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Bupropion is a norepinephrine and dopamine reuptake inhibitor that is currently indicated for use
as an antidepressant (Wellbutrin), a smoking cessation aid (Zyban) and a weight loss therapy in
combination with naltrexone (Contrave). Bupropion is also the preferred sensitive in vivo
CYP2B6 substrate recommended by the FDA (U.S. Food and Drug Administration Center for
Drug Evaluation and Research (CDER), 2012). Efavirenz, the only other CYP2B6 sensitive
substrate, is a time dependent inhibitor (Bumpus et al., 2006) and inducer (Kharasch et al., 2012)
of CYP2B6, both of which limit its usefulness. Yet, despite its numerous clinical and research
applications, there are many gaps in our knowledge of bupropion pharmacokinetics. First of all,
bupropion elimination pathways have yet to be fully characterized. Secondly, bupropion causes

strong in vivo CYP2D6 inhibition, yet the source of the interaction has not been identified. The



goal of this project was to characterize the metabolism of bupropion and elucidate the
quantitative aspects of CYP2D6 interaction. Finally, using our knowledge of bupropion
metabolism, changes in CYP2B6 and CYP2C19 activity during pregnancy were assessed by
evaluating the changes in bupropion PK during pregnancy.

Because less than 30% of the bupropion dose is reportedly recovered as bupropion, OH-
bupropion, threohydrobupropion and erythrohydrobupropion and their conjugates (Welch et al.,
1987), additional metabolites were isolated from human urine and characterized via MS/MS,
NMR and UV to allow for full characterization of bupropion elimination. Three novel
metabolites 4-OH-bupropion, erythro-4-OH-hydrobupropion, and threo-4’-OH-hydrobupropion
were isolated and identified. The relative contribution of each elimination pathway was assessed
through in vitro incubations in human liver S9 fractions or recombinant P450. CYP2B6 and
CYP2C19 were found to be quantitatively minor elimination pathways, contributing to only 23
and 5% of total bupropion clearance. The majority of bupropion is cleared via reduction to
threohydrobupropion (66%) and erythrohydrobupropion (6%).

To elucidate the cause of the bupropion-CYP2D6 interaction, the inhibition potential the
individual stereoisomers of bupropion and OH-bupropion was investigated but these
stereoisomers were not predicted to account for the observed magnitude of the in vivo
interaction. However, bupropion and all of its metabolites were found to significantly
downregulate CYP2D6 on the basis of activity and mRNA levels. Inclusion of downregulation
into static predictions resulted in accurate predictions of the observed drug interaction.

To evaulate the effects of pregnancy on bupropion pharmacokinetics, plasma
concentrations and urine amounts of bupropion and its metabolites were measured both during

pregnancy and post partum in 5 subjects. While plasma levels of bupropion and its metabolites



remained steady, a significant two-fold change in OH-bupropion formation clearance was
observed in the third trimester, when compared to postpartum. This result suggested that
CYP2BE6 is substantially induced in pregnancy and thus caution should be exercised when

prescribing CYP2B6 substrates to pregnant women.
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Chapter 1. INTRODUCTION

1.1 BUPROPION CLINICAL INDICATIONS

Bupropion is a norepinephrine and dopamine reuptake inhibitor as well as a nicotine receptor
antagonist. Bupropion was originally developed to improve the selectivity and efficacy of
antidepressant treatment while minimizing the side effects associated with selective serotonin
reuptake inhibitors (SSRIs) and tricyclic antidepressants (Fava et al., 2005; Horst and Preskorn, 1998;
Maxwell, 1985). In 1985, Bupropion HCI (Wellbutrin) was first approved for use as a treatment for
major depression, after demonstrating comparable efficacy to typical antidepressants (Chouinard,
1983; Feighner et al., 1986, 1991; Mendels et al., 1983; U.S. Food and Drug Administration Center
for Drug Evaluation, 1985; Weisler et al., 1994). Bupropion is considered to be an atypical
antidepressant because it exhibits its antidepressant effects through dual inhibition of norepinephrine
(NE) and dopamine (DA) reuptake, which sets it apart from other classes of antidepressants.
Potentially due to its unique mechanism of action, addition of bupropion to SSRI or selective
norepinephrine reuptake inhibitor (SNRI) therapy has been shown to aid in the treatment of refractive
depression (Fatemi et al., 1999; Garcia-Pares, 2011; Marshall et al., 1995). Bupropion is also a viable
alternative for patients who cannot tolerate other antidepressants because it lacks the anticholinergic,
cardiac and sexual side effects of many SSRIs and tricyclic antidepressants (Dunner et al., 1998;
Maxwell, 1985).

Following the entry of Wellbutrin to the market, clinical indications for bupropion have
expanded to include smoking cessation (Zyban) (U.S. Food and Drug Administration Center for Drug
Evaluation, 1997; U.S. Food and Drug Administration, Center for Drug Evaluation and Research, 2014)
and weight loss (Contrave) (U.S. Food and Drug Administration, Center for Drug Evaluation and
Research, 2014). Due to a higher prevalence of depression among smokers vs. non-smokers (Glassman

et al., 1990; Hall et al., 1990) and a link between depression and relapse following smoking cessation

11



(Covey et al., 1990; Hall et al., 1994), efforts were made to understand whether antidepressants could be
used as smoking cessation agents (Hurt et al., 1997). Of the drugs evaluated, bupropion immediate (IR)
and sustained release (SR) formulations demonstrated efficacy (Ferry and Burchette, 1994; Hurt et al.,
1997; Jorenby, 1999; Wilkes, 2008). In 1997, sustained release bupropion was approved as the first
non-nicotine based smoking cessation therapy (Wilkes, 2008) and continues to be marketed under the
trade name Zyban.

In 2016, bupropion was also approved as a weight loss aid in combination with naltrexone (U.S.
Food and Drug Administration, Center for Drug Evaluation and Research, 2014). This combination
therapy has been shown to result in significant weight loss when added to a modified diet and lifestyle
(Apovian, 2015; Greenway et al., 2009; Sherman et al., 2016; U.S. Food and Drug Administration,

Center for Drug Evaluation and Research, 2014; Wadden et al., 2011).

1.2 BUPROPION CLINICAL PHARMACOLOGY

Bupropion is available in immediate release, sustained release and extended release oral
formulations. All three formulations are bioequivalent. The absolute bioavailability is unknown since
there is no intravenous (1V) formulation. However, bupropion is rapidly and extensively absorbed.
Following a single oral dose of **C-bupropion, the peak concentration of bupropion in plasma was
reached by 2 hours (Findlay et al., 1981; Lai and Schroeder, 1983). Additionally, approximately 88% of
the dose was recovered in the urine and the 10% recovered in the feces was predominantly made up of
metabolites, suggesting near complete absorbtion of the **C bupropion-HCI tablet (Schroeder, 1983;
Welch et al., 1987). No gender effects are observed in PK parameters after correcting for body weight.
Additionally, linear increases in AUC have been reported for doses ranging from 50-250mg in both
male and female subjects (Findlay et al., 1981; U.S. Food and Drug Administration Center for Drug

Evaluation, 2013a).
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Bupropion is extensively metabolized. Following a single oral dose of *4C-bupropion, less than
1% of the dose was recovered as unchanged bupropion in urine or feces (Schroeder, 1983) and the AUC
of 1*C-bupropion represented only 2% of the total *C AUC (Welch et al., 1987).

Bupropion has three known primary active metabolites; OH-bupropion, threohydrobupropion
and erythrohydrobupropion (Figure 1.1.). In vivo, bupropion has an elimination half-life of
approximately 21 hours and reaches steady state within a week. OH-bupropion has a similar half-life to
bupropion (20 hours), while threo- and erythrohydrobupropion have longer half-lives (33 and 37 hours,
respecitvely) than the parent drug (U.S. Food and Drug Administration Center for Drug Evaluation,
2001). Steady state concentrations of OH-bupropion and threohydrobupropion are 5-10 fold higher than
bupropion while erythrohydrobupropion concentrations are comparable to the parent (U.S. Food and
Drug Administration Center for Drug Evaluation, 1985). While relatively few studies have focused on
the stereoselective metabolism or disposition of bupropion, bupropion is administered as a racemeate,
and undergoes stereoselective metabolism to (R,R)-and (S,S)-OH-bupropion, (R,R)- and (S,S)-
threohydrobupropion and (R,S) and (S, R)-erythrohydrobupropion (Figure 1.1). While the kinetics of
the individual enantiomers of threo and erythrohydrobupropion have not been studied, bupropion and
OH-bupropion have been found to exhibit stereoselective disposition (Kharasch et al., 2008). (R)-
Bupropion and (R,R)-OH-bupropion exposures are approximately 3- and 44-fold higher than the (S)-

bupropion and (S,S)-OH-bupropion, respectively (Kharasch et al., 2008).

1.3 BuprrOPION METABOLISM AND ITS USE AS A CYP2B6 PROBE

The formation of OH-bupropion from bupropion has been proposed to be a selective marker of
CYP2B6 activity (Faucette et al., 2000; Hesse et al., 2000). This is based on historical data from P450
supersome panels, in which CYP2B6 was been reported to be the main contributor to OH-bupropion
formation, with minor contribution of CYP2E1 (Faucette et al., 2000; Hesse et al., 2000). This finding
was futher supported by inhibition panel studies that demonstrated that bupropion hydroxylation was

exclusively inhibited by an anti-CYP2B6 antibody (Faucette et al., 2000; Hesse et al., 2000).
13



Additionally, formation of OH-bupropion has been found to be correlated with CYP2B6 protein content
and activity (Faucette et al., 2000; Hesse et al., 2000). However, these experiements were performed at
concentrations of 50uM, 500 uM and 12mM bupropion, which are all supraphysiological considering
the circulating concentrations of bupropion at steady state range between 0.2 and 1uM (U.S. Food and
Drug Administration Center for Drug Evaluation, 2013a). Thus it remains unclear whether bupropion
hydroxylation is a reliable marker of CYP2B6 activity at physiologically relevant concentrations. It is
important for this question to be addressed because bupropion is currently the preferred sensitive in
vitro and in vivo CYP2B6 substrate recommended by the FDA (U.S. Food and Drug Administration
Center for Drug Evaluation and Research (CDER), 2012). Efavirenz is currently the only alternative
CYP2B6 probe, yet its utility is limited due to the fact that it is an inducer and time dependent inhibitor
of CYP2B6 (Bumpus et al., 2006; Kharasch et al., 2012). Establishing the percent contribution of
CYP2B6 to OH-bupropion formation intrinsic clearance is critical to determining if in vitro bupropion
hydroxylation is a reliable measure of CYP2B6 activity. Additionally, characterization of OH-
bupropion elimination is needed in order to determine whether bupropion can be used to probe in vivo
CYP2B6 activity. Currently, either the racemic OH-bupropion to bupropion AUC ratio or the ratio of
(S,S)-OH-bupropion to S-bupropion is used. The later has been proposed to be prefereable due to the
fact that that (S,S)-OH-bupropion exhibits formation rate limited kinetics (Kharasch et al., 2008).
However, the use of this AUC ratio to detect changes in CYP2B6-mediated formation clearance

assumes that the metabolite clearance remains constant (Equation 1.1).

AUC, Cl,
AUC, CL

Equation 1.1

While the pathways involved in OH-bupropion elimination have not been fully characterized,
glucuronide and sulfate conjugates have been detected in urine in greater quantities than unchanged OH-
bupropion (Zhu et al., 2014). Thus, in cases where OH-bupropion metabolism may potentially be
altered, use of a metabolite to parent AUC ratio is not a dependable marker of CYP2B6 activity. Instead,

the in vivo OH-bupropion formation clearance may be better estimated by accounting for the ratio of the
14



amount of OH-bupropion (Ae, oH-bupropion) and its metabolites (Ae, sequential metabolites) €Xcreted to the AUC

of bupropion (Equation 1.2).

CL _ '% hydroxybupropion + '% sequential metabolites

; Equation 1.2
AUC

bupropion
This, however, assumes that all of the subsequent metabolites can be accounted for. Deeper
understanding of bupropion elimination and mass balance is therefore needed in order to evaluate the
use of the various bupropion measurements as CYP2B6 probes.

Recent work has suggested a role of 11p-hydroxysteroid dehydrogenase-1 in the formation of
threohydrobupropion (Connarn et al., 2015; Meyer et al., 2013; Skarydova et al., 2013) and
erythrohydrobupropion. In liver S9 fractions, approximately 90% of threo- and erythrohydrobupropion
formation has been reported to be inhibited by a selective 11p-hydroxysteroid dehydrogenase-1
inhibitor, carbenoxolone (Connarn et al., 2015). Some formation of threohydrobupropion formation has
also been reported in intestinal S9 fractions, yet the intestinal formation has been attributed to
aldoketoreductase-7 due to potent inhibition of threohydrobupropion formation by flufenamic acid
(Connarn et al., 2015). Despite the recent work that has been conducted to better understand
bupropion’s reduction pathways, systematic kinetic studies have not been conducted to allow
assessment of the fractional contribution of the reductive pathways to bupropion elimination.

CYP2C19 has also been proposed to play a role in bupropion metabolism. Involvement of
CYP2C19 in the formation of OH-bupropion has been proposed based on supersome panel data (Chen
etal., 2010). Yet the relative contribution is thought to be minor since OH-bupropion formation
correlates with CYP2B6 activity, and inhibition with a selective CYP2B6 inhibitory antibody resulted in
92% inhibition of OH-bupropion formation (Chen et al., 2010). CYP2C19 has been suggested to be the
main enzyme involved in the formation of additional, uncharacterized hydroxylation products of
bupropion (Chen et al., 2010). Yet, only CYP3A4, CYP2C19 and CYP2B6 were assessed in this study,
and thus it is possible that other enzymes could be involved in the formation of these additional

metabolites. Despite the lack of conclusive in vitro data regarding the involvement of CYP2C19 in
15



bupropion metabolism, there is in vivo evidence to suggest that CYP2C19 is a relatively important
elimination pathway for bupropion. In CYP2C19 intermediate metabolizers, the AUC of bupropion was
found to be significantly increased (Zhu et al., 2014), with an estimated fn of 0.13. Hence, in CYP2C19
extensive metabolizers, the percent contribution of CYP2C19 to bupropion clearance may be as high as
25%. CYP2C19 genotype was also found to impact the exposure to erythrohydrobupropion and

threohydrobupropion, causing 22% and 28% increases in their steady state exposures, respectively.

1.4 THE IMPORTANCE OF BUPROPION’S METABOLITES IN CLINICAL SAFETY AND

EFFICACY

Much of bupropion’s pharmacological acitivty and toxicity is attributed to its metabolites.
Bupropion’s antidepressant activity is attributed to inhibition of dopamine and norepinephrine reuptake
by bupropion and its metabolites. In vitro, bupropion and its metabolites, hydroxybupropion and
threohydrobupropion inhibit NE and DA reuptake (Damaj et al., 2004; Fava et al., 2005; Musso et al.,
1993; Stahl et al., 2004). The inhibition appears to be enantioselective, with S-bupropion having a 2
fold lower ICso for DA and NE transporters than R-bupropion (Musso et al., 1993). Furthermore, the
S,S-enantiomer of hydroxybupropion was found to be a much more potent inhibitor of both dopamine
and norepinephrine uptake than R,R-hydroxybupropion (Carroll et al., 2011; Damaj et al., 2004). And
in fact, the S,S-hydroxybupropion ICso value for the norepinephrine transporter was an order of
magnitude lower than that of bupropion and the 1Csg value for the dopamine transporter was comparable
to that of bupropion in stably transfected HEK293 cell. In vitro DA and NE inhibition data is further
supported by in vivo studies. Numerous studies in rodent models have demonstrated that bupropion can
cause dose dependent decreases in dopamine and norephinephrine neuronal firing as well as increased
synaptic and brain concentrations of dopamine and norepinephrine (Ascher et al., 1995a; Nomikos et al.,

1989, 1992). In humans, notable dopamine receptor occupancy as high as 25% has been recorded
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following steady state bupropion dosing (Learned-Coughlin et al., 2003; M. Argyelan, 2006; Stahl et
al., 2004).

The mechanism of bupropion’s smoking cessation activity remains unclear. It is thought that
bupropion may work partially through modulating addiction through altering dopamine and
norepinephrine signaling. Additionally, part of the smoking cessation effects of bupropion is attributed
to antagonism of nicotinic acetylcholine receptors (NAChRs). In vitro studies directly evaluating
nAChHR inhibition have only been performed for bupropion and the enantiomers of OH-bupropion.
Threohydrobupropion and erythrohydrobupropion have been shown to partially substitute for nicotine in
mouse behavioral studies, but their ability to inhibit NAChRSs has not been directly tested in vitro
(Bondarev et al., 2003). Bupropion and OH-bupropion are reported to be noncompetitive antagonists
(Carroll et al., 2011; Damaj et al., 2004; Slemmer et al., 2000). Bupropion is the most potent inhibitor
of nAChR a3-p4, with an ICsq 1.8 uM, while S,S-OH-bupropion and R,R-OH-bupropion have 1Csg
values of 10 and 6.5 uM, respectively. S,S-OH-bupropion has the lowest 1Csg value (3.3 uM) for
nAChR 04-B2 while bupropion (12 uM) and R,R-OH-bupropion show much weaker inhibition potency.
R,R-OH-bupropion and bupropion are equally potent inhibitors of a4-p4 (ICs 7.6 and 7.9 puM,
respectively), while S,S-OH-bupropion has a comparatively high ICsg value of 28 uM) (Carroll et al.,
2011; Damaj et al., 2004). In mouse models, S,S-OH-bupropion has been reported to be a more potent
nicotine antagonist than R-R-OH-bupropion and bupropion (Damaj et al., 2004).  In tail flick, hot-
plate, motility and hypothermia assays, the ADso’s of S,S-OH-bupropion (0.2, 1.0, 0.9, 1.5 mg/kg) were
consistently lower than that of bupropion (1.5, 5.5. 8.2. 19.4 mg/kg) and R,R-bupropion (2.5, 10.3, >20,
>20 mg/kg), respectively. The S,S- enantiomer was also more important for suppressing nicotine
reward and withdrawal symptoms (Damaj et al., 2010) as well as chronic nicotine tolerance in mouse
model (Grabus et al., 2012). Since bupropion and S,S,-OH-bupropion circulate at similar concentrations
in humans, S,S-OH-bupropion is likely to play a larger role than bupropion in smoking cessation.
However, following a single oral dose R,R-OH-bupropion has a Cmax 18 fold higher than that of S,S-

OH-bupropion. As a result, its contribution to smoking cessation outcomes may be equal to that of S,S-
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OH-bupropion. In human studies, circulating OH-bupropion levels following bupropion treatment have
been reported to be predictive of smoking cessation outcomes. (Zhu et al., 2012a). Yet no studies have
assessed the relationship between the concentrations of the individual OH-bupropion enantiomers and

rates of smoking cessation.

1.5 BuPROPION MASS BALANCE AND UNCHARACTERIZED METABOLITES

Although OH-bupropion, threohydrobupropion and erythrohydrobupropion are the main
circulating metabolites, the amount of these metabolites and their conjugates excreted in urine only
account for 23% of the oral dose (Welch et al., 1987). Another 22% of the dose hase been reported to
be excreted in urine as m-chlorohippuric acid, a glycine conjugate of m-chlorobenzoic acid (Welch et
al., 1987). Yet, nearly 40% of the dose is recovered in urine as unidentified polar metabolites (Welch et
al., 1987).

Additional metabolites have been detected in vitro and in vivo, and their structures have
tentatively been proposed based on mass spectral data. Proposed structures of the novel metabolites are
shown in Figure 1.2, along with potential formation pathways. In vitro, NADPH-dependent formation
of multiple hydroxylation products from bupropion have been reported (Chen et al., 2010; Taylor,
1995). From incubation of bupropion in human liver S9 fractions, three mono-hydroxylation products
and a minor dihydroxylation product have been reported (Taylor, 1995). The major metabolite, based
on mass spectroscopic response, was determined to be the pharmacologically active OH-bupropion,
which results from hydroxylation of the t-butyl group. The other two mono-hydroxylated metabolites
were proposed to be the result of hydroxylation outside of the tert-butyl group. This was based on data
showing the loss of 56 from the parent ion ([M+H] 256), resulting in an [M+H] 200 ion which is
consistent with the loss of an intact tert-butyl group. Had the hydroxylation occurred in the t-butyl
group, a loss of water would be required prior to the loss of an intact t-butyl group, resulting an [M+H]
184 ion instead of an [M+H] 200 ion . The short retention time and mass spectral fragmentation pattern

suggested that one was a phenolic species while the other was proposed to result from hydroxylation on
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the methyl group and the aromatic ring. Chen et al. also reported the formation of multiple
hydroxylated species in vitro (Chen et al., 2010). Four monohydroxylated species were observed after
incubation of bupropion in HLM (Chen et al., 2010). In addition to the t-butyl hydroxylation product, a
methyl group hydroxylation and two aromatic hydroxylation products were proposed based of their
mass spectral fragmentation patterns. Additionally, LC/TOFMS analysis of human urine has suggested
the presence of reduced and hydroxylated metabolites, a glucuronide of a dihydroxylation product as
well as conjugates of proposed aromatic hydroxylation product(s) (Petsalo et al., 2007). The structures
of these analytes were tentatively proposed based on accurate mass data (Petsalo et al., 2007). The
reduced and hydroxylated metabolite was proposed to be the result of reduction of the ketone and
hydroxylation of the aromatic ring based on the m/z 258— 184, indicating a loss of a hydroxylated t-
butyl group.

To date, the structures of the reduced and hydroxylated metabolite(s) and alternative
monohydroxylation products have not been systematically characterized, nor are authentic standards
available. Furthermore, it is not known whether the reduced and hydroxylated metabolite(s) observed in

vivo are products from OH-bupropion or from threo/erythrohydrobupropion.

