DLS-5.
Refer to legend on page 155 for details.
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Figure B.7: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in plasma and urine of patient DLS-6.
Refer to legend on page 155 for details.
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Figure B.8: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in plasma and urine of patient DLS-7.
Refer to legend on page 155 for details.
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Figure B.9: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in plasma and urine of patient DLS-8.
Refer to legend on page 155 for details.
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Figure B.10: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in plasma and urine of patient DLS-9.
Refer to legend on page 155 for details.
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Figure B.11: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in plasma and urine of patient DLS-10.
Refer to legend on page 155 for details.
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Figure B.12: LC-MS/MS chromatograms showing multiple reaction monitoring
(MRM) for domperidone and its metabolites in plasma and urine of patient DLS-11.
Refer to legend on page 155 for details.
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APPENDIX C
PRODUCT ION SCAN CHROMATOGRAMS

Figure C.1: Product ion scan (MS2) for M2. M2 have similar m/z and fragments
structure as M1. Structures are detailed in chapter 2.

Figure C.2: Product ion scan (MS2) for M3. M3 have similar m/z and fragments
structure as M1. Structures are detailed in chapter 2.
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Figure C.3: Product ion scan (MS2) for M4. M4 have similar m/z and fragments
structure as M1. Structures are detailed in chapter 2.

Figure C.4: Product ion scan (MS2) for M9. M9 have similar m/z and fragments
structure as M8. Structures are detailed in chapter 2.
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Figure C.5: Product ion scan (MS2) for M12. M12 have similar m/z and fragments
structure as M11. Structures are detailed in chapter 2.
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ABBREVIATIONS

ADME, absorption, distribution, metabolism, and excretion
ADR, adverse drug reaction
amu, atomic mass units
AO, aldehyde oxidase
AUC, area under the curve
CE, collision energy
CID, collision-induced dissociation
CNS, central nervous system
CTZ, chemoreceptor trigger zone
CXP, Cell exit potential
CYP450, cytochrome P450
DDI, drug-drug interaction
DMEs, drug metabolizing enzyme
DMSO, dimethyl sulfoxide
DP, declustering potential
EP, entrance potential
ESI, electrospray ionization
FDA, U.S. Food and Drug Administration
FMO, flavin monooxygenase
GI, gastrointestinal
GST, glutathione S-transferase
HLC, human liver cytosol
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HLM, human liver microsomes
HPLC, high-performance liquid chromatography
ICC, interstitial cells of Cajal
IS, internal standard
IVIVC, in-vitro in-vivo correlation
LC, liquid chromatography
MAO, monoamine oxidase
MRM, multiple reaction monitoring
MS, mass spectrometry
MS/MS, tandem mass spectrometry
MS2, Product ion scan
NADP+, nicotinamide adenine dinucleotide phosphate
NADPH, nicotinamide adenine dinucleotide phosphate (reduced form)
PAPS, 3′-phosphoadenosine-5′-phosphosulfate
PK, pharmacokinetics
QC, quality control
RLM, rat liver microsomes
SULT, sulfotransferase
TCA, tricyclic antidepressants
UDPGA, uridine 5’-diphosphoglucuronic acid
UGT, uridine diphosphoglucuronosyltransferase
UV, ultraviolet
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