1.6 BUPROPION IN PREGNANCY

Major depression and smoking cessation treatment are common among pregnant women. In a
study conducted across 10 obstetrics clinics throughout Michigan, 20.4% of the pregnant women
reported having elevated depressive symptoms (Marcus et al., 2003). Between 2000 and 2010 12% of
women reported quitting smoking before the 3™ trimester while another 12% continued to smoke (Tong
et al., 2013). Due to the adverse consequences of untreated depression and smoking on fetal
development and maternal health, women are encouraged to seek treatment for depression and nicotine
addiction (Coleman, 2007; Marcus et al., 2003; Tong et al., 2013; U.S. Department of Health and
Human Services., 2014), While treatment can be successful without pharmacotherapies, some women

need to use antidepressants and smoking cessation medications. Thus, bupropion is used during
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pregnancy as an antidepressant and as a smoking cessation aid. Hospital records from a randomly
selected pregnancy population indicate that approximately 0.5% of the women were exposed to
bupropion during pregnancy (Alwan et al., 2010). However, little is known about bupropion disposition
or pharmacodynamics in pregnant women.

Studies of bupropion in pregnant rats and rabbits did not suggest teratogenicity, however, there
were slight increases in fetal malformations and decreased fetal weight when rabbits received doses
equivalent to the maximum expected human dose (U.S. Food and Drug Administration Center for Drug
Evaluation, 2013a). Retrospective analysis of health care data failed to identify any significant
differences in the prevalence of congenital malformations between women exposed to bupropion during
pregnancy and the normal population (Cole et al., 2007). Yet when malformations are stratified by type,
a positive association was found between maternal bupropion use and neonatal left outflow tract heart
defects (Alwan et al., 2010). In absence of adequate control studies, there is not sufficient data to
determine that bupropion is safe for use during pregnancy. As a result, bupropion is categorized as a
Pregnancy Category C drug, indicating that it should only be used in pregnancy if the benefits of
treatment outweigh the potential risks to the developing fetus (U.S. Food and Drug Administration
Center for Drug Evaluation, 2013a).

Limited in vitro and in vivo evidence suggest that bupropion pharmacokinetics is likely to be
altered during human pregnancy. CYP2B6 is implicated in the formation of OH-bupropion. In vitro
and in vivo data suggest that this pathway is induced during pregnancy, which could lead to increased
exposure to OH-bupropion, and thus result in changes in pharmacological response and toxicity.
Estrogens have been shown to play an important role in CYP2B regulation in rodent models (Koh et al.,
2012; Nemoto and Sakurai, 1995; Yamada et al., 2002; Yamamoto et al., 2001). Additionally, in human
hepatocytes, estradiol has been reported to induce CYP2B6 activity and mRNA expression. (Dickmann
and Isoherranen, 2013). Based on concentrations of estradiol in pregnancy (Abduljalil et al., 2012;
O’Leary et al., 1991; Soldin et al., 2005) and in vitro induction parameters, CYP2B6 expression is

predicted to increase during pregnancy by 1.1, 1.4 and 1.9 fold in the first, second and third trimesters
20



(Dickmann and Isoherranen, 2013; Ke et al., 2014). The results of clinical studies with methadone and
sertraline have suggested the potential for CYP2B6 induction but a study evaluating nevirapine
pharmacokinetics revealed no change in nevirapine clearance in pregnancy (Capparelli et al., 2008a;
Freeman et al., 2008; Pond et al., 1985). These studies are limited by the fact that the substrates all have
multiple routes of elimination (Erickson et al., 1999; Obach et al., 2005; Totah et al., 2008; Wang and
DeVane, 2003). Because it is unclear how each pathway is effected in pregnancy, clearance changes are
not reliable markers of changes in CYP2B6 activity during pregnancy. In vivo studies with sensitive
CYP2B6 substrates are needed in order to provide further evidence of the impact of pregnancy on
enzyme expression and activity.

CYP2C19, which has been reported to play a role in bupropion elimination (Zhu et al., 2014), is
also expected to be altered in pregnancy. A study evaluating changes in proguanil pharmacokinetics in
pregnancy suggests that there may be a 60% decrease in CYP2C19 activity in T2 and T3 as compared to
postpartum levels (Ke et al., 2014). However, in vivo studies with sensitive CYP2B6 and CYP2C19
substrates have not previously been conducted in order to provide further evidence of the impact of

pregnancy on enzyme expression and activity.

1.7 HYPOTHESIS AND AIMS

Despite bupropion’s numerous clinical and research applications, its pharmacokinetics have
been incompletely characterized. Bupropion has several metabolites that have not been definitively
identified, nor have their formation pathways been characterized. Furthermore, the elimination
pathways of bupropion have yet to be fully characterized stereoselectively and bupropion’s utility as a
CYP2B6 probe has not been adequately evaluated. Finally, bupropion causes strong in vivo CYP2D6
inhibition, yet the source of the interaction has not been identified. The overall hypothesis of this thesis
was that the relative contribution of the bupropion elimination pathways and the magnitude of the
bupropion-CYP2D6 interaction could be elucidated through thorough characterization of bupropion’s

stereoselective metabolism and in vivo pharmacokinetics. We addressed this hypothesis in four aims:
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Aim 1. Identify additional metabolites of bupropion from human urine and determine their
quantitative importance to bupropion elimination (Chapter 2),
Aim 2. Characterize the stereoselective metabolism of bupropion via incubations in

recombinant enzyme systems and human liver S9 fractions (Chapter 3)

Aim 3. Quantitatively explain the in vivo CYP2D6 inhibition by bupropion through extensive

characterization of stereoselective disposition of bupropion and its metabolites, in vitro

inhibition and effects of bupropion on CYP2D6 transcription (Chapter 4)

Aim 4. Assess the effects of pregnancy on CYP2C19 and CYP2B6 activity using bupropion as

the probe (Chapter 5).
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Figure 1.1. Structures of the enantiomers of bupropion and its metabolites as well as the enzymes
proposed to be involved in metabolite formation. AKR is Aldoketoreductase, 113-HSD1 is 11p-
hydroxysteroid dehydrogenase.

23



o}

aromatic hydroxylation methyl group hydroxylation

N/

o}

OH OH
@/K/N% @&N% ©/\/N'}<
al al Bupropion ¢

l Erythrohydrobupropion
H
N
o T
0

4 Hydroxybupropion

OH
Threohydrobupropion? NI}<
Eythrohydrobupropion? —> OH
cl

Threohydrobupropion

Hydroxybupropion?

Reduced and hydroxylated
Figure 1.2. Bupropion metabolism scheme and proposed structures of new metabolites. Circles
indicate proposed hydroxylation sites. The oval denotes potential precursor for the reduced and

hydroxylated metabolite.

24



Chapter 2.
IDENTIFICATION AND STRUCTURAL CHARACTERIZATION OF
THREE NEW METABOLITES OF BUPROPION IN HUMANS

This chapter was published, in part in ACS Med. Chem. Lett., 2016, 7 (8), pp 791-796

25



2.1 ABSTRACT

Bupropion is a widely used antidepressant, smoking cessation aid and the recommended
CYP2B6 probe drug. However, current understanding of bupropion elimination pathways is limited.
Bupropion has three active circulating metabolites, OH-bupropion, threohydrobupropion and
erythrohydrobupropion, but these metabolites and their conjugates represent only 20% of the dose
recovered in urine, and the majority of the elimination pathways of bupropion result in uncharacterized
metabolites. The aim of this study was to determine the structures of the uncharacterized bupropion
metabolites using human clinical samples and in vitro incubations. Three metabolites, 4’-OH-bupropion,
erythro-4’-OH-hydrobupropion and threo-4’-OH-hydrobupropion were detected in human liver
microsomal incubations and were isolated from human urine. The structures of the metabolites were
confirmed via comparison of UV absorbance, NMR spectra and mass spectral data to those of
synthesized standards. In total, these metabolites represented 24% of the drug related material excreted

in urine.

2.2 INTRODUCTION

Bupropion is a norepinephrine and dopamine reuptake inhibitor that is currently indicated for use
as an antidepressant (Wellbutrin) (U.S. Food and Drug Administration Center for Drug Evaluation,
2013b), a smoking cessation aid (Zyban) (U.S. Food and Drug Administration Center for Drug Evaluation,
1997) and a weight loss therapy in combination with naltrexone (Contrave) (U.S. Food and Drug
Administration, Center for Drug Evaluation and Research, 2014). Bupropion is also the preferred
sensitive in vivo CYP2B6 probe substrate recommended by the FDA (U.S. Food and Drug Administration
Center for Drug Evaluation and Research (CDER), 2012). Yet, despite its numerous clinical and research
applications, the factors contributing to observed interindividual variability in bupropion disposition and
in its safety and efficacy is poorly understood (Fava et al., 2005; Hill et al., 2007; Rissmiller and Campo,

2007; Woodcock et al., 2012).
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In vivo, bupropion undergoes extensive metabolism, with less than 1% of the dose excreted
unchanged in urine after a single oral dose (Findlay et al., 1981; Schroeder, 1983). Much of the
pharmacological activity and toxicity of bupropion is attributed to the three known primary metabolites:
OH-bupropion, threohydrobupropion and erythrohydrobupropion (Figure 2.1) (Ascher et al., 1995b;
Bondarev et al., 2003; Carroll et al., 2011; Damaj et al., 2004, 2010; Fava et al., 2005; Musso et al., 1993;
Nomikos et al., 1989; Stahl et al., 2004). All of these metabolites circulate at concentrations higher than
bupropion (Benowitz et al., 2013; U.S. Food and Drug Administration Center for Drug Evaluation and
Research, 2003). OH-bupropion appears to be the main contributor to the efficacy of bupropion in
smoking cessation, while both OH-bupropion and threohydrobupropion are suggested to be primarily
responsible for the anti-depressant activity of bupropion (Bondarev et al., 2003; Damaj et al., 2004;
Jefferson et al., 2005; Zhu et al., 2012b). All three metabolites also have markedly lower LDso values
than bupropion (Welch et al., 1987) and cause dose dependent increases in convulsion risk in mouse
models (Silverstone et al., 2008). Thus, it is possible that additional, yet unidentified metabolites of
bupropion may also have pharmacological and toxicological activity and contribute to the effects of
bupropion in vivo. Such metabolites and novel metabolic pathways may also contribute to the
interindividual variability in bupropion efficacy and toxicity. Thus better characterization of the

elimination pathways of bupropion is necessary.

Current knowledge of bupropion metabolism is incomplete. Bupropion, OH-bupropion,
erythrohydrobupropion, threo-hydrobupropion and their conjugates (N- and O-glucuronides and sulfates
(Gufford et al., 2016; Petsalo et al., 2007)) make up only 23% of the drug related material excreted in
urine (Welch et al., 1987) with an additional 22% of the drug related material excreted as m-chlorohippuric
acid (Welch et al., 1987). The remaining 36 % of the dose is excreted in urine as uncharacterized polar
metabolites. Possible structures of some of these metabolites such as aromatic hydroylation products or
products of hydroxylation of the methyl group (potential sites indicated by red arrows in Figure 2.1) have

been proposed based on mass spectral data from in vitro incubations and urine samples from clinical
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subjects (Petsalo et al., 2007). Furthermore, analysis of human urine samples revealed the presence of a
reduced and hydroxylated metabolite (Chen et al., 2010; Petsalo et al., 2007; Taylor, 1995). However, the
structures of the additional metabolites and their relative importance in circulation or overall elimination
of bupropion are unknown. The goal of this study was to characterize the major unknown metabolites of
bupropion and to generate synthetic standards of these metabolites for quantitative characterization of
bupropion elimination pathways. In the future, these metabolites can be evaluated for their potential

pharmacological and toxicological activity.

2.3 MATERIALS AND METHODS

2.3.1 Materials and General Methods

Bupropion, hydroxybupropion, threohydrobupropion, erythrohydrobupropion, bupropion-d,
hydroxybupropion-ds, threohydrobupropion-de, dextrorphan glucuronide and imipramine glucuronide
were purchased from Toronto Research Chemicals (Ontario, Canada). Glacial acetic acid, hydrochloric
acid, formic acid, sodium hydroxide, sodium carbonate and sodium borohydride, were purchased from
Sigma-Aldrich (St. Louis, MO). NMR solvents were purchased from Cambridge Isotope Labs
(Tewksbury, MA). 1-(3-Chloro-4-methoxyphenyl)propan-1-one was obtained from Atlantic Research
Chemicals (Bude, Cornwall, UK). Methylene chloride and diethyl ether, optima grade acetonitrile,
methanol, and water were purchased from Fisher Scientific (Waltham, MA). Human liver microsomes
(HLM) and cytosolic fractions from four donors were obtained from the University of Washington
Human Liver Bank (Seattle, WA). All donors were CYP2C19 and CYP2D6 extensive metabolizers.
HLMs and cytosol were prepared using standard ultracentrifugation methods and pooled before use.
NMR spectra were acquired using a 500 MHz Bruker NMR spectrometer. UV absorbance was
measured using a Nanodrop 2000c (Thermo Scientific, Waltham, MA) and HRMS was performed on a

Waters Synapt G1 QTOF (Milford, MA).
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2.3.2 Clinical Study.

The study was approved by the University of Washington Institutional Review Board. Five
female subjects were enrolled in the study after providing written informed consent. The subjects were
taking bupropion daily for therapeutic reasons. Urine was collected over one dosing interval and a
single blood sample was collected to measure steady state bupropion concentrations. Urine from one

subject taking 300 mg of bupropion daily was used for metabolite isolation.

2.3.3 Invitro Incubations in Subcellular Fractions.

Incubations were performed in 100 mM potassium phosphate buffer (KPi; pH 7.4), in a final
volume of 100 pl. Bupropion, hydroxybupropion (OH-bupropion), threohydrobupropion,
erythrohydrobupropion, 4’-OH-bupropion or threohydrobupropion-dy were incubated at 10 pM
concentration with 0.1 mg/mL HLM or cytosol (not for threohydrobupropion-ds). Following a 5 min
preincubation at 37 °C, reactions were initiated by adding 10 uL NADPH (1 mM, final concentration).
Reactions were terminated after 20 minutes by adding an equal volume of acetonitrile containing 100

nM hydroxybupropion-ds internal standard.

2.3.4 Detection of Metabolites in Incubation and Urine Samples Using LC/MS/MS.

Bupropion metabolites were detected in HLM, or cytosol incubations using an AP15500
QTRAP® Q-LIT mass spectrometer (AB Sciex, Foster City, CA) coupled to an Agilent 1290 UHPLC
(Agilent, Santa Clara, CA). The turbo ion spray interface was operated in positive ion mode. Samples
were centrifuged for 15 (incubations) or 40 (urine and plasma) minutes at 3000 g and the supernatant
was transferred to a 96 well plate for LC-MS analysis. An Agilent ZORBAX XDB-C18 column
(150x4.6mm, 5um) was used to separate the analytes with an 0.8 mL/min isocratic flow of mobile phase
consisting of 35% methanol with 0.4% formic acid, and 65% water with 0.04% formic acid (Connarn et
al., 2015). The presence of reduced and hydroxylated metabolites, dihydroxylation products and direct

hydroxylation products of bupropion were detected first by monitoring selected parent-fragment
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MS/MS transitions (MRM transitions) adapted from previous studies (Chen et al., 2010; Petsalo et al.,
2007). Full MS/MS fragment ion spectra were collected using the same MRM transitions as the survey
scan for parallel information dependent acquisition via an enhanced product ion (EPI) scan of [M+H]"
ions m/z 256, 262, 242, 258 and 267. The collision energy was set to 19 V for all MRM transitions and
40 for all EPI scans. The presence of metabolites in preparative HPLC fractions was initially screened
using an HPLC method consisting of an Agilent ZORBAX XDB-C18 column (50 x 2.1 mm, 5um) and
a mobile phase consisting of 0.1% formic acid (A) and ACN (B). A flow rate of 0.3 mL/min was used
with a gradient elution starting at 10% B, increasing to 95% B by 3.5 minutes, held at 95% until 5
minutes, then allowed to re-equilibrate to initial conditions by 7 minutes. The mass spectrometer
settings were identical in this method as described above. For detection of bupropion and its
metabolites, the following MRM mass transitions (m/z) were used: 240— 184 (bupropion), 249—189
(bupropion-dg), 256—238 (OH-bupropion), 262—244 (OH-bupropion-ds), 242—168 (threo- and
erythrohydrobupropion), 251—168 (threohydrobupropion-dg), metabolites M1-M3 (256—182,
256—200), metabolites M4-M7 (258—184), and metabolites M6-dg and M7-dg (267—184 and

266—184). Proposed structures of M1-M7 are shown in Table 2.1.

2.3.5 Analysis of Bupropion Metabolites in Human Urine.

Urine samples from 5 subjects taking bupropion chronically were analyzed to identify bupropion
metabolites excreted in urine. The samples were prepared by adding 140 pL 3:1 acetonitrile:methanol
into 60 pL urine. To establish the importance of conjugation (O-glucuronidation, N-glucuronidation,
sulfate conjugation) in the elimination of bupropion metabolites, urine was either left untreated or
acidified for deconjugation. For acidified samples, 500 puL 6 N HCI was added to an equal volume of
urine and the samples were incubated overnight at 90 °C. The sample was then neutralized via the
addition of 6N NaOH. For the control samples, 50 pL urine was added to 150 pL water. 10 pL of the
samples were protein precipitated with 190 pL 3:1 acetonitrile:methanol. Deconjugation of 100 nM
dextrorphan glucuronide, imipramine N-glucuronide or 200 uM 4’-nitrocatechol sulfate spiked in blank
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urine was used as positive controls for O-glucuronide, N-glucuronide and sulfate deconjugation,
respectively. Samples were centrifuged at 3000 g for 40 minutes and the supernatants were transferred

to a 96-well plate and analyzed by LC-MS.

2.3.6 Detection of Imipramine N-glucuronide and Dextrorphan-O-glucuronide.

An LC/MS/MS system consisting of AP14500 triple quadrupole mass spectrometer (AB Sciex,
Foster City, CA) coupled with an LC-20AD ultra-fast liquid chromatography system (Shimadzu Co.,
Kyoto, Japan) was used for detection of Imipramine N-glucuronide and dextrorphan O-glucuronide.
Positive ion spray mode was used for detection of imipramine N-glucuronide while negative ion spray
mode was used for the detection of dextrorphan O-glucuronide. An Agilent ZORBAX XDB-C18
column (50 x 2.1 mm, 5um) and a mobile phase consisting of 0.1% formic acid (A) and ACN (B) were
used. The flow rate was 0.3 mL/min, with a gradient elution starting at 10% B, increasing to 95% B by
3.5 minutes, held at 95% until 4 minutes, then allowed to re-equilibrate to initial conditions by 6
minutes. The retention time and m/z for dextrorphan-O-glucuronide were 1.3 min and 432—256,
respectively. The retention time and m/z for imipramine- N-glucuronide were 3.1 min and 457—208,

respectively.

2.3.7 Isolation and Purification of Metabolites from Urine.

Urine (500 mL) from one subject taking 300mg bupropion daily was deconjugated by adding an
equal volume of 6 N HCI and incubating at 90 °C overnight. The mixture was placed on ice and titrated
to pH 8.6 with 12 N NaOH. Bupropion metabolites were extracted with ethyl acetate, and the ethyl
acetate extracts were evaporated using a rotary evaporator (BUCHI, Flawil, Switzerland). The residue
was resuspended in 10 mL of methanol and then passed through a 0.45 uM syringe filter. The filtered
sample was evaporated under nitrogen and the sample was resuspended first in 1 mL methanol followed
by addition of 1 mL H20. Metabolite M1, and the combination of M4 and M6, were isolated from this

extract using a BioLogic DuoFlow 10 System (BioRad, Hercules, CA) FPLC and an Agilent XDB-C18
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PrepHT cartridge (21.2 pm x 150mm, 5um) coupled to a XDB-C18 PrepHT 5 um guard cartridge
(Agilent Technologies, Santa Clara, CA). An isocratic method consisting of 35% methanol and 0.04%
formic acid was run at a flow rate of 10 mL/min for 40 min. The injection volume was 500 pL.
Fractions were collected as 10 mL fractions from 0-30 mL, 5mL fractions from 30 to 300 mL, 10 mL
fractions from 300 to 400 mL using a BioFrac fraction collector from BioRad. Following collection,
998 uL 1:3 methanol:acetonitrile was added to a 2 pL aliquot of each fraction and the fractions were
analyzed by LC/MS/MS for the presence of M1 (4’-OH-bupropion), and M4+M6 (erythro/threo-4’-OH-
bupropion). Fractions containing analytes of interest were pooled and dried under reduced pressure
using a vacuum concentrator (Speed vac, Thermo Savant). Samples were resuspended in 200 pL
methanol and further purified using an Agilent XDB-C18 (4.6 pm x 150mm, 5um) column coupled to
an Agilent 1200 series HPLC with a UV detector. An isocratic mobile phase consisting of 25% MeOH
with 0.04% formic acid and 75% 0.04% formic acid was used at a flow rate of 0.8 mL/min. Fractions
were collected at 2.5-3.5 min (erythro/threo-4’-OH-bupropion) and 4.5-5 min (4’-OH-bupropion). The
compounds were then dried under reduced pressure and resuspended in water. The pH was adjusted to
2 with optima grade formic acid and remaining contaminants removed by liquid-liquid extraction with
dichloromethane. The aqueous layer was then adjusted to pH 8.6 and extracted with ethyl acetate and
dried under nitrogen in a 40°C water bath. The resulting pure compounds were analyzed by UV, HRMS

and NMR. Compounds were determined to be >95% pure by the HPLC method described above.

2.3.8 4°-OH-Bupropion HBr Synthesis.

This compound was synthesized by the method of Butz, et al. (Butz et al., 1981) from 1-(3-
chloro-4-methoxyphenyl)-1-propanone with minor modifications. The initial bromination and amine
displacement processes were carried out as described in a recent synthesis of bupropion (Perrine et al.,
2000). The boron tribromide demethylation was performed as previously described (Butz et al., 1981)
except the reaction mixture was treated with methanol affording the HBr salt of the product. The
resulting compound was determined to be >95 percent pure using HPLC-UV.
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2.3.9 Threo/erythro-4’-OH-hydrobupropion.

These compounds were synthesized using a modification of the reduction method reported by
Luche (Luche, 1978). 4’-OH-bupropion HBr was suspended in 5 mL of water and the pH adjusted to
8.6 with agueous ammonia. The free base was obtained by extracting with 5 volumes ethyl acetate and
evaporation. To a solution of 4’-OH-bupropion (15 mg, 60 umole) in methanol, CeCls -7H20 (22 mg,
60 umole). Sodium borohydride (23 mg, 600 pmole) was added in 5 portions over two hours, while
stirring at room temperature. Reaction progress monitored by HPLC until no additional product
formation was observed. The solvent was evaporated under nitrogen and the residue resuspended in 10
mL of water. The pH was adjusted to 8.6 with aqueous ammonia, and the product extracted with ethyl
acetate (5 x 10 mL). The combined ethyl acetate extracts were evaporated under nitrogen and the
product resuspended in water. The mixture of threo- and erythro-4’-OH-hydrobupropion was purified
by solid phase extraction (SPE) (C18, Varian). Following loading, the SPE cartridge was rinsed with
water, and the product eluted with increasing concentrations of methanol (10% increments from 10-
100%). The mixture of threo- and erythro-4’-OH-hydrobupropion (1:3) eluted when washed with 50%

methanol.

2.4 RESULTS

In order to identify the primary metabolites of bupropion formed in vitro, bupropion was
incubated with human liver microsomes (HLM) and metabolite formation was measured using multiple
reaction monitoring (MRM). Upon incubation of bupropion with HLM, NADPH dependent formation
of six metabolites was observed (Figure 2.2). In addition to OH-bupropion (Figure 2.2a) and
erythrohydrobupropion and threohydrobupropion (Figure 2.2b), three additional monohydroxylation
products (M1-M3) were detected with a parent (M+H) mass of m/z 256 and a main MRM transition of
m/z 256— 182 (Figure 2.2c). In absence of analytical standards, relative comparisons were made based
on ion abundance. On the basis of ion abundance, M1 and M2 appeared to be equally as important in

bupropion metabolism, while M3 formation appeared to be minor. All three metabolites had similar
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fragmentation pathways (Figure 2.2c and d). The main fragmentation via a loss of 56 Da was
indicative of a loss of the t-butyl group as isobutylene, a finding in agreement with hydroxylation
outside of the t-butyl group. However, the fragmentation patterns did not allow for the determination of
the exact hydroxylation site.

In order to determine if M1-M3 were present in vivo, urine and plasma were obtained from 5
subjects taking bupropion chronically for therapeutic reasons. Samples were analyzed for the presence
M1-M3 using MRM of m/z 256— 182. For this analysis, urine was analyzed before and after acid
deconjugation since sulfate and glucuronide conjugates of the unknown bupropion hydroxylation
products have been reported (Petsalo et al., 2007). Metabolite M1 was detectable in plasma, urine and
acid deconjugated urine from all 5 subjects (Figure 2.3) while M2 was not detected in any of the
samples, despite the fact that the extent of its formation in vitro seemed to be equivalent to that of M1.
Metabolite M3 was detected in the urine of 3 subjects prior to acid deconjugation, and in the acid
deconjugated urine of all 5 subjects, but at much lower abundance than M1. Acid deconjugation
markedly increased M1 and M3 ion abundance, suggesting an important role for conjugation in the
elimination of these metabolites (Sager, 2016). Based on ion abundance in both in vitro incubations and
acid deconjugated urine, M1 appeared to be the predominant unknown hydroxylation product of
bupropion. To determine the structure of M1, it was extracted from acid deconjugated urine samples
and purified using preparative chromatography. A sufficient quantity of M1 was isolated to allow
structural characterization via NMR, UV-Vis and MS/MS spectroscopy (Figure 2.4). MS (TOF ESI+)
for C13H19CINO," [M+H]" (calc 256.1104, observed 256.1101). Max UV absorbance was 350 nM. The
presence of only 3 protons in the aromatic region of the NMR spectrum suggested that M1 was a
product of aromatic hydroxylation (Figure 2.4c). The hydroxylation site was assigned to the 4’ position
based on NMR chemical shifts and coupling constants (Figure 2.4c). The NMR spectral shifts were as
follows: *H NMR (CD30D, 500 MHz): § 8.20 (d, 1H, J = 3 Hz), 8.03 (d, 1H, J =7 Hz), 7.11 (d, 1H, J =
9 Hz),5.22 (q, 1H,J =7 Hz), 1.61 (d, 3H, J =7 Hz), 1.39 (s, 9H). A reference standard of 4’-OH-

bupropion HBr was then synthesized and the structure of M1 confirmed by comparison of the LC
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retention time, the MS/MS spectra, maximum UV absorbance (350 nm) and NMR spectrum between
the isolated metabolite and the synthesized compound. For the synthetic compound, the NMR spectral
shifts were as follows: *H NMR (CD3;OD, 500 MHz): § 8.20 (d, 1H, J = 2 Hz), 8.04 (dd, 1H,J =9, 2
Hz), 7.11 (d, 1H, J = 9 Hz), 5.22 (q, 1H, J = 7 Hz), 1.61 (d, 3H, J = 7 Hz), 1.39 (s, 9H).

Previous studies of bupropion metabolism have reported the presence of reduced and
hydroxylated bupropion metabolites in in vitro incubations and in vivo, yet the precursor(s) for the
metabolite(s) have not been identified. To evaluate the possibility of sequential metabolism of the
primary bupropion metabolites, OH-bupropion, threohydrobupropion erythrohydrobupropion and 4°-
OH-bupropion were incubated in HLM or human liver cytosolic fractions to confirm the formation of
sequential metabolites, and determine which substrate(s) and subcellular fractions are involved in the
formation of the reduced and hydroxylated metabolite(s). NADPH dependent formation of two
hydroxylated metabolites from both erythrohydrobupropion (M4 and M5) and threohydrobupropion
(M6 and M7) (Figure 2.5) was detected with an M+1 ion of m/z 258 and MRM transition of 258—184,
following incubation of erythro- and threohydrobupropion in HLM. No NADPH dependent formation
of metabolites with m/z transitions of 258—184 were observed following incubation of
threohydrobupropion, erythrohydrobupropion, OH-bupropion or 4’-OH-bupropion in cytosolic fractions
or following OH-bupropion incubation in HLM (data not shown). Based on ion abundance, metabolites
M4 and M6 appeared to be the major hydroxylation products of erythro- and threohydrobupropion,
respectively, while M5 and M7 appeared to be minor metabolites. Chromatograms and representative
spectra for M4-7 are shown in Figure 2.5. While the [M+H] 258 ion of all four metabolites (M4-M8)
suggested that these are hydroxylated metabolites of threo- and erythrohydrobupropion ([M+H] 242),
the MS/MS fragmentation patterns (Figure 2.5) did not allow determination of the sites of
hydroxylation. Due to the hydroxylation, these metabolites do not exhibit the loss of 56 Da alone;
rather, they each primarily lose H20 or CsHg + H20, as shown in the proposed fragmentation pathway in
Figure 2.5c. To identify the site of hydroxylation in these compounds, threohydrobupropion-ds,

containing deuteriums in the t-butyl group, was incubated in HLM to determine whether M6 and 7 were
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hydroxylated in the t-butyl group, as was previously proposed (Petsalo et al., 2007). Depending on the
hydroxylation site, the products were expected to differ by one Da in the M+H ion, as shown in Figure
2.5d, allowing for detection of t-butyl hydroxylation. Parent masses of m/z 267 for both M6 and M7
suggested no loss of t-butyl deuteriums (Figure 2.5e), confirming that the hydroxylation was either in
the aromatic ring or in the methyl group (Figure 2.5d).

Metabolites M4, 6 and 7 were all detectable in plasma and urine from all 5 subjects (Figure 2.6). Acid
deconjugation resulted in substantially greater ion abundance for M4, 6 and 7 than in untreated urine
(Figure 2.6). Metabolite M5 was only detectable in urine following acid deconjugation (Figure 2.6a,
Figure 2.6). Based on the ion abundances from incubations and deconjugated urine, M4 and M6 were
considered to be the major contributors to the elimination of threo- and erythrohydrobupropion. To
obtain structural information for M4 and M6, these two metabolites were isolated and purified from
deconjugated urine as a mixture (45:55) of erythro- and threohydrobupropion. A representative
chromatogram of the purified compounds is shown in Figure 2.7b. Sufficient material was purified to
allow structural characterization via NMR, UV-VIS and MS/MS analysis (Figure 2.7). The presence of
three protons in the aromatic region of the NMR spectrum indicated that M4 and M6 were products of
aromatic ring hydroxylation. The hydroxylation site was proposed to be at the 4’ position based on
NMR chemical shifts and coupling constants. For erythro-4’-OH-hydrobupropion and threo-4’-OH-
hydrobupropion NMR spectral shifts were as follows: *H NMR (CDs0OD, 500 MHz, CH3OOH internal
standard): & 7.43 (d, 1H, J = 2 Hz), 7.22 (dd, 1H, J = 9, 2 Hz), 6.97 (d, 1H, J = 8 Hz), 4.38 (d, 0.55H, J
= 10 Hz, threo), 1.48 (s, 9H, erythro), 1.46 (s, 9H, threo), 1.18 (d, 3H, J = 7 Hz, erythro), 1.16 (d, 3H, J
=7 Hz, threo). The ratio of threo-4’-OH- to erythro-4’-OH-hydrobupropion in the isolated sample was
determined to be 55:45 based on the integration of the signal at 6 4.38 ppm, signals at & 1.48 vs. o 1.46,
and & 1.18 vs. & 1.16. MS (TOF ESI+) for C13H21CINO,* [M+H]* (calc 258.1261, found 258.1266
2.008ppm). Max UV absorbance was 214 nM. A reference standard was synthesized via reduction of
the 4’-OH-bupropion. Comparison of NMR chemical shifts, maximum UV absorbance, LC retention

times and MS/MS fragmentation patterns between the isolated compound and the synthesized standard
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confirmed the structures as erythro-4’-OH-hydrobupropion (M4) and threo-4’-OH-hydrobupropion
(M6).

To establish the relative importance of the new metabolites in vivo, their concentrations were
quantified in plasma and urine. The dose-normalized concentrations of 4’-OH-bupropion (M1), threo-
4’-OH-hydrobupropion (M4) and erythro-4’-OH-hydrobupropion (M6) in plasma were low, 12+6 nM/g
for 4’-OH-bupropion, 7+1 nM/g threo-4’-OH-hydrobupropion (M4) and 33+20 nM/g for erythro-4’-
OH-hydrobupropion (M6). Concentrations of all three compounds were below the LLOQ (3.3 nM/g) in
one subject. On average, 4’-hydroxybupropion (M1) concentrations were less than 0.01 percent of
those of bupropion within the same subject. Circulating concentrations of threo-4’-OH-hydrobupropion
(M4) and erythro-4’-OH-hydrobupropion (M6) were 1.8 and 2.2 percent of bupropion steady state
average concentration. Metabolite safety is typically considered to be a concern when steady state
concentrations are greater than 10% of the parent (U.S. Food and Drug Administration Center for Drug
Evaluation, 2008). Thus, it may not be necessary to screen these compounds for toxicity. However,
despite the low circulating concentrations of these compounds, they were abundant in urine. The overall
recovery of bupropion metabolites is shown in Table 2.2. On average, 39% of the total oral dose was
recovered over the steady state dosing interval. The amount of threohydrobupropion and its metabolites
represented 26% of the dose, while only 5% and 6% of the dose was excreted as OH-bupropion and
erythrohydrobupropion or their metabolites. On average, 4’-OH-bupropion, threo-4’-OH-
hydrobupropion and erythro-4’-OH-hydrobupropion and their conjugates account for 1.9 %, 14 % and
11 % of the total oral bupropion dose excreted in urine, respectively (Table 2.2). After accounting for
the fraction of threo- and erythrohydrobupropion excreted unchanged, as conjugates or as 4°-
hydroxylation products, 4’hydroxylation accounts for approximately 70 and 20% of the elimination of
erythro- and threohydrobupropion, respectively. As such, changes in the formation of these metabolites

could have a substantial impact on the circulating levels of threo- and erythrohydrobupropion.
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2.5 CONCLUSION

In conclusion, we report the identification and characterization of seven additional metabolites
of bupropion including 4’OH-bupropion, erythro-4’-OH-hydrobupropion and threo-4’-OH-
hydrobupropion. Our findings are in agreement with previous tentative proposals of metabolite
structures based on MS data but provide exact identification of the hydroxylation sites and methods for
synthesizing these metabolites. The presence of hydroxylated metabolites of erythro and
threohydrobupropion, and conjugates of an aromatic hydroxylation product(s) were previously proposed
based on MS data of human urine samples (Petsalo et al., 2007). Similarly multiple monohydroxylation
products of bupropion were proposed based on incubation data of bupropion in human liver S9 fractions
and HLM (Chen et al., 2010; Taylor, 1995). The data shown here demonstrate that 4’hydroxylation is
the predominant hydroxylation pathway. This is in contrast to previous reports suggesting
hydroxylation of the methyl group in addition to the aromatic hydroxylation products (Chen et al., 2010;
Taylor, 1995). The synthetic standards of the new metabolites allowed determination of their
quantitative importance. Quantitative analysis revealed low circulating concentrations for all three new
metabolites, suggesting the risk for toxicity resulting from these metabolites is likely low. However,
M4 and M6 were important elimination pathways for two active metabolites of bupropion and thus
further research into the factors regulating their formation is warranted. Characterization of the
formation kinetics of these metabolites along with OH-bupropion, erythrohydrobupropion and

threohydrobupropion will be presented in Chapter 3.
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Figure 2.1. Bupropion and its active metabolites. Red arrows indicate potential additional

hydroxylation sites.
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Figure 2.2. Characterization of metabolites formed in bupropion incubations. (a) A

representative MRM chromatogram of m/z transition 256—238 depicting NADPH-dependent formation
of OH-bupropion (OH) from bupropion incubation in HLM and MS/MS spectrum for OH-bupropion
(IM+H] 256) (b) A representative MRM chromatogram of m/z transition 242—168 depicting NADPH
dependent formation of erythrohydrobupropion (E) and threohydrobupropion (T) following bupropion
incubation in HLM and MS/MS spectra for erythro- and threohydrobupropion ([M+H] 242). (c)
Representative chromatogram of m/z transition 256—182 showing NADPH dependent formation of
M1, M2 and M3 following bupropion incubation in HLM and MS/MS spectra for M1, M2 and M3

(IM+H] 256). (d) Proposed fragmentation pathways of M1-M3.
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Figure 2.3. Detection of hydroxylated bupropion metabolites M1-M3 in plasma and urine of the
5 study subjects. MRM chromatograms of m/z 256—182 (M1-M3) from subject plasma (a), urine (b)
and acid deconjugated urine (¢). M1 was detected in the plasma and urine of all 5 subjects. M3 was not
detected in plasma but was detectable in the urine of three subjects. Acid deconjugation yielded
detectable levels of both M1 and M3 in the urine of all 5 subjects. The peaks eluting before M1 were
likely conjugates, due to the fact that they were not detected following acid deconjugation. M2 was not
detected in any of the samples.
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Figure 2.4. Structural characterization of isolated M1. (a) A representative MRM chromatogram of
m/z transition 256—182 (M1-M3) from urine before and after acid deconjugation. (b) A representative
MRM chromatogram of m/z transition 256—182 of M1 isolated from urine and an MS/MS spectrum
(IM+H] 256) (c) NMR spectrum, (d) structure of 4’-OH-bupropion and (e) UV spectrum for M1
isolated from acid deconjugated urine.
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Figure 2.5. Characterization of metabolites formed in HLM incubations of
erythrohydrobupropion and threohydrobupropion. A representative MRM chromatogram of m/z
transition 258—184 depicting NADPH-dependent formation of metabolites M4 and M5 from
erythrohydrobupropion in HLM (a) or M6 and M7 following threohydrobupropion incubation in HLM
(b). Insets, MS/MS spectra. (c) Proposed fragmentation pathways of M4-7. (d) Structures and [M+H]
mass of threohydrobupropion-dg and its potential hydroxylation products. (e) A representative MRM
chromatogram of m/z transition 267—184 depicting NADPH-dependent formation of M6-dg and M7-dg
following threohydrobupropion-dg incubation in HLM.
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Figure 2.6. Detection of M4-M7 in plasma and urine of the 5 study subjects. MRM
chromatograms of m/z 258—184 (M4-M7) from subject plasma (a), urine (b) and acid deconjugated
urine (c). M4, 6 and 7 were detected in plasma and urine from all subjects. M5 was only detected
following acid deconjugation. The peak eluting at 5.3 minutes was likely a conjugate, as it was not
detected following acid deconjugation.
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Figure 2.7. Structural characterization of M4 and M6. (a) A representative MRM chromatogram
of m/z transition 258— 184 (M4-M7) from urine before or after acid deconjugation. (b) A
representative MRM chromatogram of m/z transition 258— 184 of M4+M6 isolated from urine and
MS/MS spectra of M4 and M6. (c) NMR spectrum for M4+6 isolated from acid deconjugated urine.
(d) Structure of threo/erythro-4’-OH-hydrobupropion. () UV spectra of a mixture of metabolites
M4+M6 isolated from urine.
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Table 2.1. Proposed structures of metabolites M1-M7

Potential Structures

M1, M2, M3

0 0
NI}( N% N%
HO OH
cl cl cl ety

M4, M5, M6, M7

OH OH
N% N% N%
HO OH
cl cl cl OH

OH
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Table 2.2. The percent of the oral bupropion dose recovered in urine as bupropion and its
metabolites over a steady state dosing interval

Total as free + conjugated

Compound (% of dose) Free (umole)” Conjugated (umole)”
Bupropion 14+11 59+71 6.5+7.3
OH-bupropion 5.0+3.2 77 +69 110 + 63
Threohydrobupropion 21+14 610 + 550 250 + 140
Erythrohydrobupropion 1.9+1 63 £ 65 22 £12
4’-OH-bupropion 0.8£1.0 0.3+£0.2 29 + 36
Threo-4’-OH-hydrobupropion 5.3+35 09£09 200 + 140
Erythro-4’-OH-hydrobupropion 4.1+£2.7 3.3+32 160 + 100
m-chlorohippuric acid 3.0+0.7 167 +130 -
Total 39+15 980 + 850 770 £ 220

“The molar amounts are normalized to the administered dose in each subject
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Chapter 3.
CHARACTERIZING THE STEREOSELECTIVE METABOLISM OF
BUPROPION: THE CONTRIBUTION OF CYP2B6 IS MINOR

This chapter was published, in part, in Drug Metabolism and Disposition
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3.1 ABSTRACT

Bupropion is a widely used antidepressant, smoking cessation aid and weight loss therapy. It is
administered as a racemic mixture, but the pharmacokinetics and activity of bupropion are
stereoselective. Bupropion activity and side effects are attributed to bupropion and its metabolites S-
and R-OH-bupropion, threohydrobupropion, and erythrohydrobupropion, yet the stereoselective
metabolism in vitro and the enzymes contributing to the stereoselective disposition of bupropion have
not been characterized. In addition, the predicted fraction metabolized (fm) of 40% by CYP2B6 in
bupropion clearance based on ticlopidine drug-drug interaction (DDI) (Turpeinen et al., 2005) is not in
agreement with the f to the CYP2B6 probe metabolite OH-bupropion in vivo (16%) suggesting that the
enzymes contributing to overall bupropion clearance and metabolite formation are not fully
characterized. The aim of this study was to characterize the stereoselective metabolism of bupropion in
vitro in order to to explain the stereoselective pharmacokinetics and the effect of DDIs and CYP2C19
pharmacogenetics on bupropion exposure. This in vitro data suggests that threohydrobupropion
accounts for 50% and 82%, OH-bupropion for 34% and 12% erythrohydrobupropion 8% and 4% and
4’-OH-bupropion 7% and 2% of overall R- and S-bupropion clearance, respectively. Overall, the
fmcyp2es Was predicted to be 19% and the fmcvypacio 5%. Importantly, ticlopidine was found to inhibit
all metabolic pathways of bupropion in vitro including threo- and erythrohydrobupropion formation and
4’0OH-bupropion formation by CYP2C19 , explaining the in vivo DDI. The stereoselective
pharmacokinetics of bupropion were quantitatively explained by the in vitro metabolic clearances and in

Vivo interconversion between bupropion stereoisomers.

3.2 INTRODUCTION

Bupropion is an atypical antidepressant that is also used as a smoking cessation aid and weight
loss therapy. It is administered as a racemic mixture of S- and R- bupropion, which have stereoselective
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disposition and interconvert in vivo (Kharasch et al., 2008; Laizure and DeVane, 1985). The
stereoisomers of bupropion also have differential pharmacological activity towards dopamine,
norephinephrine and nicotinic acetylcholine receptors (Damaj et al., 2004, 2010). Bupropion’s three
metabolites, OH-bupropion, threohydrobupropion and erythrohydrobupropion (Figure 3.1), have also
been implicated in bupropion’s pharmacological activity and toxicity (Bondarev et al., 2003; Damaj et
al., 2004). All three metabolites produced dose dependent increases in convulsion risk in mouse models
(Silverstone et al., 2008), and in humans, dose related increases in seizure risk have been attributed to
higher metabolite levels (U.S. Food and Drug Administration Center for Drug Evaluation, 2013a). High
metabolite concentrations have also been attributed to side effects such as dry-mouth and insomnia
(Johnston et al., 2001). For antidepressant response, trough concentrations of bupropion have been
shown to be determinant of activity (Goodnick, 1992; Preskorn, 1983), and significantly lower
metabolite levels have been reported in those who respond to antidepressant treatment than in non-
responders (Golden, 1988). A strong dose-response relationship has also been reported for smoking
cessation success (McAffee, 1998). However, in humans, OH-bupropion concentrations, instead of
bupropion, are predictive of smoking cessation outcome (Zhu et al., 2012a) and much of the
antidepressant and nicotine cessation activity has been attributed to S,S-OH-bupropion (Damaj et al.,
2004, 2010). Whether metabolites contribute to weight loss activity has not been reported. Based on
these data, processes that affect bupropion metabolism resulting in altered metabolite and parent
concentrations will directly impact the safety and efficacy of bupropion.

Bupropion is metabolized to OH-bupropion, threohydrobupropion, erythrohydrobupropion
(Welch et al., 1987) and 4’-OH-bupropion in vitro and in vivo (Sager et al., 2016) (Figure 1). In
addition threo- and erythrohydrobupropion are hydroxylated to erythro-4’-OH-hydrobupropion and
threo-4’-OH-hydrobupropion in vitro and in vivo. In vivo 67% of the dose recovered in urine over a
steady state dosing interval is comprised of threohydrobupropion and its metabolites, 6% of

erythrohydrobupropion and its metabolites and 5% of OH-bupropion and its conjugates (Sager et al.,
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2016). An additional 3% of the dose was recovered as4’-OH-bupropion and its conjugates. In vitro
OH-bupropion formation is catalyzed primarily by CYP2B6 (Faucette et al., 2000; Hesse et al., 2000),
while formation of all 4°0OH- metabolites has been attributed to CYP2C19 (Sager et al., 2016). OH-
bupropion formation is accepted as an in vitro and in vivo probe reaction of CYP2B6 activity.
However, the involvement of CYP2C19 and CYP3A4 in OH-bupropion formation at clinically relevant
concentrations has also been proposed (Chen et al., 2010) and it is possible that the contributions of the
individual CYP enzymes to OH-bupropion formation are stereoselective. Of note, the disposition of
OH-bupropion in vivo is stereoselective with significantly different exposures to the R and S OH-
bupropion (Kharasch et al., 2008). Clopidogrel and ticlopidine cause 36% and 61% increases in
bupropion AUC, respectively (Turpeinen et al., 2005), which have been attributed to CYP2B6
inhibition. However, inhibition of CYP2B6 mediated formation of OH-bupropion cannot explain these
DDls due to the minor contribution of OH-bupropion to bupropion elimination, suggesting that
bupropion elimination pathways are inadequately characterized especially in regards to possible
CYP2C19 contribution (as suggested by 13% increase in bupropion exposure in CYP2C19 intermediate
metabolizers) (Zhu et al., 2014) and inhibition of the various metabolic pathways by ticlopidine and
clopidogrel. Approximately 90% of threo- and erythrohydrobupropion formation was shown be by
11B-hydroxysteroid dehydrogenase-1 (11 p —HSD-1) , with a minor contribution of cytosolic
aldoketoreductase(s) (Connarn et al., 2015; Meyer et al., 2013; Skarydova et al., 2013) but the
stereoselectivity in threo- and erythrohydrobupropion formation has not been explored. The aim of this
study was to determine the overall contribution of CYP2B6 and CYP2C19 to bupropion stereoisomer
clearance and to characterize the stereos elective metabolic pathways of broking that can explain the

observed in vivo stereos elective to in bupropion clearance.
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3.3 MATERIALS AND METHODS

3.3.1 Materials

Bupropion, R-bupropion, S-bupropion, OH-bupropion, R,R-OH-bupropion, S,S-OH-bupropion,
threohydrobupropion, erythrohydrobupropion, bupropion-ds, OH-bupropion-ds and
threohydrobupropion-dy were purchased from Toronto Research Chemicals (Ontario, Canada). 4’-OH-
bupropion, threo-4’-OH-hydrobupropion and erythro-4’-OH-hydrobupropion were synthesized as
previously described (Sager et al., 2016) . Hydrochloric acid, formic acid and sodium hydroxide were
purchased from Sigma-Aldrich (St. Louis, MO). Optima grade acetonitrile, methanol, water and pooled
human liver microsomes (Gibco, mixed gender, n=50) were purchased from Fisher Scientific (Waltham,
MA). S9 fractions (n=20, mixed gender) and recombinant enzymes were purchased from BD

Biosciences (San Jose, CA). MAB-CYP2B6 inhibitory antibody was purchased from Corning.

3.3.2 LC/MS/MS Quantification Methods

Unless otherwise specified, incubations were quenched with an equal volume of acetonitrile
(incubations) or 2 volumes of 1:3 methanol:acetonitrile (plasma and blood) containing 100 nM OH-
bupropion-ds and threohydrobupropion-dg as internal standards. Samples were centrifuged for 15
minutes at 3000 g and the supernatant was transferred to a 96 well plate for LC-MS/MS analysis. The
concentrations of bupropion, OH-bupropion, threohydrobupropion, erythrohydrobupropion, 4’-OH-
bupropion, erythro-4’-OH-hydrobupropion, threo-4’-OH-hydrobupropion and ticlopidine were
determined using an LC/MS/MS system consisting of an AB-Sciex API 4500 triple quadrupole mass
spectrometer (AB Sciex, Foster City, CA) coupled with an LC-20AD ultra-fast liquid chromatography
system (Shimadzu Co., Kyoto, Japan). The turbo ion spray interface was operated in positive ion mode.
For measurement of OH-bupropion formation in supersome panels and ticlopidine concentrations,

analytes were separated using an Agilent ZORBAX XDB-C18 column (50 x 2.1mm, 5uM) as
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previously described (Sager et al., 2016). In S9 fraction incubations, recombinant CYP2C19
incubations, and inhibition assays, OH-bupropion, threohydrobupropion, erythrohydrobupropion,
erythro-4’-OH-hydrobupropion, threo-4’-OH-hydrobupropion, and 4’-OH-bupropion were separated
using an Agilent ZORBAX XDB-C18 column (150 x 4.6 mm, 5 pM) with an isocratic elution at flow
rate of 0.8 mL/min with a mobile phase consisting of 35% methanol and 65% water with 0.4% formic
acid according to a previously described method (Connarn et al., 2015; Sager et al., 2016). Bupropion
enantiomer concentrations in plasma were determined stereoselectively using a a-acid glycoprotein
column (100 x 2 mm, 5 pm) with a guard cartridge (10 x 2 mm, 5um) (ChromTech, Apple Valley, MO).
The mobile phase consisted of 20 mM ammonium formate, pH 5.7 (A) and methanol (B). A gradient
elution at 0.22 mL/min starting at 10% B, increasing to 21.2% B by 25 min and 23.5% B by 34 minutes
was used with re-equilibration to initial conditions by 45 min. Bupropion and its metabolites were
detected using positive ion electrospray ionization using the following MRM mass transitions (m/z):
240—184 (bupropion), 249—189 (bupropion-dy), 256—238 (OH-bupropion), 262—244 (OH-
bupropion-ds), 242—168 (threo- and erythrohydrobupropion), 251—168 (threohydrobupropion-ds),
256—182 (4’-OH-bupropion), 258—184 (threo- and erythro-4’-OH-bupropion). Ticlopidine
concentrations were detected using the MRM transition (m/z) 264— 154 (ticlopidine). Data analysis was

performed using Analyst software version 1.6.2 (AB Sciex).

3.3.3 General Incubation Conditions

All incubations were performed in 100 mM potassium phosphate buffer (pH 7.4), with a final
incubation volume of 100 pL. With the exception of the 1Cso shift experiments, all metabolite
formation experiments were initiated with NADPH (1 mM) following a 5 min preincubation at 37 °C.
For rCYP and inhibitor panels, all substrate concentrations were 1 uM. Activity assays were allowed to
proceed for 7 minutes prior to termination of the reaction with an equal volume of acetonitrile
containing 100 nM OH-bupropion-de and threohydrobupropion-ds. Reaction times were sufficiently
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short to ensure that there was less than 5% interconversion of S- and R-bupropion. The metabolite
formation was linear in relation to incubation time and protein content and no substrate depletion was
observed in the incubations. Protein binding at all protein concentrations was determined to be

negligible. All incubations were performed in triplicate alongside a control without NADPH.

3.3.4 Recombinant Cytochrome P450 Incubations

R-bupropion (1 uM or 100 uM) and S-bupropion (1 uM or 100 puM) were incubated with 5 pmol
of CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2EL, CYP3A4 in 100 mM
potassium phosphate buffer (pH 7.4). For determination of OH-bupropion, 4’-OH-bupropion, R- or S-
bupropion (6 concentrations between 1 and 20 uM for CYP2B6 and CYP3A4 or 0.5 and 48 uM for
CYP2C19) were incubated with 1 pmole CYP2B6 or 5 pmole of CYP2C19 or CYP3A4). For
determination of threo-4’-OH-hydrobupropion and erythro-4’-OH-hydrobupropion formation kinetics,
threohydrobupropion (6 concentrations between 5 and 500 pM) and erythrohydrobupropion, (6
concentrations between 5 and 500 uM), respectively, were incubated with 5 pmol CYP2C19. Intrinsic
clearance values in recombinant enzyme systems were scaled to hepatic intrinsic clearances assuming
137 pmol/mg protein for CYP3A4 (Stringer et al., 2009), 17 pmol/mg protein for CYP2C19 (Stringer et
al., 2009), 14.2 pmol/mg protein for CYP2B6 (Totah et al., 2008) and 40 mg microsomal protein/ gram
liver (Brown et al., 2007) 15009 was used as the liver weight, assuming 70kg body weight and 21.4g
liver/kg body weight (Ito and Houston, 2005). The fractional contribution of CYP2B6, CYP2C19 and
CYP3A4 to the formation of R,R- and S,S-OH-bupropion was calculated by dividing the hepatic
intrinsic clearance for each enzyme by the sum of the hepatic intrinsic clearances for the enzymes

forming the metabolite.
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3.3.5 Inhibition of Bupropion Metabolite Formation by Specific P450 Inhibitors, a CYP2B6
Inhibitory Antibody and by Ticlopidine

To further evaluate the contribution of specific P450 enzymes to the formation of OH-
bupropion, 4’-OH-bupropion, threohydrobupropion and erythrohydrobupropion, troleandomycin
(CYP3A4, 50 uM), furafylline (CYP1A2, 10 uM), (+)-N-3-benzylnirvanol (CYP2C19, 2 uM),
montelukast (CYP2C8, 1.5 uM), sulfaphenazole (CYP2C9, 30 uM), and quinidine (CYP2D6, 4 uM)
were used in HLM incubations as previously described (Peng et al., 2011). Time dependent inhibitors
troleandomycin and furafylline were preincubated for 15 minutes in the presence of NADPH prior to
addition of substrate. Inhibition studies with the CYP2B6 inhibitory antibody (MAB-2B6) were
conducted by pre-incubating HLM (0.5 mg/mL) with the antibody (2 puL per 100 pg HLM) or Tris
buffer (control) on ice for 20 minutes. Following the pre-incubation, 100 mM KPi buffer, pH 7.4 and
substrate were added and the samples preincubated for 5 minutes at 37°C. All incubations were
performed at 1 uM substrate concentration. The reactions were initiated by the addition of NADPH (1
mM) and quenched after 7 min with an equal volume of acetonitrile containing 100 nM OH-bupropion-
de and threohydrobupropion-d.

To assess the potential for time-dependent inhibition of OH-bupropion, 4’-OH-bupropion,
threohydrobupropion and erythrohydrobupropion formation by ticlopidine, ticlopidine (7 concentrations
between 0.1 and 100 uM), was incubated with 0.5 mg/mL HLM in 100 mM Kpi buffer (100uL final) at
37° C for 30 minutes in the presence or absence of ImM NADPH before bupropion (1 uM) or
bupropion + NADPH was added. To control for ticlopidine depletion during the 30-minute
preincubation, ticlopidine concentrations were measured prior to the 7-minute activity and the measured
concentrations were used to determine the 1Cso values. The magnitude of the ICso shift was determined
from the ratio of the 1Cso value measured following preincubation without NADPH to that with NADPH
in the preincubation. A shift > 1.5 was considered to indicate the potential for irreversible inhibition

(Berry and Zhao, 2008; Grimm et al., 2009).
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3.3.6 Determination of in vitro Intrinsic Clearances for Bupropion Metabolites in S9 Fractions

Due to previous reports of minor cytosolic contributions to threo and erythrohydrobupropion
formation (Connarn et al., 2015; Meyer et al., 2013; Skarydova et al., 2013), all incubations to assess the
relative contributions of metabolite formation were performed in human liver S9 fractions. In order to
determine the intrinsic formation clearance of threohydrobupropion, erythrohydrobupropion and OH-
bupropion in human liver S9 fractions, R- or S- bupropion (7 concentrations between 0.4 and 16 pM)
was added to KPi containing 1 mg/mL human liver S9 fractions. For determination of formation
clearances at substrate concentrations below 1 uM, which was needed for the measurement of 4’-OH-
bupropion CLint, S9 fractions (5mg/mL) were incubated with R- or S-bupropion at 4 concentrations
between 0.2 and 1 uM. S9 fraction intrinsic clearance values were scaled to hepatic intrinsic clearance
using the scaling factor of 96.1 mg protein/g liver (Watanabe et al., 2009). 15009 was used as the liver
weight, assuming 70kg body weight and 21.4g liver/kg body weight (Ito and Houston, 2005). The
fraction of R and S bupropion metabolism (f) attributed to each metabolic pathway was determined
from the ratio of the formation clearance of a given metabolite(s) in S9 fractions to the sum of of the S9

CLint,H for the respective substrate.

The fmcyr2ss for R-bupropion, S-bupropion and racemic bupropion were calculated according to

equations 3.1, 3.2 and 3.3, respectively,

CLi g r-on,59 % Clint,r R-0H,rcvp2e6 .
fMeypose r-sup = CL = CL' — Equation 3.1
int, R-BUP, 59 int,R,R-OH , rCYP
CLiviss-0r.59 & Clhintss o, revp2ss .
fMeypogs s-sup = CL S CL' — Equation 3.2
int,S—BUP, 59 int,S,5-OH,rCYP
fMeyeoes,8up =( fMeve286,5-8up *0'5) +( fMeve286,r-80p *0-5) Equation 3.3

in which CLint,compound, so 1S the CLint, value determined for the formation of agiven metabolite in S9

fractions and CLintr-8up,so and CLints-Bur,so are the Y CLint, Values for all the detected metabolites for R-
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bupropion, S-bupropion and bupropion in S9 fractions. CLint,compound,rcyp2es 1S the intrinsic clearance to
a given metabolite in rCYP2B6. CLintRrRr-oH,rcyp and CLint,s,s-on,rcyp are the sums of the CLintH for the
formation of R,R-OH-bupropion, S,S-OH-bupropion by all rCYPs evaluated (CYP2C19, CYP3A4 and

CYP2C19). The fmcvrac1o Was calculated similarly according to equation 3.4, 3.5 and 3.6.

fMicYpacis. R - BUP = CLir4-on.59 +(C|‘int,R,R—OH,59 « Clint rir_oH.rcvpacio ] Equation 3.4
CLir-sup 59 CLin r-8up.s9 CLint R r-0H rcvp
fMeypacis.s _ aup = CLim,s,4LoH,sg +£CLint,S,SOH,59 » Clint revpacio ] Equation 3.5
CLins-sup, 50 Clins-sur,s9  Clintss-on, rcve
fMevpacio sue = (Mevpacio rsup *0-5) + (TMeypacio s sup *0-9) Equation 3.6

3.3.7 Determination of unbound fractions, bupropion blood:plasma ratio and isomerization rates of
R- and S-bupropion.

The protein binding of bupropion (1 uM) in plasma and in S9 fractions (5 mg/mL) and
ticlopidine (4 uM) in HLM (0.5 mg/mL) was determined using ultracentrifugation as described
previously (Shirasaka et al., 2013). Due to bupropion isomerization (Coles and Kharasch, 2008),
racemic bupropion (0.5 uM) was used to determine the plasma protein binding of the enantiomers of
bupropion, The individual enantiomers were measured by LC/MS. For determination of the
isomerization rate of R- and S- bupropion in plasma, blank human plasma (100 pL) containing 500 nM
R- or S-bupropion was incubated at 37°C. At 0, 15, 30, 45 and 60 minutes, plasma was quenched and
placed on ice. The rate of isomerization was determined using equation 3.7, where So and St are the
substrate concentrations at time zero and t, respectively, and k is the first order rate constant for the

isomerization.

S, =S, *e™ Equation 3.7
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3.3.8 Simulation of the Steady State Concentration Ratios of R- and S-bupropion

To simulate the stereoselective metabolism together with the interconversion of bupropion
enantiomers the steady state concentrations of R- and S-bupropion were simulated using Simbiology
(Mathworks, Natick, MA). To reflect steady state conditions, a constant dosing rate of R and S
bupropion (75 mg/day for each stereoisomer, to simulate a 150mg/day dose) was used with hepatic
clearance values for R-bupropion (CLe, r) and S-bupropion (CLes) as predicted from the measured S9
intrinsic clearance values. To obtain estimated of CLe, r and CLes, the CLint,H Values reported for R- and
S- bupropion were scaled to hepatic clearances for R-bupropion (CLintH,r) and S- bupropion (CLintH,s)
according to Equations 3.8 and 3.9, respectively. Y CLintHr IS the sum of the CLin+ from R-bupropion
S9 fraction incubations and Y CLintH,s IS the sum of the CLint,+ from S-bupropion S9 fraction incubations

Q* fUB *ZCLint H.R
CL,, = H:
’ Q+(fuB*zCLint,H,R)

Equation 3.8

CL — Q*fuB*zCLint,H,s
" QH(fug *ECliy )

Equation 3.9

The fraction unbound in blood (fug) was determined by multiplying the fraction unbound in
plasma by the plasma:blood ratio. To evaluate the effect of isomerization on the ratio of R- and S-
bupropion, the concentrations of R- and S- bupropion were simulated both in the absence of
isomerization and in the presence of variable in vivo isomerization rates (18 rates between 0.2 and 10
L/hr). The steady state concentrations of R- and S- bupropion were described by equations 3.10 and
3.11, respectively, where Cr is the concentration of R-bupropion and Cs is the concentration of S-
bupropion.

Ryr +Cls_ (C,)=Cq (CLs ¢ +CL, ) Equation 3.10

Ris +CLs ¢ (Cq) =Cs(Cls_ +CL, ) Equation 3.11
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Rin,rand Rin, s are the steady state constant rate inputs (75 mg/day) of R and S bupropion, respectively.
CLe r(12.4 L/nr)and CLe, s (43.5 L/hr) are the hepatic clearances of R- and S-bupropion, respectively.
Simulations were performed in absence of isomerization or in the presence of a reversible isomerization
clearance, CL s.r (18 values ranging from 0.2-10 L/hr).

The fm values for each metabolic pathway in the simulations with different isomerization rates
were calculated as the ratio of the amount of a given metabolite excreted over a dosing interval to the
total dose administered over that interval. The f, for CYP2B6 based on the simulation was calculated

according to equation 3.12:

A oot SfM on t Al ar oo *fm B .
fmCYPZBG — e,R,R—OH-bupropion CYP2B6,R,R OIHD S,S—OH-bupropion CYP2B6, S,S-OH Equatlon 312
ose

where Ae r,R-0H-bupropion aNd Aes,s-0H-bupropion are the amount of R,R-OH- and S,S-OH-bupropion excreted
over a given time interval. The fmcyr2ssrr-0H and fmcyp2gs,s;s-on are the fraction of R,R-OH-bupropion
(0.9) and S,S-OH-bupropion (0.89) formation attributed to CYP2B6 based on CLint,n vValues scaled from

rCYP CLint (Table 1), respectively. The fm for CYP2C19 was calculated according to equation 3.13:

*: *:
Ae,R,R—OH—bupropion fmCYP2C19,R,R—OH + AeS,S—OH—bupropion fmCYPZClg, S,S-OH + Ae4’—OH —bupropion
Dose

fmeveacio =

Equation 3.13
The fmcypaci9,rr-0H aNd fMcvrocie,s,s-oH are the fraction of R,R-OH-bupropion (0.025) and S,S-OH-
bupropion (0.095) formation attributed to CYP2C19 based on CLint,+ values scaled from rCYP CLint
(Table 3.1), respectively. Aes-on-bupropion is the total amount of 4’-OH-bupropion excreted over the

dosing interval.

3.3.9 Data Analysis

The formation velocity was plotted against the substrate concentration and fit via linear or

nonlinear regression in Graphpad Prism (Graphpad Software, San Diego, CA). When saturable kinetics
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were observed over the substrate concentration range, the maximum metabolite formation velocity, kcat

or Vmax, and the Michaelis Menten affinity constant, Km, were determined using equation 3.14:

Equation 3.14

The metabolite intrinsic formation clearance was calculated as the ratio of the Vimax and Km determined
in equation 1. In cases where product formation was linear over the concentration range, CLint Was
determined from the slope using linear regression. One-way ANOVA with post-hoc Tukey test was

used to test for significance of changes in metabolite formation in the P450 inhibitor panels.

3.4 RESULTS

3.4.1 Characterization of the Enzymes Involved in Bupropion Metabolite Formation

To determine the enzymes contributing to OH-bupropion stereoisomer formation, R- and S-
bupropion were incubated with a panel of recombinant human CYP enzymes. At supraphysiological
concentrations of R- and S-bupropion (100 uM), R,R-OH-bupropion and S,S-OH-bupropion formation
was detected in CYP2B6, CYP2C19, CYP3A4 and CYP1A2 supersomes but the relative formation
rates of S,S-OH-bupropion and R,R-OH-bupropion in CYP3A4, CYP1A2 and CYP2C19 supersomes
were approximately 2, 0.4, and 0.1% of that in CYP2B6 supersomes (Figure 3.2A). When clinically
relevant concentrations of substrate were used (1 uM), formation of R,R-OH-bupropion and S,S-OH-
bupropion was only observed in CYP2B6, CYP2C19 and CYP3A4 supersomes. At this concentration
CYP2B6 was still the most efficient enzyme forming R,R- and S,S-OH-bupropion, but the relative
contributions of CYP2C19 and CYP3A4 were increased in comparison to the supraphysiological
concentrations. At 1 uM substrate concentration, product formation rates in CYP2C19 and CYP3A4
supersomes were 10% and 2% of the rates in CYP2B6 supersomes for S-bupropion and 7 and 2% for

R-bupropion, respectively (Figure 3.2B).

60



To further characterize the relative importance of CYP2B6 in OH-bupropion stereoisomer
formation, the formation kinetics of R,R-OH-bupropion and S,S-OH-bupropion were determined in
recombinant P450’s (Figure 3.2D and E). The in vitro CLin values are listed in Table 3.1, along with
the predicted CLint, v. Formation of R,R-and S,S-OH-bupropion in CYP3A4 and CYP2B6 supersomes
was linear over the substrate concentration range, suggesting that the Kn, values for CYP2B6 and
CYP3A4 greatly exceed 10 uM and 20 uM, respectively. The intrinsic formation clearance of S,S-OH-
bupropion was 1.8-fold higher than that of R,R-OH-bupropion in CYP2B6 supersomes but in CYP3A4
supersomes S,S-OH-bupropion formation was only 30% that of R,R-OH-bupropion . Upon incubation
of R- and S-bupropion in CYP2C19 supersomes, the formation of R,R- and S,S-OH-bupropion were
saturable. While both substrates had similar Ky, values (9 uM for R-bupropion and 4 uM for S-
bupropion), the intrinsic enzyme activity for S,S-OH-bupropion formation was 10 fold higher than that
of R,R-OH-bupropion formation. Based on the extrapolated CLint, 1 values, CYP2B6 was predicted to
contribute to 90 and 89% of R,R- and S,S-OH-bupropion formation, respectively (Table 3.1).
CYP2C19 is predicted to form 2.5 and 9.5% of R,R- and S,S-OH-bupropion, respectively, while
CYP3A4 contributes to 7.5 and 1% to the formation of R,R-OH-bupropion and S,S-OH-bupropion,
respectively.

To confirm the predicted contribution of individual P450 isoforms to R,R- and S,S-OH-
bupropion formation selective inhibitor panel was employed in HLMs together with an inhibitory
CYP2B6 antibody. The selective monoclonal antibody (MAB-2B6) decreased the formation of R,R-
and S,S-OH-bupropion by 91 and 81%, respectively, confirming that CYP2B6 is the major enzyme
involved in the formation of both OH-bupropion enantiomers (Figure 3.2C). No significant inhibition
was observed by any of the chemical inhibitors, a finding in agreement with the predicted minor
contributions of CYP2C19 and CYP3A4 to OH-bupropion formation. Interestingly, R,R- and S,S-OH-

bupropion formation in the N-benzylnirvanol treated HLMS was 11% and 20% higher than the control
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(p<0.05), respectively, and S,S-OH-bupropion formation in the presence of montelukast was 15%
higher than control (p<0.05) suggesting activation of some P450s by these inhibitors.

In a panel of P450 supersomes, the formation of 4’-OH-bupropion was shown to be catalyzed
exclusively by CYP2C19. Based on the recombinant enzyme data, the formation kinetics of 4’-OH-
bupropion from S and R bupropion were characterized only in CYP2C19 supersomes, (Table 3.1 and
Figure 3.3). Both R-bupropion and S-bupropion had similar affinity (Km 5 pM for R-bupropion and 4
MM for S-bupropion) to CYP2C19, and the Vmax for 4’-OH-formation was the same for both
stereoisomers (19 pmol/min/pmol for R-bupropion and 18 pmol/min/pmol for S-bupropion). To
confirm the importance of CYP2C19 in 4’-OH-bupropion formation, the effects of selective CYP
inhibitors on 4’-OH-burpopion formation was determined (Figure 3.3). Following incubation of R- or
S-bupropion, N-benzylnirvanol (CYP2C19 inhibitor) inhibited 84% and 82% of the 4’-OH-bupropion
formation from R and S-bupropion, respectively. Minor inhibition (10%) of 4’-OH-bupropion
formation was detected upon incubation of S-bupropion with MAB-CYP2B6, suggesting potentially
minor involvement of CYP2B6, however, no 4’-OH-bupropion formation was observed in CYP2B6
supersomes.

Similar to 4’0OH-bupropion formation, it was suggested that the formation of threo-4’-OH-
hydrobupropion and erythro-4’-OH-hydrobupropion is catalyzed only by CYP2C19 (Sager et al., 2016).
Hence, the formation kinetics of both metabolites were characterized in CYP2C19 supersomes
following incubation of either threo- or erythrohydrobupropion and the contribution of CYP2C19 was
tested using selective CYP inhibitors in HLM. Saturable kinetics were observed for both threo-4’-OH-
hydrobupropion and erythro-4’-OH-hydrobupropion formation. The formation of threo-4’-OH-
hydrobupropion was a higher affinity (Km 13 uM) and higher capacity process (0.55pmol/min/pmol)
than erythro-4’-OH-hydrobupropion formation (Km 42 uM) (0.40 pmol/min/pmol). The formation
clearance of threo-4’-OH-hydrobupropion was 4-fold higher than that of erythro-4’-OH-

hydrobupropion. (Table 3.3 and Figure 3.4). The major role of CYP2C19 in the formation of threo-
62



and erythro-4’-OH-hydrobupropion was further supported by the 87% inhibition of threo-4’-OH-
hydrobupropion formation and 96% inhibition of erythro-4’-OH-hydrobupropion formation by N-
benzylnirvanol (Figure 3.3). Minor inhibition (15%) of erythro-4’-OH-hydrobupropion formation was
detected upon incubation of erythrohydrobupropion with sulfaphenazole, suggesting potentially minor
involvement of CYP2C19 in erythro-4’OH-hydrobupropion formation. However, due to the 96%
inhibition of metabolite formation by N-benzylnirvanol and lack of metabolite formation in CYP2C9
supersomes, CYP2C19 is likely the only enzyme involved in erythro-4’-OH-hydrobupropion

formation.

3.4.2 Characterization of the formation kinetics of bupropion metabolites in human liver S9 fractions.

In order to assess the relative importance of the metabolic pathways of bupropion in human
liver, OH-bupropion, threohydrobupropion, erythrohydrobupropion and 4’-OH-bupropion formation
was measured in human liver S9 fractions. Overall, marked stereoselectivity was observed in the
formation of bupropion metabolites. The CLint for S,S-OH-bupropion formation was twice that of R,R-
OH-bupropion. The CLint for threohydrobupropion and erythrohydrobupropion was 8 and 2 fold higher
upon incubation with S-bupropion than R-bupropion, respectively. No difference was observed
between the intrinsic formation clearance of 4’-OH-bupropion following incubation with R- and S-
bupropion. Metabolite formation versus concentration plots are shown in Figure 3.5 and a summary of
the in vitro CLint are shown in Table 3.2. The sum of the metabolic clearances from S-bupropion was
5-fold higher than that for R-bupropion. The formation of S,S-threohydrobupropion accounted for 83%
of the metabolic clearance of S-bupropion in the S9 fractions, while the formation of the additional
metabolites contributed to 12 % (S,S-OH-bupropion), 4% (R,S-erythrohydrobupropion) and 2% (4’-
OH-bupropion) of the total predicted metabolic intrinsic clearance (Table 3.2). Similarly,
threohydrobupropion formation was the major clearance pathway for R-bupropion, accounting for 50%
of the total metabolic intrinsic clearance. The formation of R,R-OH-bupropion accounted for 34% of
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the CLint, while the remaining 8 and 7% of the clearance was attributed to S,R-erythrohydrobupropion
and 4’-OH-bupropion formation, respectively. Taking into account the total racemic bupropion CLint, H,
threohydrobupropion is expected to contribute to 66% of overall bupropion clearance while the
remaining clearance is attributed to OH-bupropion formation (23%), erythrohydrobupropion (6%) and
4’-OH-bupropion (5%). Taking into account the fractional contribution of CYP2B6 to OH-bupropion
formation, the predicted fmcyr2ss Was 0.3, 0.10 and 0.21 for R-bupropion, S-bupropion and racemin
bupropion, respectively. Accounting for the contribution of CYP2C19 in the formation of OH-
bupropion, as well as the fraction of bupropion metabolized to 4’-OH-bupropion, the fmcyp2c1o Was

estimated to be 0.09, 0.03 and 0.06 for R-bupropion, S-bupropion and racemic bupropion, respectively.

3.4.3 Inhibitory Effects of Ticlopidine on the Formation of Bupropion Metabolites.

Ticlopidine is a known mechanism based inhibitor of CYP2C19 and CYP2B6 (Ha-Duong et al.,
2001; Nishiya et al., 2009a, 2009b; Richter et al., 2004) and causes a 61% increase in bupropion AUC
in vivo (Turpeinen et al., 2005). As expected, ticlopidine was found to inhibit the formation of OH-
bupropion (CYP2B6) and 4’-OH-bupropion (CYP2C19), with I1Cso’s of 0.53 and 0.9 uM, respectively
(Table 3.3, Figure 3.6). To assess the potential for ticlopidine to inhibit 11B-HSD-1, threo- and
erythrohydrobupropion formation was measured in the presence and absence of ticlopidine.
Interestingly, ticlopidine inhibited the formation of threohydrobupropion (1Cso 10 uM) and
erythrohydrobupropion (ICsp 12 uM) in HLM when preincubated for 30 minutes in the absence of
NADPH. Furthermore, 7.6- (OH-bupropion), 6.4- (4’-OH-bupropion), 2.1-(threohydrobupropion) and
2.7-fold (erythrohydrobupropion) shifts in the ICso values were observed following a 30 minute

preincubation in the presence of NADPH, suggesting the potential for time dependent inhibition.

64



3.4.4 The Contribution of Bupropion Isomerization to the Stereoselective Disposition in vivo.

R- and S-bupropion have been reported to exhibit stereoselective disposition in vivo, with a
reported R:S AUC ratio of 2.93. In order to determine whether a steady state R:S ratio of 2.93 could be
predicted from our data, a Simbiology model as built to account for isomerization clearance. The
fraction unbound for R- and S- bupropion in human plasma were 0.5 and 0.6, respectively. The blood to
plasma concentration ratio of bupropion was 0.42. Based on these data and the in vitro metabolic
clearances, the calculated hepatic clearance values for R- and S- bupropion were 43.5 and 12.2 L/hr,
respectively. CLnrand CLn s were used as input in the Simbiology model as shown in Figure 3.7, as
“CLe,r”and “CLe,s” in order to simulate the concentration ratio of R- and S- bupropion at steady state.
When the isomerization rate was set to 0 L/h, the predicted ratio of R:S bupropion was 3.56, in
comparison to the observed ratio of 2.93 + 1.4 (Kharasch et al., 2008). When the isomerization rates
were varied between 0.2 and 10 L/hr, the steady state R:S ratio decreased with increasing isomerization
rates. The relationship between isomerization rate and the steady state R:S bupropion ratio is shown in
Figure 3.8. At an isomerization rate of 2 L/hr the exact observed R:S ratio was achieved. To determine
if this value was in agreement with actual plasma isomerization clearance, the isomerization rates of R-
and S-bupropion were determined in human plasma. Upon incubation of R- or S-bupropion in human
plasma, the rate of interconversion was determined to be 0.54 hr. Scaling this value to blood volume
(5 L) resulted in an estimated in vivo isomerization CL of 2.7 L/hr. This isomerization clearance is
expected to yield a steady state R to S ratio of 2.8, which is in good agreement with the observed ratio
of 2.93 + 1.4. The fraction metabolized to each metabolite was determined following incorporation of a
2.7 L/hr isomerization rate into the model. In the presence of isomerization, the fraction of bupropion
metabolized to each metabolite was not substantially altered. The predicted fm values were 0.21 (OH-

bupropion), 0.68 (threohydrobupropion), 0.06 (erythrohydrobupropion), 0.04 (4'-OH-bupropion) .

65



Based on this data, the in vivo fm values for CYP2B6 and CYP2C19 are estimated to be 0.19 and 0.05,

respectively.

3.5 DISCUSSION

Bupropion’s fmcypr2ss has been proposed to be 26-40% based on changes in exposure following
clopidogrel or ticlopidine administration (Turpeinen et al., 2005). Furthermore, CYP2C19 has been
proposed to be a quantitatively important elimination pathway for bupropion based on in vivo
pharmacokinetic data and in vitro incubations (Chen et al., 2010; Zhu et al., 2014). Here, we
demonstrate, using in vitro intrinsic clearance data, that CYP2B6 and CYP2C19 are minor elimination
pathways of bupropion and that time dependent inhibition of 11B-HSD-1 by ticlopidine likely explains
why the fmcyp2gs IS Overestimated based on the DDI data.

Based on the predicted CLint,H Values reported in this study, CYP2B6 mediated hydroxylation is a
relatively minor pathway, accounting for only 19% of the total CLin, 1. This is consistent with mass
balance data showing that OH-bupropion and its conjugates only account for 13% of the drug related
material recovered in urine over a steady state dosing interval. Our finding is also in agreement with the
observation that CYP2B6*6 and *18 variants, which result in reduced activity, significantly
reducehydroxybupropion formation without causing any changes in the circulating concentrations of
bupropion (Benowitz et al., 2013). However, this minor contribution of CYP2B6 to bupropion
elimination contradicts the proposed fmcyr2gs Value of 0.4 based on ticlopidine inhibition in vivo. One
potential explanation for why ticlopidine and clopidogrel DDI studies overpredict the true fmcyp2gs IS
that these inhibitors inhibit additional bupropion elimination pathways. It is well established that
ticlopidine and clopidogrel are time dependent inhibitors of CYP2B6 and CYP2C19 (Ha-Duong et al.,
2001; Nishiya et al., 2009a, 2009b; Richter et al., 2004). However, the CYP2C19-mediated formation
of 4’-OH-bupropion is only predicted to contribute to 5% of bupropion clearance, and 4’-OH-bupropion

also is a minor component of the drug related material recovered in urine (Sager et al., 2016). Thus
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CYP2C19 is not likely to explain the magnitude of the in vivo DDIs. However, bupropion reduction via
microsomal 11B-HSD-1 is a major elimination pathway (Connarn et al., 2015; Meyer et al., 2013; Sager
et al., 2016), yet the effects of ticlopidine on the formation of threo- and erythrohydrobupropion have
not been previously assessed. This study demonstrates that ticlopidine inhibits threo- and
erythrohydrobupropion formation. Reversible inhibition alone is unlikely to cause any in vivo
inhibition of threo- and erythrohydrobupropion formation though, given the ICsoy’s 0of 1.3-1.5 pM and
the unbound ticlopidine Css 0f 0.05 pM (Iu/1Cs0,u <0.1). However, ICsg shifts were observed upon a 30
minute preincubation in the presence of NADPH, suggesting that ticlopidine is a time dependent
inhibitor of 113-HSD-1, and possibly a clinically relevant inhibitor of bupropion reduction pathways.
Given that 19% of bupropion elimination is attributed to CYP2B6 and another 5% to CYP2C19, only
22% inhibition of threo- and erythrohydrobupropion formation would be needed to yield the observed
40% inhibition of bupropion clearance observed in vivo. As a result, the fmcyp2ss values used for
bupropion should be reevaluated in order to prevent errors in IVIVE or misinterpretation of clinical
study results.

Recent studies have suggested that CYP2C19 is a quantitatively important bupropion
elimination pathway. Zhu et al reported significantly higher exposures to bupropion (13%),
threohydrobupropion (40%) and erythrohydrobupropion (30%) in CYP2C19 intermediate metabolizers
(IMs) when compared to extensive metabolizers (EMs) (Zhu et al., 2014). However, in the same study
no difference was observed between EMs and subjects carrying at least one copy of CYP2C19*17,
which confers increased activity (Zhu et al., 2014). The results of this study suggest that the
contribution of CYP2C19 to bupropion clearance is minor, with only about 4% of overall bupropion
clearance estimated to be due to CYP2C19. Thus, further investigations into the effects of CYP2C19
genetic polymorphisms on bupropion pharmacokinetics may be needed to clarify the contribution of
CYP2C19 to bupropion metabolism in vivo. Despite suggesting the minor involvement of CYP2C19 in

bupropion clearance, our findings show that CYP2C19 catalyzes the formation of threo- and erythro-4’-
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OH-hydrobupropion from threo- and erythrohydrobupropion, respectively. Mass balance data suggests
that 4’ hydroxylation accounts for 20% of threohydrobupropion clearance and 70% of
erythrohydrobupropion clearance. This is consistent with the observation that threo- and
erythrohydrobupropion exposure is increased in individuals carrying at least one copy of CYP2C19*2
(Zhu et al., 2014).

Aside from erythrohydrobupropion, the rank order of the formation clearances of the other
bupropion metabolites is consistent with mass balance data (Sager et al., 2016). Threohydrobupropion
formation accounts for 68% of the total predicted metabolite formation clearance and 4’-OH-formation
accounts for approximately 4% of the total. This is in agreement with the percent of the drug related
material recovered in urine as threohydrobupropion and its metabolites (67%) and 4’-OH-bupropion and
its conjugates (2%). However, while erythrohydrobupropion and its sequential metabolites account for
15% of the drug related material recovered in urine over a steady state dosing interval (Sager et al.,
2016) the predicted fm for erythrohydrobupropion is only 6% of total bupropion clearance. This
discrepancy may be due to extrahepatic metabolism that is not accounted for in the in vitro system and
further characterization of extrahepatic bupropion metabolism is warranted.

Marked stereoselectivity was observed in bupropion metabolism. Overall predicted hepatic
intrinsic clearance of S-bupropion was 5 fold higher than that of R-bupropion. This disagrees with the
observed AUC ratio of 2.97 + 1.4 for R- and S-bupropion in vivo (Kharasch et al., 2008). Bupropion is
known to isomerize readily (Kharasch et al., 2008; Sager et al., 2016), and this study demonstrates that
incorporating isomerization clearance into a Simbiology model accounting for R and S- bupropion
metabolic clearance as well as isomerization clearance predicted a steady state R:S ratio of 2.8, which
was in close agreement with the observed ratio of 2.97. This suggests that bupropion isomerization may
contribute to the in vivo stereoselective disposition of bupropion and could potentially account for the

discrepancies between in vitro and in vivo data.
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Bupropion is used as both an in vitro and in vivo CYP2B6 probe. In vitro, OH-bupropion
formation is used as a measure of CYP2B6 activity, based on the assumption that OH-bupropion
formation is selective for CYP2B6. However, no previous studies have systematically characterized the
enzymes involved in the formation of OH-bupropion at clinically relevant concentrations. Here, we
report that CYP2B6 contributes to over90% of both R,R- and S,S-OH-bupropion formation while the
contribution of CYP2C19 and CYP3A4 is minor. These results suggest that the use of OH-bupropion in
vitro formation clearance is selective for CYP2B6. However, since OH-bupropion is subsequently
conjugated, in scenarios where OH-bupropion clearance is altered alone, or in combinations with
changes in CYP2B6 activity, the OH-bupropion/bupropion AUC or Css ratio may not be reflective of
changes in CYP2B6. Thus, in vivo OH-bupropion formation clearance may be a more appropriate
marker of CYP2B6 activity than the metabolite to parent AUC ratio.

In conclusion, this study demonstrates that R,R-OH-bupropion and S,S-OH-bupropion are
primarily formed by CYP2B6, while the contribution of CYP2B6 to overall bupropion metabolism is
relatively minor. Past overestimations of bupropion’s fmcyp2es based on ticlopidine inhibition may be
due inhibition of bupropion’s reduction pathways. Furthermore, CYP2C19 contributes to bupropion,
threohydrobupropion and erythrohydrobupropion elimination, but its relative contribution to bupropion
clearance is low. Finally, this study demonstrates that hepatic intrinsic clearance of S-bupropion is 5
fold greater than that of R-bupropion in vitro, but that isomerization may also play a role in bupropion’s

stereoselective disposition.
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Table 3.1. In vitro intrinsic clearance values for R-bupropion, S-bupropion, threohydrobupropion
and erythrohydrobupropion in recombinant enzymes. Metabolite formation was assessed in
recombinant enzymes that formed the metabolites in a screen of a panel of P450 supersomes. In vitro
intrinsic clearance values (CLint) as well as scaled hepatic intrinsic clearance values (CLint, 1) are shown.

Substrate Product Enzyme CLint CLint, H?
(uL/min/nmol P450) | (L/hr)
R-bupropion R,R-OH-bupropion CYP2B6 69 3.6
CYP2C19 0.9 0.1
CYP3A4 0.5 0.3
4’-OH-bupropion CYP2C19 |19 1.1
S-bupropion S,S-OH-bupropion CYP2B6 130 6.6
CYP2C19 |12 0.7
CYP3A4 0.1 0.1
4’-OH-bupropion CYP2C19 |18 1.1
Erythrohydrobupropion Erythro-4’-OH-hydrobupropion CYP2C19 |10 0.6
Threohydrobupropion Threo-4’-OH-hydrobupropion CYP2C19 |42 2.6

Intrinsic clearance values in recombinant enzyme systems were scaled to hepatic intrinsic clearance (CLint, 1) assuming 137
pmol/mg protein for CYP3A4 (Stringer et al., 2009), 17 pmol/mg protein for CYP2C19 (Stringer et al., 2009), 14.2
pmol/mg protein for CYP2B6 (Totah et al., 2008) and 40 mg microsomal protein/ gram liver (Brown et al., 2007). The
fractional contribution of CYP2B6, CYP2C19 and CYP3A4 to the formation of R,R- and S,S-OH-bupropion (fmg r-oH, rcyex
or fms s-on, revex) Was calculated by dividing the hepatic intrinsic clearance for each enzyme by the total hepatic intrinsic
formation clearance for the given metabolite.
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Table 3.2. Intrinsic clearance of R- and S-bupropion in human liver S9 fractions.

Substrate Product CLint CLintH? fm, enantiomer” fmC
(LL/min/mg S9 protein) (L/hr)

R-bupropion R,R-hydroxybupropion 0.47 4.1 0.34 0.17
R,R-threchydrobupropion 0.69 6.0 0.5 0.25
S,R-erythrohydrobupropion 0.11 0.9 0.08 0.04
4’-OH-bupropion 0.11 0.9 0.07 0.37
Total R-BUP CLix 11.9

S-Bupropion S,S-hydroxybupropion 0.81 7.0 0.12 0.06
S,S-threohydrobupropion 5.6 49 0.82 0.41
R,S-erythrohydrobupropion 0.25 2.1 0.04 0.02
4°-OH hydroxybupropion 0.13 1.1 0.02 0.01
Total S-BUP CLint 59.2

239 fraction intrinsic clearance values were scaled to hepatic intrinsic clearance (CLinn) using the scaling factor of 96.1 mg
protein/g liver (Watanabe et al., 2009). 15009 was used as the liver weight and 21.4g liver/kg body weight (Ito and Houston,
2005). Protein binding in the incubations was negligible so CLin, 1 values are equivalent to unbound CLin¢ . ® The fraction of
the metabolism of a given bupropion enantiomer was calculated (fi, enantiomer) Was calculated from the ratio of the CLjnn of a
given metabolite scaled from S9 fractions to the sum of all of the scaled S9 formation clearances for the respective substrate.
¢ The fraction of total bupropion metabolism (fm) attributed to each elimination pathway was calculated from the ratio of the

CLintn of a given metabolite(s) in S9 fractions to the sum of all of the S9 formation clearances.
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Table 3.3. 1Cso values of ticlopidine for CYP2B6, CYP2C19 and 11B-HSD-1 in the presence and
absence of a 30 minute preincubation in NADPH in HLM. Values are expressed as mean (95% ClI).

Metabolite Primary Enzyme 1Cs0 (UM) 1Cs0 (LM) Fold Shift
-NADPH + NADPH

OH-bupropion CYP2B6 0.53(0.4-0.8) 0.07 (0.1-0.2) 7.6

4’-OH-bupropion CYP2C19 0.9 (0.3-3) 0.14 (0.4-1) 6.4

Threohydrobupropion 11B-HSD-1 10.2 (6-24) 4.9 (2.4-10) 2.1

Erythrohydrobupropion | 11p-HSD-1 12 (4-24) 4.4(2.1-9.3) 2.7

OH-bupropion and 4’-OH-bupropion formation were used as a measure of CYP2B6 and CYP2C19 activity, respectively.
Based on previous reports, the formation of threohydrobupropion and erythrohydrobupropion in HLM were attributed to
11B-HSD-1 (Meyer et al., 2013; Skarydova et al., 2013). Ticlopidine ICs values were based on measured ticlopidine
concentrations prior to the 7 min bupropion incubation. Ticlopidine f, in 0.5mg/mL HLM was 0.13, so the unbound 1Csg
values were 0.069 (OH-bupropion), 0.12 (4’-OH-bupropion), 1.3 (threohydrobupropion) and 1.5 (erythrohydrobupropion)
KM,
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Figure 3.1. Proposed Bupropion Metabolic Scheme. Bupropion is administered as a racemate and
undergoes stereoselective metabolism in vitro. Metabolites include R,R-OH-bupropion, S,S-OH-
bupropion, S,S-threohydrobupropion, R,R-threohydrobupropion, S,R-erythrohydrobupropion and R,S-
erythrohydrobupropion (Bondarev et al., 2003). Formation of OH-bupropion is attributed primarily to
CYP2B6 but the minor involvement of CYP2C19 and CYP3A4 has also been reported (Chen et al.,
2010; Coles and Kharasch, 2008; Faucette et al., 2000). Formation of threo- and erythrohydrobupropion
is catalyzed primarily by 113-HSD1 (Connarn et al., 2015; Skarydova et al., 2013). Additionally,
bupropion is metabolized to 4’-OH-bupropion via CYP2C19 (Sager et al., 2016). Formation of
erythro-4’-OH-hydrobupropion from erythrohydrobupropion and threo-4’-OH-hydrobupropion from
threohydrobupropion is catalyzed exclusively by CYP2C19 (Sager et al., 2016).
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Figure 3.2. The contribution of individual P450s to S,S and R,R-OH-bupropion formation and
formation kinetics in recombinant enzymes. OH-bupropion formation following R- or S- bupropion
incubation in a P450 supersome panel using 100uM (A) or 1uM (B) substrate. (C) The percent of
control OH-bupropion formation upon incubation of 1 uM R- or S-bupropion in the presence of specific
P450 inhibitors and a CYP2B6 inhibitory antibody (MAB-2B6). Control 1 is the control for the
reversible inhibitors montelukast (2C8 MONT) sulfaphenazole (2C9 SULF), (+)-N-3-benzylnirvanol
(2C19 N-BENZ) and Quinidine (2D6 QUIN). Control 2 is the control for time dependent inhibitors
troleandomycin (3A4 TAO) and furaphylline (L1A2 FURA). * p<0.05, one- way ANOVA. (D)
Formation Kinetics of R,R-OH-bupropion in CYP2C19, CYP3A4 and CYP2B6 supersomes upon
incubation with R-bupropion. (E) Formation kinetics of S,S-OH-bupropion in CYP2C19, CYP3A4 and
CYP2B6 supersomes upon incubation with S-bupropion.
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Figure 3.3. The contribution of individual P450s involved in 4’-OH-bupropion formation
recombinant enzyme formation kinetics. (A) 4’-OH-bupropion following bupropion (1 uM)
incubation in a panel of P450 supersomes. (B) 4’-OH-bupropion formation, as a percent of control
following incubation of R- or S- bupropion in HLM in the presence of selective P450 inhibitors or a
CY2B6 inhibitory antibody (MAB-2B6). Saturation plot of 4’-OH-bupropion formation from R-
bupropion in CYP2C19 supersomes. (D) Saturation plot of 4’-OH-bupropion formation upon
incubation of S-bupropion in CYP2C19 supersomes. (C) *p<0.05 one-way ANOVA.
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Figure 3.4. Relative contribution of individual P450 isoforms to the formation of threo-4’-OH-
hydrobupropion and erythro-4’-OH-hydrobupropion. (A) Erythro- and threo-4’-OH-
hydrobupropion formation following incubation of erythro- and threohydrobupropion, respectively, in a
panel of P450 supersomes. (B) Formation of threo-4’-OH-bupropion and erythro-4’-OH-bupropion as a
percent of control following incubation of threo- or erythrohydrobupropion (1 puM) in the presence of
selective P450 inhibitors or MAB-2B6. (C and D) Formation of threo-4’-OH-hydrobupropion (C) and
erythro-4’-OH-hydrobupropion (D) in CYP2C19 supersomes following incubation of threo- and
erthrohydrobupropion, respectively. *p<0.05 one-way ANOVA.
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Figure 3.5. Kinetic Characterization of Bupropion Metabolite Formation in Human Liver S9
Fractions. (A) Formation of R,R-OH-bupropion, S,R-erythrohydrobupropion, R,R-
threohydrobupropion and 4’-OH-bupropion from R-bupropion in S9 fractions. (B) Formation of S,S-
OH-bupropion, R,S-erythrohydrobupropion, S,S-threohydrobupropion and 4’-OH-bupropion following
incubation of S-bupropion in S9 fractions.

77



A B

150 5 —e— NADPH preinc 1507
—=— No NADPH preinc
100 100
(] [

2> 504 50 -
=
E:
§ 0 T 1 T 1 0 T T T 1
= 0.01 0.1 1 10 100 0.01 0.1 1 10 100
3 Ticlopidine, UM Ticlopidine, uM
5 C D
E 1501 150
o
(0]
o

1004

50
[ )
0 T T T 0 T 1 1 1
0.01 0.1 1 10 100 0.01 0.1 1 10 100

Ticlopidine, pM Ticlopidine, uM
Figure 3.6. NADPH-dependent ICso shifts for ticlopidine following a 30 minute preincubation in
the presence or absence of NADPH. 1Cxo shifts for ticlopidine for 113-HSD-1 catalyzed (A)
erythrohydrobupropion formation and (B) threohydrobupropion formation in HLM. 1Csq shifts for
ticlopidine for (C) CYP2B6 catalyzed OH-bupropion formation and (D) CYP2C19 catalyzed 4’-OH-
formation.
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Figure 3.7. lllustration of the Simbiology Model of R- and S-bupropion. Rin,rand Rin, sare the
steady state constant rate inputs of R and S bupropion, respectively (75 mg/hr). CLe r(12.4 L/hr) and
CLe, s(43.5 L/hr) are the hepatic clearances of R- and S-bupropion, respectively. The fmon-sup,r (0.34)
and fmon-sup,s (0.12) are the fractions of R- or S-bupropion, respectively, metabolized to OH-bupropion
based on (fMenantiomer from Table 2). The fMnreor (0.50) and fmhreo,s (0.82) are the fractions of R- or S-
bupropion, respectively, metabolized to threohydrobupropion (fMenantiomer from Table 2). The fraction of
R- or S-bupropion metabolized to erythrohydrobupropion is described by fmenthror (0.08) and fmerythro,s
(0.04), respectively while the fraction of R- and S-bupropion metabolized to 4’-OH-bupropion is
represented by fm4..on,r (0.07) and fmas--on,s (0.02) (fMenantiomer from Table 2). Simulations were
performed in the absence of isomerization or in the presence of a reversible isomerization clearance, CL
s-r (18 values ranging from 0.2-10 L/hr).
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Figure 3.8. The relationship between isomerization clearance and the predicted ratio of the
steady state concentrations of R and S- bupropion. The black vertical line indicates the observed
mean ratio, and the black horizontal line denotes the isomerization clearance value (2L/hr) at which the
observed R to S ratio is achieved.
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Chapter 4.
SIMULTANEOUS REVERSIBLE INHIBITION AND DOWN
REGULATION OF CYP2D6 BY BUPROPION AND ITS METABOLITES
EXPLAINS THE STRONG CYP2D6 INHIBITION IN VIVO

This chapter was submitted, in part, to Biochemical Pharmacology
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4.1 ABSTRACT

Bupropion is a widely used antidepressant and smoking cessation aid and a strong inhibitor of
CYP2D6 in vivo. However, bupropion and its metabolites are weak inhibitors of CYP2D6 in vitro, and
the magnitude of the in vivo drug-drug interactions (DDI) cannot be explained by the in vitro data. The
aim of this study was to quantitatively explain the in vivo CYP2D6 DDI magnitude caused by
bupropion. Bupropion and its metabolites were found to inhibit CYP2D6 stereoselectively with up to
10-fold difference in inhibition potency between enantiomers. However, the reversible inhibition or
active uptake to hepatocytes did not explain the in vivo DDIs. The in vivo DDI was quantitatively
predicted by significant downregulation of CYP2D6 mRNA and activity in human hepatocytes by
bupropion and its metabolites. This study is the first example of a DDI resulting from P450
downregulation and first demonstration of a CYP2D6 interaction resulting from transcriptional

regulation.

4.1 INTRODUCTION

Reliable identification of drug-drug interaction (DDI) risk and accurate prediction of the
magnitude of clinical DDIs from in vitro data is critical in drug development. The decision to conduct
dedicated DDI studies and the design of the DDI studies during new drug development depend on
accurate identification of DDI risk (European Medicines Agency Committee for Medicinal Products for
Human Use, 2012; Jones et al., 2015; Shardlow et al., 2013; U.S. Food and Drug Administration Center
for Drug Evaluation and Research (CDER), 2012; Zhang et al., 2009). The cornerstone of DDI
predictions is in vitro to in vivo extrapolation (IVIVE) of DDIs arising from reversible P450 inhibition,
and in vivo DDI risk is generally identified once all inhibitory species, including metabolites, are
accounted for (Fahmi et al., 2009; Templeton et al., 2010; Vieira et al., 2014; Yeung et al., 2011).
Similarly, DDI risk is usually identified for time dependent inhibitors, transporter mediated DDIs and

for DDIs involving P450 induction (Baneyx et al., 2014; Chen et al., 2015; Einolf et al., 2014; Fahmi et
82



al., 2008; Rajoli et al., 2014; Rekic et al., 2011; Varma et al., 2012, 2013, 2015b; Zhao and Hu, 2014)
but quantitative predictions in these areas are still challenging (Jones et al., 2015; Varma et al., 2015a).
Nevertheless, trust in DDI risk identification is still overshadowed by clinically observed DDIs that
cannot be predicted from in vitro data despite considerable in vitro research efforts. An example of such
DDl is the strong inhibition of CYP2D6 by bupropion in vivo, which cannot be predicted using current
in vitro data.

Bupropion is a commonly used norepinephrine and dopamine reuptake inhibitor approved for
use as an antidepressant (Wellbutrin) (U.S. Food and Drug Administration Center for Drug Evaluation,
2013a), a smoking cessation aid (Zyban) (U.S. Food and Drug Administration Center for Drug
Evaluation, 1997) and a weight loss therapy in combination with naltrexone (Contrave) (U.S. Food and
Drug Administration, Center for Drug Evaluation and Research, 2014). Bupropion is a strong in vivo
CYP2D6 inhibitor increasing desipramine AUC by 5.2-fold (Reese et al., 2008; U.S. Food and Drug
Administration Center for Drug Evaluation, 2001). Bupropion also increases methamphetamine
(Newton et al., 2005) and venlafaxine (Kennedy et al., 2002) exposures 1.5- and 3-fold, respectively,
and dextromethorphan/dextrorphan urinary ratio significantly (Kotlyar et al., 2005). Considering the
fractional contribution (fm) of CYP2D6 in the clearance of desipramine (0.9) (Brgsen et al., 1993; Ito et
al., 2005) and venlafaxine (0.8) (Nichols et al., 2011; Preskorn et al., 2009) these DDIs can be explained
by approximately 90% decrease in CYP2D6 activity.

It has been widely accepted that inhibition of CYP2D6 by the major circulating metabolites of
bupropion, hydroxybupropion (OH-bupropion), threohydrobupropion and erythrohydrobupropion, can
partially explain the in vivo CYP2D6 inhibition (Lutz and Isoherranen, 2012a; Sager et al., 2014;
Shirasaka et al., 2013; Templeton et al., 2010; Yeung et al., 2011; Yu and Tweedie, 2013). While
CYP2D6 DDl risk is missed when only bupropion is considered for DDI risk assessment, the DDI risk
is captured when bupropion and its circulating metabolites are included in DDI risk assessment (Reese

et al., 2008; Yeung et al., 2011). However, only a 1.4-fold increase in desipramine AUC is predicted
83



(Reese et al., 2008), in comparison to the observed 5.2-fold increase demonstrating a concerning 5-fold
underprediction of the in vivo DDI. Liver partitioning of bupropion and its metabolites, based on
whole body autoradiography studies in rats has been proposed to explain the underprediction, but even
after accounting for 5-9-fold higher liver than plasma concentrations of bupropion and its metabolites
only a 2.9 to 3.8-fold increase in desipramine AUC is predicted. As such, existing IVIVE methods for
DDl predictions have failed to appropriately identify the clinical DDI risk of bupropion.

We hypothesized that the reason for the failure to predict CYP2D6 inhibition by bupropion is
due to incomplete understanding of the stereoselective disposition and CYP2D6 inhibition by bupropion
and its metabolites and lack of information of the effects of bupropion on CYP2D6 expression. The aim
of this study was to quantitatively explain the in vivo CYP2D6 inhibition by bupropion through
characterization of the stereoselective disposition of bupropion and the effects of bupropion and its
metabolites on CYP2D6 transcription. The data shows that downregulation of CYP2D6 by bupropion
and its metabolites together with reversible inhibition quantitatively explain the in vivo CYP2D6

inhibition and resolves the long standing concern over the lack of predictability of this strong DDI.

4.2 MATERIALS AND METHODS

4.2.1 Chemicals and Reagents

Bupropion and its metabolites were purchased from Toronto Research Chemicals
(Ontario, Canada), a-OH-midazolam-d4 from Cerilliant (Round Rock, TX) and
dextromethorphan, dextrorphan, and Krebs-Henseleit buffer from Sigma-Aldrich (St. Louis,
MO). Cryopreserved human suspension hepatocytes (Hu4010, Male age 53) and all other
reagents, solvents and buffers were purchased from Thermo Fisher Scientific (Waltham, MA).
Human liver microsomes (HLM) from 4 CYP2C19 and CYP2D6 extensive metabolizer donors

based on genotypes were obtained from the University of Washington Human Liver Bank
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(Seattle, WA). Cyroplateable human hepatocytes (HC2-34, HC2-31 and HC3-38) and hepatocyte

isolation kits K2000 were obtained from Xenotech (Kansas City, KS).

4.2.2 Clinical Study

The clinical study was approved by the University of Washington institutional review
board. 5 female subjects (3 white and 2 unknown) participated in this study after providing written
informed consent. The average body weight was 108+23 kg, the average age was 356 years and
the average height was 153+5cm). Subjects taking CYP2B6 inhibitors or inducers were excluded
from the study. All subjects were taking bupropion XL chronically (150-450 mg/day) for
therapeutic reasons and had a single blood sample drawn midway through a steady state dosing
interval. Plasma was isolated from blood by centrifugation for 10 min at 1000g and stored at -80

until analysis.

4.2.3 Determination of unbound fractions

Protein binding in plasma or HLM (0.1mg/mL) was determined using ultracentrifugation
as described (Shirasaka et al., 2013). Due to the isomerization of bupropion (Coles and
Kharasch, 2008), racemic bupropion was added to plasma or HLM and the individual
enantiomers were measured. Concentrations of analytes in HLM and plasma approximated their
ICso values and Css avg Values, respectively; 20uM and 0.5uM (bupropion), 6uM and 3uM (R,R-
OH-bupropion), 15uM and 0.2 uM (S,S-OH-bupropion, 12.5uM and 2uM
(threohydrobupropion), 5uM and 0.5uM (erythrohydrobupropion). Samples were quenched with
an equal volume of acetonitrile (HLM incubations) or 2x volume 1:3 methanol:acetonitrile
(plasma) containing 100nM OH-bupropion-ds, bupropion-dg and threohydrobupropion-ds as

internal standards.
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4.2.4 Suspension Hepatocyte Partitioning and 1Cso Determination.

Cells were thawed and isolated using hepatocyte isolation kit (K2000, Xenotech)
according to the manufacturer’s protocol. Cell count and viability were determined using Trypan
Blue staining. Hepatocytes were resuspended in protein free Krebs-Henseleit Buffer. For cell
partitioning measures, bupropion, OH-bupropion, threohydrobupropion or
erythrohydrobupropion (1uM) were incubated with hepatocytes (1x10° cells) in a final volume
of 100uL. After 30min, cells were pelleted by centrifugation at 100g for 5 min. The media was
removed and quenched with 100uL of acetonitrile containing 100nM OH-bupropion-d,
bupropion-dg and threohydrobupropion-dg. The cell pellet was washed with fresh media,
centrifuged and the cell pellet was extracted with 100uL acetonitrile. The concentration of
analyte in the media and cells was determined by dividing the amount of the analyte by the
volume of media (93uL) or cells (3.9uL per 1x10° cells) (Reinoso et al., 2001), respectively.

For ICso determination, incubations were performed at 37°C in protein-free Krebs-Henseleit
Buffer containing 1x10° cells, 1uM dextromethorphan as the substrate and bupropion, OH-
bupropion, threohydrobupropion, or erythronydrobupropion (0.13- 500uM) in a final volume of
100uL. Reactions were initiated with the addition of hepatocytes to a pre-warmed mixture of
inhibitor and substrate and terminated after 30 min by the addition of 100uL of acetonitrile
containing 100 nM OH-bupriopion-de. Linear formation of dextromethorphan and absence of

substrate depletion within the incubation time was confirmed.

4.25 1Cso Determination in HLM

To determine ICso-values towards CYP2D6, bupropion and its metabolites (0.5-1000
HMM) were incubated with HLM (0.1 mg/ml) in 100 mM potassium phosphate buffer (KPi; pH

7.4) with dextromethorphan (1 uM) in 100 pl., The mixtures were preincubated for 5 minutes at
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37°C before initiating reactions with NADPH (1mM, final). Reactions were terminated after 5
minutes by adding an equal volume of acetonitrile containing 100 nM a-OH-midazolam-ds

internal standard. Interconversion of S- and R-bupropion was <5% in the incubations.

4.2.6 HepG2 Cell Culture

HepG2 cells were cultured in 6-well plates (Corning Life Sciences, Corning, NY) as
described (Tripathy et al., 2016). Cells were treated with vehicle (0.1% ethanol), bupropion
(0.5uM, 2.5uM, 5 uM), R,R-OH-bupropion (5uM, 25uM, 50uM), S,S-OH-bupropion (0.5uM,
2.5uM, 5uM), erythrohydrobupropion (0.5uM, 2.5uM, 5uM) or threohydrobupropion (2uM,
10uM, 20uM) for 72 hours. The concentrations were approximately 1X, 5X and 10X the Css
following 300mg/day bupropion dosing. Every 24 hours, media was aspirated and replaced with
new media containing the test compound(s). At 72 hours, media was quenched with 1:3
methanol: acetonitrile containing 1uM bupropion-ds, threohydrobupropion-ds and OH-

bupropion-dg as internal standards and cells were harvested for mMRNA analysis.

4.2.7 Human Hepatocyte Culture

Cryopreserved human hepatocytes from three donors (3 females, 52, 45 and 9 years of
age) were obtained from Xenotech (Lenexa, KS) and cultured as described (Tripathy et al.,
2016). Donors were chosen based on cell viability (>85%) and extensive CYP2D6 metabolism.
Cells were treated in triplicate with vehicle (0.01% ethanol) or bupropion and its metabolites at
concentrations approximately 5x Cssavg; 2.5 UM for bupropion, erythrohydrobupropion and S,S-
OH-bupropion, 10 uM for threohydrobupropion and 25 puM for R-R-OH-bupropion. Media was
changed daily and after 3 days of treatment media was collected for LC/MS analysis and cells

harvested for analysis of CYP2D6 mRNA expression. CYP2D6 activity and inhibition were
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measured in a one hour incubation with 1uM dextromethorphan and vehicle or test compounds.
Following the 1 hour incubation, the incubation media was added to an equal volume of 1:3
methanol:acetonitrile containing 1uM bupropion-dy, threohydrobupropion-dy and OH-
bupropion-ds as internal standards. Dextrorphan formation and media concentrations of
bupropion and its metabolites were measured by LC/MS.  The inhibition experiment was

repeated after 71 hours of treatment as described for the initial assay.

4.2.8 mRNA Analysis

CYP2D6 and SHP mRNA were quantified using q-RT-PCR (StepOnePlus™, Applied
Biosystems, Carlsbad, CA) as previously described using GAPDH as a housekeeping control
(Tripathy et al., 2016). Cells were harvested using Tri-reagent (Invitrogen, Grand Island, NY) and
mRNA extracted according to the manufacturer’s recommendations. All samples were analyzed

in triplicate.

4.2.9 Analysis of Bupropion and its Metabolites in Human Plasma and Urine.

Plasma samples (40 uL for chiral assay and 10 pL for non-chiral analysis) were protein
precipitated with 3:1 acetonitrile:methanol (160uL and 190 pL respectively) containing 100nM
OH-bupropion-ds, bupropion-ds, and threohydrobupropion-dg and centrifuged for 40 minutes at

3000g.

4.2.10 LC/MS/MS Quantification Methods.

The concentrations of analytes were determined using an LC/MS/MS system consisting
of an AB-Sciex API 4500 triple quadrupole mass spectrometer (AB Sciex, Foster City, CA)
coupled with an LC-20AD ultra-fast liquid chromatography system (Shimadzu Co., Kyoto,

Japan). The turbo ion spray interface was operated in positive ion mode and an Agilent
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ZORBAX XDB-C18 column (50 x2.1mm, 5um) was used for analyte separations in incubations
and protein binding assays using a previously described gradient method (Shirasaka et al., 2013).
Dextromethorphan, dextrorphan, and a-OH-midazolam-d4 were analyzed as described (Lutz and
Isoherranen, 2012a)." Bupropion and OH-bupropion enantiomer concentrations in plasma were
determined using an a-acid glycoprotein column (100 x 2 mm, 5 um) with a guard cartridge (10
X 2 mm, 5um) (ChromTech, Apple Valley, MO) . The mobile phase consisted of 20 mM
ammonium formate, pH 5.7 (A) and methanol (B). A gradient elution at 0.22 mL/min starting at
10% B, increasing to 21.2% B by 25 min and 23.5% B by 34 minutes was used with re-
equilibration to initial conditions by 45 min. Concentrations of bupropion, OH-bupropion,
threohydrobupropion, erythrohydrobupropion in cell media were measured using an Agilent
ZORBAX XDB-C18 column (150 x 4.6 mm, 5 pum) as previously described (Connarn et al.,
2015). Bupropion and its metabolites were detected with the following MRM mass transitions
(m/z): 240—184 (bupropion), 249— 189 (bupropion-dg), 256—238 (OH-bupropion), 262—244
(OH-bupropion-ds), 242—168 (threo- and erythrohydrobupropion), 251—168

(threohydrobupropion-ds).

4.2.11 Drug-drug Interaction Predictions

DDl risk due to reversible inhibition was determined using [1]u/Ki,qy ratios where [I]u is
the unbound inhibitor concentration at steady state. The unbound ICso values are assumed to
approximate the Kj,u values since the concentration of dextromethorphan used was well below
the reported K value for CYP2D6 (Lutz and Isoherranen, 2012b). Due to variable dosing
regimens between clinical subjects, bupropion and metabolite concentrations were normalized to

300mg dose, based on dose-linear kinetics (U.S. Food and Drug Administration Center for Drug
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Evaluation and Research, 2003). The percent inhibition of CYP2D6 due to reversible inhibition

was predicted using equation 4.1.

1

percent CYP2D6inhibition =| 1— *100 Equation 4.1

1+Q

In order to account for CYP2D6 downregulation in static predictions a previously published
equation to predict simultaneous reversible inhibition and induction (Fahmi et al., 2008) was

modified to account for fold downregulation as opposed to fold induction (equation 4.2).

percent CYP2D6inhibition =| 1—| —=——*( fold downregulation) | |*100 Equation 4.2

4.2.12 Data Analysis

All experiments were performed in triplicate and data is presented as the mean and standard
deviation unless otherwise specified. ICso values were estimated by fitting Equation 4.3 to the
data where v and v, are the formation velocity in absence and presence of an inhibitor at a given
inhibitor concentration (1). In vitro constants were calculated using nonlinear least-squares
analysis in GraphPad Prism (San Diego, CA).

V,_V

i p—
ICoyt1

One-way ANOVA with posthoc Tukey test was used to test for significance of changes in

Equation 4.3

CYP2D6 mRNA and activity.
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4.3 RESULTS

Steady-state plasma concentrations of the stereocisomers of bupropion and its metabolites
were measured in five subjects taking 150-450 mg/day bupropion (Wellbutrin XL) chronically for
therapeutic reasons. The observed plasma concentrations, mean dose-normalized concentrations
and plasma unbound fractions are shown in Table 4.1. Consistent with reported concentrations
following a single dose (Kharasch et al., 2008), the steady state average concentration (Cssavg) Of
R-bupropion was approximately 3-fold higher (p<0.05) than that of S-bupropion, and the R,R-OH-
bupropion Cssavyg Was 13-fold higher (p<0.05) than that of S,S-OH-bupropion. In addition, all
metabolites had circulating concentrations equal to or higher than that of bupropion (Table 4.1)
suggesting a need for characterization of the inhibition potential of each metabolite.

Bupropion, and OH-bupropion enantiomers and threo- and erythrohydrobupropion
inhibited CYP2D6 in HLMs with 1Cso values between 3 and 40 uM (Table 4.2). There was a
marked difference in the inhibition potency between the enantiomers of bupropion and OH-
bupropion. R-bupropion had a 14-fold higher ICso value than S-bupropion while S,S-OH-
bupropion had a 3-fold higher ICso value than R,R-OH-bupropion. Similarly,
erythrohydrobupropion was nearly 10-fold more potent than threohydrobupropion. Using the
unbound stereoselective 1Cso values and the circulating concentrations calculated for 300 mg/day
dosing of bupropion, the CYP2D6 DDI risk was identified assuming reversible inhibition of
CYP2D6 by all compounds (Table 4.2). Each compound alone was predicted to result in only 0.3-
34% inhibition of CYP2D6 with all circulating compounds together resulting in a predicted 43%
(31-57%) decrease (3 1u/ICsou 0.76) in CYP2D6 activity in vivo (Table 4.2) suggesting only weak

CYP2D6 inhibition in vivo.
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To determine whether the underprediction was due to the accumulation of free compounds
within hepatocytes, CYP2D6 inhibition and cell partitioning were assessed in human suspension
hepatocytes. The cell to media ratios showed 20-fold partitioning for bupropion, 11-fold
partitioning for OH-bupropion and threohydrobupropion and 9-fold partitioning for
erythrohydrobupropion into hepatocytes but the high partitioning did not decrease media
concentrations of the inhibitors due to the small overall volume of the cells. Despite the
partitioning, the ICso values were not different between suspension hepatocytes and HLM
suggesting that the partitioning is a result of intracellular binding or trapping of bupropion and its
metabolites within intracellular organelles, rather than active uptake of the free drug. The ICso
values in suspension hepatocytes were 18 uM (90% C.1.:14-22uM) for bupropion, 14uM (90%
C.1.:12-17uM) for OH-bupropion, 12uM (90% C.1.:8.6-16.6uM) for threohydrobupropion and
2.3uM (90% C.I.: 1.9-2.8uM) for erythrohydrobupropion. The ICsg values are based on the initial
inhibitor concentrations in media.

It is possible that in suspension hepatocytes some uptake transporters are not localized
correctly and hence, CYP2D6 inhibition was further assessed in plated human hepatocytes from
three donors using concentrations of bupropion and its metabolites 5 times that of their mean Css
values. In addition, changes in the inhibition potency over treatment time were evaluated in human
hepatocytes with 72-hour treatment with bupropion or its metabolites. The mean percent CYP2D6
inhibition observed over the first hour of treatment in the presence of S,S-OH-bupropion,
threohydrobupropion and erythrohydrobupropion was 2-4-fold greater than predicted from
measured media concentrations and HLM ICso,, values (Table 4.3), suggesting that active uptake
of these compounds may occur. However, the observed percent inhibition for bupropion, R,R-

OH-bupropion and the mixture of all compounds was not different from predicted. Despite the
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higher inhibition observed for some compounds, potential active uptake and/or hepatocyte
partitioning were not sufficient to explain the in vivo DDI (Table 4.3). Interestingly, when
hepatocytes were treated with bupropion for 72 hours, up to 3-fold increase in the magnitude of
CYP2D6 inhibition was observed without any changes in inhibitor concentrations (Table 4.3)
suggesting time-dependent changes in CYP2D6 activity possibly via downregulation of CYP2D6.

When tested in HepG2 cells, bupropion and all of its metabolites decreased CYP2D6
MRNA expression significantly in a dose-dependent manner (Figure 4.1). This downregulation
was observed at concentrations exceeding circulating plasma concentrations, but likely due to
nonspecific binding and inhibitor depletion, no significant downregulation was observed following
treatment at initial concentrations approximating steady-state plasma concentrations. To test
whether the downregulation of CYP2D6 by bupropion is due to similar mechanisms as has been
described with all-trans retinoic acid (Koh et al., 2014), the induction of the small heterodimer
partner (SHP) was assessed. However, bupropion and its metabolites had no effect on SHP mRNA
(data not shown). Based on the results in HepG2 cells, downregulation of CYP2D6 was further
assessed in plated human hepatocytes from three donors after 72 hours of treatment with bupropion
and its metabolites alone or in a mixture at concentrations equivalent to 5 times the steady state
concentrations. This was predicted to yield media concentrations comparable to the observed Css
in plasma. Bupropion and its metabolites significantly (P<0.05) decreased CYP2D6 mRNA and
activity in the plated hepatocytes (Figure 4.2a). The mean CYP2D6 mRNA levels following 72
hours of treatment were 20% (erythrohydrobupropion), 18% (threohydrobupropion), 28% (R,R-
OH-bupropion), 26% (S,S-OH-bupropion), 15% (bupropion) and 7% (Mix) of the mRNA levels
in vehicle treated cells (Figure 4.2). In the same treatments no significant differences were

observed between the initial media concentrations added and the media concentrations at the end

93



of the treatment except for bupropion (93% reduction) and R,R-OH-bupropion (33% reduction)
(Figure 4.2b). In bupropion-treated cells formation of bupropion metabolites was also detected in
accordance with the significant depletion of bupropion (Table 4.4), but the concentrations of
erythrohydrobupropion (0.08 pM), threohydrobupropion (1.4 uM), and OH-bupropion (0.12 puM)
remained lower than those observed in circulation.

To assess whether simultaneous CYP2D6 inhibition and downregulation would allow for
accurate DDI predictions, static prediction method (Fahmi et al., 2008) was modified to
incorporate both reversible inhibition and fold CYP2D6 downregulation. Using the fold
downregulation observed following treatment with the mixture of bupropion and its metabolites,
a 96% decrease in CYP2D6 activity is predicted in vivo. For each of the individual compounds,
85% (bupropion), 80% (erythrohydrobupropion), 84% (threohydrobupropion), 82% (R,R-OH-
bupropion) and 73% (S,S-hydroxybupropion) decreases in CYP2D6 activity are predicted. This
magnitude of change in CYP2D6 activity is in agreement with the approximately 90% inhibition

observed using desipramine and venlafaxine as CYP2D6 probes/substrates.

4.4  DISCUSSION

The DDI liability of bupropion has been attributed to its circulating metabolites as the inhibitory
potency of bupropion towards CYP2D6 does not identify the in vivo DDI risk of bupropion
(Callegari et al., 2013; Isoherranen et al., 2009; Yeung et al., 2011; Yu and Tweedie, 2013; Yu et
al., 2015). However, no prior study has evaluated the stereoselective CYP2D6 inhibition by
bupropion and its metabolites, and whether incorporating stereoselective disposition and CYP2D6
inhibition would improve DDI predictions or alter the identification of the main inhibitory species.

Consistent with previous data demonstrating stereoselective disposition of bupropion and OH-
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bupropion following a single oral dose (Kharasch et al., 2008), this study found that stereoselective
disposition is also observed at steady state. Furthermore, CYP2D6 inhibition by bupropion and
OH-bupropion was found to be stereoselective. S-bupropion, despite its 3-fold lower circulating
concentration had a 5-fold higher I/K; than R-bupropion due to the 14-fold more potent inhibition
of CYP2D6 by S-bupropion than R-bupropion. In contrast, R,R-OH-bupropion was 3-fold more
potent inhibitor of CYP2D6 than S,S-OH-bupropion. Due to the 13-fold higher steady state
concentration of R,R-OH-bupropion in comparison to S,S-OH-bupropion it had a 36-fold higher
I/Ki. In fact, R,R-OH-bupropion had the highest I/K; value of all the compounds, 0.5, and
approximately a third (34%) of the CYP2D6 inhibition was predicted to be caused by R,R-OH-
bupropion. In previous studies, threohydrobupropion has been considered to be responsible for the
majority of the CYP2D6 inhibition (Reese et al., 2008). However, the stereoselective data shows
that in fact threohydrobupropion accounts only for approximately 14% and erythrohydrobupropion
another 6% of the CYP2D6 inhibition in vivo. Of note, only threohydrobupropion and R,R-OH-
bupropion I/K; values were higher than the 0.1 cutoff for DDI risk assessment. Consistent with
previous work, even after accounting for all the metabolite contributions, only weak in vivo
CYP2D6 inhibition would be expected resulting in a significant underprediction of the DDI
potential of bupropion.

Hepatic partitioning of the inhibitory species has been proposed as an explanation for the
underprediction of the bupropion DDIs (Reese et al., 2008). In agreement with previous work that
demonstrated hepatic partitioning of radioactivity following administration of labeled bupropion
and OH-bupropion in rats, significant partitioning of bupropion and its metabolites into human
hepatocytes was observed. Yet, the ICso values in suspension hepatocytes were not different from

human liver microsomes suggesting that high nonspecific binding to the hepatocyte protein or
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sequestration to intracellular organelles rather than active uptake of bupropion into hepatocytes is
responsible for the high liver partitioning. Interestingly, in plated hepatocytes the observed
inhibition by bupropion, S,S-OH-bupropion, threohydrobupropion and erythrohydrobupropion
was more than 2-fold higher than predicted, indicating potential active uptake. However, when
CYP2D6 activity was evaluated following treatment with a combination of bupropion and its
metabolites at 5x circulating concentrations, the observed and predicted percent inhibition were
similar. This suggests that while the 2-fold increase in the inhibitory potency of bupropion and its
metabolites in hepatocytes may be due to active uptake, the observed inhibition is not sufficient to
explain the magnitude of the in vivo CYP2D6 interaction.

Evaluation of CYP2D6 inhibition by bupropion and its metabolites in plated hepatocytes
also allowed for the determination of possible time-dependent changes in CYP2D6 inhibition
during treatment. While bupropion and its metabolite concentrations in hepatocyte media were not
significantly different between the 0 hour and 72-hour inhibition assays, the observed CYP2D6
inhibition was significantly greater after 72-hours than after 0 hours of treatment, suggesting that
bupropion may alter CYP2D6 expression. Indeed, this study shows that bupropion and its
metabolites downregulate CYP2D6 mRNA expression both in HepG2 cells and in human
hepatocytes. However, the magnitude of change in mRNA levels (93% reduction) far exceeded
the changes in CYP2D6 activity (60%). The discrepancy between the magnitude of change in
CYP2D6 mRNA levels and CYP2D6 activity is likely due to differences in mMRNA versus protein
half-lives. A 93% reduction in CYP2D6 mRNA levels was observed over 72 hours, suggesting
that the mRNA half-life is approximately 19 hours. In contrast, CYP2D6 activity was decreased
by about 60% in the presence of bupropion and its metabolites. The CYP2D6 protein half-life has

been reported to be 51 hours (Venkatakrishnan, 2005) and therefore the treatment for 72 hours
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only spans 1.4 protein half-lives and only 60% of the expected steady-state protein levels can be
reached. Based on these calculations, nearly a 100% loss of CYP2D6 activity is expected at protein
steady state. Interestingly, despite 93% depletion of bupropion, and subclinical concentrations of
the formed metabolites, CYP2D6 mRNA and protein expression were decreased to a greater extent
in bupropion-treated cells than following treatment with any of its metabolites at concentrations
exceeding steady state concentrations. In fact, the extent of downregulation of CYP2D6 by
bupropion itself can explain the in vivo DDIs without considering metabolite contribution,
challenging the dogma that in vivo CYP2D6 inhibition is caused only by bupropion’s metabolites.
While it is likely that in vivo DDIs are caused by downregulation of CYP2D6 and reversible
inhibition by bupropion and its metabolites, it is not possible to determine the relative contributions
of each of the compounds to in vivo DDIs.

To the best of our knowledge, this is the first example of a xenobiotic causing a drug-drug
interaction via CYP2D6 downregulation and there are no examples of clinical DDIs resulting from
downregulation of any P450 enzyme. Current FDA and EMA guidance recommend induction
studies with CYP1A2, CYP3A4 and CYP2B6 (European Medicines Agency Committee for
Medicinal Products for Human Use, 2012; U.S. Food and Drug Administration Center for Drug
Evaluation and Research (CDER), 2012), and CYP2C in some cases. The EMA also
acknowledges that concentration- dependent downregulation of P450s could be monitored in the
same system. However, downregulation is not systematically assessed in current drug
development workflows. Critically, evaluation of CYP2D6 induction is not recommended as
CYP2D6 is not considered to be inducible by xenobiotics. Yet, transcriptional regulation of
CYP2D6 has recently been shown with retinoic acid (Koh et al., 2014; Mamoon et al., 2014) and

GW4064 in vitro and in mice (Pan et al., 2015), and CYP2D6 activity is increased during
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pregnancy (Isoherranen and Thummel, 2013). Retinoic acid and GW4064 appear to act via
inducing SHP (Koh et al., 2014; Mamoon et al., 2014; Pan et al., 2015), a transcriptional repressor
of CYP2D6 expression. However, bupropion and its metabolites had no effect on SHP expression,
suggesting that these compounds regulate CYP2D6 expression via a novel mechanism. In addition
to SHP, CYP2D6 is reported to be induced by corticosteroids (Farooq et al., 2016), and thus
investigation into the impact of bupropion and its metabolites on the glucocorticoid receptor may
be warranted. Nitric oxide has also been shown to alter the regulation of CYP2D6 (Hara and
Adachi, 2002), and thus it may be appropriate to determine whether bupropion and or its
metabolites induce inflammation.

Whether bupropion is a unique example of a xenobiotic that can cause CYP2D6
downregulation or there are other xenobiotics that downregulate CYP2D6 expression is not
known. The data shown here suggest that detailed studies in this area are needed. If such
downregulation is a more common phenomenon, this could have substantial clinical consequences.
Taken together this study shows that downregulation of P450s including CYP2D6 can result in

potent in vivo DDIs with major clinical consequences.
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Table 4.1. Steady-state concentrations of bupropion and its metabolites

Percent of fup
Css. UM Parent (S.D. n=3)
Mean adjusted for
Subject 1 2 3 4 5 300 mg/day dose?
(Range, n=5)
Dose, mg/day 300 450 150 150 300
. 0.22
R-Bupropion 0.29 0.42 0.03 0.17 0.11 (0.05-0.34) 0.5+£0.1
. 0.08*
S-Bupropion 0.11 0.14 0.01 0.05 0.05 (0.02-0.11) 0.6+0.1
. 5.0 2500 + 2200
R,R-OH-bupropion 3.5 14 2.2 24 3.0 (3.0-9.4) 0.5+£0.1
. 0.39* 200+ 170
S,S-OH-bupropion 0.26 1.0 0.18 020 0.29 (0.26-0.67) 0.510.1
Threohydrobupropion 3.5 4.37 0.57 0.88 1.34 a fé 5) 900 +440 1.0+0.1
. 0.29 130 £+ 80
Erythrohydrobupropion  0.40 0.62 0.09 0.11 0.24 (0.19-0.41) 0.7£0.1

a Mean and range of steady-state concentrations, adjusted to a 300mg/day dose. *Significantly different from the

other enantiomer, P<0.05, Student’s t-test.
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Table 4.2. In vitro CYP2D6 inhibition parameters and predictions of the magnitude of

CYP2D6 inhibition.

ICsou M@ Mean  Mean® Low® High Percent Inhibition®
(95% C.1.) [N/1Csou  [I/1Cs0u  [1u/1Cs04 Mean (Range)
R-Bupropion 41 (32-53) 0.003 0.001 0.004 0.3 (0.07-0.36)
S-Bupropion 3(2-4) 0.015 0.004 0.022 1.5(0.35-2.1)
R,R-OH-bupropion 5(3-8) 0.504 0.299 0.941 34 (23-48)
S,S-OH-bupropion 14 (9-21) 0.014 0.009 0.024 1.4 (0.9-2.3)
Threohydrobupropion 13 (8-21) 0.160 0.084 0.256 13.5 (2.7-20)
Erythrohydrobupropion 3(3-4) 0.07 0.043 0.096 6.2 (4.1-8.8)
Total 0.76 0.44 1.34 43 (31-57)

@ No binding was observed for any of the compounds in 0.1 mg/mL HLM, so the total I1Cso values are equivalent to
the unbound ICsp values. °[1]u/1Cso,, based on mean plasma concentrations. © [1]u/ICso,, based on the lowest
observed plasma concentrations for each compound. ¢ [I]u/1Cso,, based on the highest observed plasma
concentrations for each compound. © The mean predicted percent inhibition is based on the mean [I1]u/ICso, values,
and low and upper ends of the range were based on the low and high [1]u/1Cso,, values.
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Table 4.3. Inhibition of CYP2D6 by bupropion and its metabolites in plated human
hepatocytes. The initial treatment concentrations were 2.5 uM for bupropion,
erythrohydrobupropion and S,S-OH-bupropion, 10 uM for threohydrobupropion and 25 uM for
R-R-OH-bupropion at time 0 and at time 71 hours. The table shows the measured concentrations
at the end of the 1-hour activity assay. The cells were treated with bupropion for 71 hours and
the media was changed for the inhibition experiment. Predicted and observed CYP2D6 activity
in hepatocytes in the presence of bupropion and its metabolites at the two time points, 1 hour and
72 hours.

Media Concentration, Predicted Observed Fold Change in
uM Percent Percent Percent Inhibition
Mean + S.D. Inhibition Inhibition
1-hour treatment
Bupropion 1505 6.5+21 37+16
R,R-OH-bupropion 16+1 761 63+8
S,S-OH-bupropion 1.3+01 85+0.3 22+16
Threohydrobupropion 7.1+£0.6 35+2 80+2
Erythrohydrobupropion 16+0.1 35+0.5 81+2
Mix? 83+2 83+2
72-hour treatment
Bupropion 1.7+£05 7.0+£1.8 81+5 2.2
R,R-OH-bupropion 19+3 78 +2 8313 1.3
S,S-OH-bupropion 1.5+0.2 98+1.1 60+ 11 2.7
Threohydrobupropion 82+14 38+4 92+2 1.2
Erythrohydrobupropion 21+0.3 40+ 4 93+1 11
Mix 86+1 93+1 11

@ The mix was composed of bupropion, R,R-OH-bupropion, S,S-OH-bupropion, threohydrobupropion and
erythrohydrobupropion. Measured concentrations in the mixture were 1.6 uM £ 0.5 (Bupropion), 16.5 uM + 1.3
(R,R-OH-bupropion), 1.4 uM £ 0.1 (S,S-OH-bupropion), 7 uM % 0.2 (threohydrobupropion), 2.1 uM £ 0.1
(erythrohydrobupropion).
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Figure 4.1. Impact of bupropion and its metabolites on CYP2D6 expression and activity in
HEPG2 cells. (a) Fold change in CYP2D6 mRNA levels following treatment of HepG2 cells with
vehicle, erythrohyrobupropion (Erythro), threohydrobupropion (Threo), bupropion (Bup), R,R-
OH-bupropion (R,R-OH), S,S-OH-bupropion (S,S-OH) or a mixture (Mix) at concentrations 1x,
5x and 10x observed steady state concentrations. (b) The percent of the original media
concentrations at 72 hours following daily treatment with bupropion or its metabolites. *P<0.05,
compared to vehicle control cells based on one-way ANOVA with the posthoc Tukey test.
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Figure 4.2. Impact of bupropion and its metabolites on CYP2D6 expression and activity in
human hepatocytes. (a) Fold change in CYP2D6 mRNA levels as percent of 0 hour activity
following dosing with vehicle, erythrohyrobupropion (Erythro), threohydrobupropion (Threo),
bupropion (Bup), R,R-OH-bupropion (R,R-OH), S,S-OH-bupropion (S,S-OH) or a mixture (Mix)
at concentrations 5x the observed steady state concentrations. (b) The percent of the original media
concentrations at 71 hours following daily treatment with bupropion or its metabolites. *P<0.05,
compared to vehicle control cells, #P<0.05 compared to 0 hour activity, © P<0.05 compared to
initial media concentrations based on one-way ANOVA with posthoc Tukey test.
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Chapter 5.
THE EFFECTS OF PREGANCY ON BUPROPION
PHARMACOKINETICS: INSIGHT INTO CHANGES IN CYP2B6
EXPRESSION
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5.1 ABSTRACT

The aim of this study was to determine the effects of pregnancy on the pharmacokinetics of
bupropion. Dosing interval urine was collected, along with steady state plasma samples from
women taking bupropion (Wellbutrin XL, 150-450 mg/day) during second trimester (n=3), third
trimester (n=4) and 6 weeks postpartum (n=5). No significant changes in circulating steady state
concentrations of bupropion or its metabolites were observed, suggesting that there may not be a
need for a dose adjustment during pregnancy. However, a significant two-fold change in OH-
bupropion formation clearance was observed in the third trimester, when compared to
postpartum. This induction in formation clearance occurred in the absence of a change in the
OH-bupropion/bupropion Css ratio, suggesting that OH-bupropion clearance may also be
induced. Furthermore, a reduction in the threohydrobupropion:bupropion and
erythrohydrobupropion:bupropion ratios was observed, potentially due to induced metabolism of
threo- and erythrohydrobupropion. The results of this study indicate that CYP2B6 is induced
during pregnancy and that dose adjustments may be warranted for CYP2B6 substrates to avoid

loss of therapeutic efficacy.
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5.2 INTRODUCTION

Bupropion is classified as a pregnancy category C drug, indicating that it is not
recommended for use in pregnant women unless the potential benefits outweigh the risks. Yet,
major depression and smoking cessation treatment are common among pregnant women (Marcus
et al., 2003; Tong et al., 2013). Approximately 12% of women quit smoking during pregnancy
while another 12% continue to smoke throughout pregnancy (Tong et al., 2013). Furthermore,
20% of women report experiencing elevated depressive symptoms during pregnancy (Marcus et
al., 2003). As a result, approximately 0.5% of women are exposed to bupropion during
pregnancy (Alwan et al., 2010). Yet, nothing is known about bupropion disposition or
pharmacodynamics in pregnant women. In baboons, bupropion and OH-bupropion Cmax and
exposure levels trended lower during pregnancy when compared to nonpregnant animals
(Rytting et al., 2014). However, marked species differences in bupropion pharmacokinetics have
been reported (Welch et al., 1987), and therefore the results in baboons are not necessarily
reflective of expected changes in bupropion disposition during human pregnancy.

Understanding the effects of pregnancy on the pharmacokinetics of bupropion and its
metabolites is clinically relevant. A strong dose-response relationship has been reported for
bupropion smoking cessation treatment (U.S. Food and Drug Administration Center for Drug
Evaluation, 1997) and trough concentrations of bupropion have been reported to be an important
determinant of antidepressant response (Goodnick, 1992; Preskorn, 1983). Thus changes during
pregnancy that could result in altered steady state bupropion concentrations may lead to a loss of
therapeutic efficacy. Bupropion also has three active metabolites; hydroxybupropion (OH-
bupropion), threo- and erythrohydrobupropion which have been implicated in pharmacological

response and adverse events. OH-bupropion, particularly the S,S- enantiomer, is thought to be
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the main contributor to smoking cessation and antidepressant activity (Bondarev et al., 2003;
Carroll et al., 2011; Damaj et al., 2004; Jefferson et al., 2005; Martin et al., 1990; Musso et al.,
1993; Welch et al., 1987; Zhu et al., 2012a). Threo-and erythrohydrobupropion are reported to
have approximately 20% of the antidepressant activity of bupropion (Jefferson et al., 2005). In
pediatric subjects, responders to antidepressant treatment had higher levels of bupropion and all
three metabolites than non-responders and OH-bupropion concentrations were most strongly
associated with clinical outcomes (Daviss et al., 2006). Conversely, in adults, metabolite levels
in responders have been reported to be significantly lower than in non-responders (Golden,
1988), and high levels of metabolites are correlated with poor clinical outcomes (Golden, 1988)
and increased adverse effects such as dry mouth and insomnia (U.S. Food and Drug
Administration Center for Drug Evaluation, 1997). This is consistent with toxicity studies in
mouse models in which all three metabolites produced dose dependent increases in convulsion
risk (Silverstone et al., 2008). Additionally, OH-bupropion has been reported to have the lowest
LDso value in mice (Welch et al., 1987). Because clinical outcomes and tolerability are
dependent on the circulating concentrations of bupropion and its metabolites, understanding
whether pregnancy alters bupropion pharmacokinetics is critical to making informed decisions
regarding safe and efficacious doses for pregnant women.

Based on our knowledge of the changes in the expression of drug metabolizing enzymes
in pregnancy, bupropopion pharmacokinetics are expected to be altered during human
pregnancy. CYP2B6, which catalyzes the formation of OH-bupropion (Coles and Kharasch,
2008, 2008; European Medicines Agency Committee for Medicinal Products for Human Use,
2012; Faucette et al., 2000; U.S. Food and Drug Administration Center for Drug Evaluation and

Research (CDER), 2012), is induced by estradiol in vitro (Choi et al., 2013; Dickmann and
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Isoherranen, 2013; Koh et al., 2012). Based on the circulating free concentrations of estradiol
during pregnancy (Abduljalil et al., 2012; O’Leary et al., 1991; Soldin et al., 2005), CYP2B6
expression is expected to increase by 1.1, 1.4 and 1.9 fold in the first, second and third trimesters
(Dickmann and Isoherranen, 2013). Several studies have evaluated the effects of pregnancy on
the PK of CYP2B6 substrates, including methadone, sertraline, nevirapine and efavirenz (Table
5.1), yet the effects of pregnancy on CYP2B6 remain unclear (Capparelli et al., 2008a; Freeman
et al., 2008; Pond et al., 1985). Methadone clearance was dramatically increased and the
exposure was decreased during pregnancy in two independent studies (Pond et al., 1985; Wolff
et al., 2005). A lack of change in renal clearance was reported in one of the studies (Pond et al.,
1985), suggesting induction of CYP2B6, CYP3A4 or CY2D6, or a combination during
pregnancy. However, exposure to efavirenz, a sensitive CYP2B6 substrate, was unchanged in
pregnancy (Cressey et al., 2012). Additionally, no change in nevirapine exposure or clearance
was observed in pregnancy in CYP2B6 extensive metabolizers (Olagunju et al., 2016). In the
same study, significant increases in clearance and decreases in AUC were observed in CYP2B6
intermediate metabolizers or the mixed population, which is inconsistent with the lack of change
reported in two independent studies that assessed the effects of pregnancy on nevirapine in non-
genotyped populations (Capparelli et al., 2008b; Nellen et al., 2008). The apparent lack of
agreement between these results and those of the methadone studies could be due to the fact that
efavirenz and nelfinavir are both inducers (Lamson et al., 1999; Robertson et al., 2008) of
CYP2B6 and efavirenz is also a CYP2B6 inactivator (Bumpus et al., 2006). No change in
sertraline has also been reported in pregnancy (Freeman et al., 2008), but interpretation of the in
vivo data is complicated by the fact that sertraline has many different eliminated pathways aside

from CYP2B6 that may mask the true effects of pregnancy on CYP2B6 activity (Obach et al.,
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2005). Because of the inconsistencies in the published in vivo data, evaluating the effects of
pregnancy on OH-bupropion formation clearance may clarify the impact of pregnancy on
CYP2B6 expression and activity.

CYP2C19, which is exclusively involved in the formation of 4’- OH-bupropion (Sager et
al., 2016) is also expected to be altered in pregnancy. Oral contraceptives have been shown to
significantly reduce CYP2C19 activity, as evidenced by a 2-fold increase in the
omeprazole/hydroxyomeprazole ratio as well as the S/R mephenytoin ratio in humans (Laine,
2000). This has been attributed in part to reversible inhibition of CYP2C19 by estradiol and
progesterone (Chang et al., 2009; Choi et al., 2013; Foti and Wahlstrom, 2008; Rodrigues and
Lu, 2004) but as estrogen concentrations are generally much lower than the Ki values, this
decrease in activity is most likely due to estradiol downregulation of CYP2C19 through estrogen
receptor a (Mwinyi et al., 2010). However, changes in CYP2C19 during pregnancy remain
unclear since no studies have been conducted with selective CYP2C19 probes. A study
assessing proguanil pharmacokinetics during pregnancy reported a 40% decrease in both
proguanil oral clearance and the cycloguanil/proguanil single point concentration ratio in
pregnant women (McGready et al., 2003a, 2003b). However, renal clearance contributes
substantially to proguanil clearance (Funck-Brentano et al., 1997) and it is unknown whether
pregnancy changes cycloguanil elimination. Thus, these changes may not be solely reflective of
changes in CYP2C19 activity.

Reduction of bupropion to threo- and erythrohydrobupropion is catalyzed primarily by
11B-hydroxysteroid dehydrogenase type 1 (113-HSD1), with minor involvement of
aldoketoreductases (Connarn et al., 2015; Meyer et al., 2013). Progesterone has been reported to

inhibit 11B-HSD1 in vitro, with an 1Csg of 1.7 uM (Diederich et al., 2000). However, based on
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the maximum third trimester concentration of 0.6puM (Abduljalil et al., 2012) and an unbound
fraction of 0.10 (Yannone et al., 1969), less than a 5% change in 113-HSD1 is predicted during
pregnancy due to competitive inhibition of the enzymes reducing bupropion.

The purpose of this study was to determine the effects of pregnancy on the
pharamcokinetics of bupropion and its metabolites. We hypothesize that CYP2B6 mediated
clearance to OH-bupropion will increase while the CYP2C19 mediated clearance to 4’-OH-
bupropion will decrease during pregnancy. To test this hypothesis we collected plasma and

urine from women during and after pregnancy to assess changes in bupropion pharmacokinetics.

5.3 MATERIALS AND METHODS

5.3.1 Chemicals and Reagents.

Bupropion, R-bupropion, S-bupropion, OH-bupropion, R,R-hydroxybupropion, S,S-
hydroxybupropion, threohydrobupropion, erythrohydrobupropion, bupropion-d9, OH-bupropion-
d6, and threohydrobupropion-d9 were purchased from Toronto Research Chemicals (Ontario,
Canada). Optima grade formic acid and ammonium formate was purchased from Sigma-Aldrich
(St. Louis, MO). Optima grade Acetonitrile (ACN), Methanol (MeOH), and Water (H20) were

purchased from Fisher Scientific (Waltham, MA).

5.3.2 Clinical Study.

The study was approved by the University of Washington Institutional Review Board. 5
female subjects were enrolled in the study after providing written informed consent. All subjects
were taking bupropion for therapeutic reasons at the time of enroliment and maintained their

normal dosing schedule throughout the duration of the study. During each trimester of
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enrollment, and again 6 weeks postpartum, a single steady state blood sample was collected from
each subject, and urine was collected over one dosing interval. ~Subjects were genotyped for
CYP2C19*2, CYP2C19*3 and CYP2C19*17 as described previously (Sager et al., 2014; Zhu et

al., 2014).

5.3.3 Patient Demographics and Genotyping Information

5 female subjects (3 white and 2 unknown) participated in this study after providing
written informed consent. All subjects were determined to be CYP2C19*1/*1 genotype. At the
time of enrollment, the average body weight was 108+23 kg, the average age was 35+6 years and
the average height was 153£5cm. All subjects were taking bupropion XL chronically (150-450
mg/day) for therapeutic reasons. Subjects taking CYP2B6 inhibitors or inducers were excluded
from the study. Co-medications included metformin (n=2), omeprazole (n=1), albuterol (n=1),
risperidone (n=1), escitalopram (n=1), insulin (n=1) and oxycodone (n=1). Second trimester
samples were collected from 3 subjects and third trimester samples were collected from 4

subjects (Table 5.2).

5.3.4 Analysis of Bupropion and its Metabolites in Human Plasma and Urine.

Plasma and urine samples (40 pL for chiral assay and 10 pL for non-chiral analysis) were
protein precipitated with 3:1 acetonitrile:methanol (160 pL and 190 pL respectively) containing

100 nM OH-bupropion-de, bupropion-dg, and threohydrobupropion-dg and centrifuged for 40
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minutes at 3000 g. Deconjugation was performed using an acidification method described

previously (Chapter 2).

5.3.5 LC/MS/MS Quantification Methods.

The concentrations of analytes were determined using an LC/MS/MS system consisting
of an AB-Sciex API 4500 triple quadrupole mass spectrometer (AB Sciex, Foster City, CA)
coupled with an LC-20AD ultra-fast liquid chromatography system (Shimadzu Co., Kyoto,
Japan). The turbo ion spray interface was operated in positive ion mode for all analytes. To
determine the concentrations of bupropion, OH-bupropion, threohydrobupropion,
erythrohydrobupropion, threo-4’-OH-bupropion, erythro-4’-OH-bupropion, and 4’OH-bupropion
in human plasma and urine, an Agilent ZORBAX XDB-C18 column (150 x 4.6mm, 5um) was
used with a 0.8 mL/min isocratic flow consisting of 35% MeOH and 0.04% formic acid
(Connarn et al., 2015). Concentrations of bupropion and OH-bupropion enantiomers in plasma
and urine were measured using a chiral a-acid glycoprotein (AGP) column (100 x 2 mm, 5um)
with a chiral AGP guard cartridge (10 x 2 mm, 5 um) (ChromTech, Apple Valley, MO) as
described previously (DDI paper) The mobile phase consisted of 20 mM ammonium formate
buffer, pH 5.7 (A) and MeOH (B). Data analysis was performed using Analyst software version

1.6.2 (AB Sciex).

5.3.6  Pharmacokinetic Analysis.

For all calculations, linear kinetics were assumed and thus exposure following a single

dose AUC,-.. was assumed to be equal to the exposure over a single dosing interval at steady
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state AUCo.1,s. Clearance was calculated from the average steady state concentrations using

equation 1, where T represents the dosing interval.

ct__ Db Equation 5.1
F C...*T

ss,avg

Renal clearance (CLr) was calculated using equation 2, where (Aco-1) is the amount of
unchanged drug excreted in the urine over the dosing interval.

— Aetotal ,0-T
C. *T

ss, p

CL, Equation 5.2

The total amount of each compound excreted over a dosing interval was determined by
multiplying the concentrations by the total volume of urine collected over the dosing interval. In
vivo CLs was calculated using equation 3 where Aetotar o-t for OH-bupropion is the total amount
measured following acid deconjugation. For threo- and erythrohydrobupropion, Aetotal o- IS the
sum of the amount of free drug measured following acid deconjugation and the amount measured
as the subsequent hydroxylation products.

— Aetotal ,0-T
C.. *T

ss, p

CL, Equation 5.3

5.3.7 Statistical Analysis.

Two-sided paired t-tests were used to evaluate the significance of changes in

pharmacokinetic parameters in T2 compared to the PP values in the same subjects or T3 when
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compared to the PP values in the same subjects. Statistical analyses were performed in

GraphPad Prism (Graphpad Software, San Diego, CA).

5.4 RESULTS

5.4.1 Effect of Pregnancy on Bupropion Pharmacokinetics

Steady state concentrations of bupropion and its metabolites in T2, T3 and PP were
measured (Table 5.3). No significant changes were observed in the dose-normalized T2 or T3
steady state plasma concentrations of bupropion or its metabolites (Table 5.3) or in the
concentrations as percent postpartum (Table 5.3, Figure 5.1) when compared to the PP values in
the same subjects. Consistent with a lack of change in circulating concentrations, oral clearance
(CL/F) and renal clearance (CLr) of bupropion, R-bupropion and S-bupropion were unaltered in
T2 and T3, when compared to matched postpartum values (Table 5.4). Due to high variability in
bupropion clearance between subjects, the effect of pregnancy on clearance was also assessed by
normalizing clearance values to postpartum levels. No significant changes were detected in the
second or third trimesters, when compared to postpartum (Table 5.4, Figure 5.2).

The formation clearances (CL¢) of OH-bupropion, R,R-OH-bupropion, S,S-OH-
bupropion, 4’-OH-bupropion, threo- and erythrohydrobupropion were evaluated in order to
assess pregnancy related changes in CYP2B6, CYP2C19 and 11B-HSD1 activity, respectively.
The T2 and T3 formation clearances were not significantly different than the PP values in the
same subjects (Table 5.5). However, when the formation clearance was assessed as a percent of
postpartum levels, a significant 2-fold increase in OH-bupropion (200% postpartum) and R,R-
OH-bupropion (210% postpartum) was detected in T3 (Table 5.5, Figure 5.3). Similarly, the
formation clearance for S,S,-OH-bupropion was 203% higher than the postpartum levels, but the

difference was not statistically significant. The formation clearance of erythrohydrobupropion in
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T2 was significantly reduced (25% reduction) when compared to the postpartum values in the
same subjects but no change in threohydrobupropion formation clearance was detected.
Changes in metabolite to parent steady state concentration ratios were assessed in order
to provide information about potential changes in metabolite clearance. No significant changes
were observed in the metabolite to parent ratios during either T2 or T3 when compared to
matched postpartum values (Table 5.6). However, when the ratios were expressed as a
percentage of postpartum values, the threohydrobupropion:bupropion and
erythrohydrobupropion:bupropion ratios were lower (38 and 47%, respectively) in the second

trimester of pregnancy (Table 5.6, Figure 5.4).

5.5 DiscussioN

This study aimed to determine whether bupropion pharmacokinetics are altered in
pregnancy. Of foremost concern was whether any pharmacokinetic changes would occur that
would impact maternal safety and efficacy. Because bupropion and its metabolites contribute to
the therapeutic efficacy and safety, the circulating concentrations of bupropion and its
metabolites were monitored during second and third trimester of pregnancy, and compared to the
postpartum control values in the same subjects. The steady state concentrations of bupropion
and its pharmacologically active metabolites were not altered during pregnancy. Furthermore,
the circulating concentrations of the individual enantiomers of bupropion and OH-bupropion
were unchanged in pregnant women. As a result, dose adjustments may not be necessary in
pregnant women in order to maintain therapeutically efficacious maternal concentrations.
However, an investigation in a larger, sufficiently powered study may be necessary to rule out

the need for dose adjustments.
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As expected, CYP2B6 appeared to be induced during the third trimester of pregnancy,
resulting in 2-fold higher formation clearance of OH-bupropion when compared to postpartum.
This magnitude of induction is in agreement with the 1.9-fold induction previously predicted
from in vitro induction data (Dickmann and Isoherranen, 2013; Ke et al., 2014). Second
trimester formation clearances were 140% (OH-bupropion), 130% (R,R-OH-bupropion) and
150% (S,S-OH-bupropion) higher than postpartum levels. The magnitude of change during T2
is in close agreement with the 1.4-fold predicted induction (Dickmann and Isoherranen, 2013),
however the change was not statistically significant, likely due to the small sample size (n=3).
This magnitude of induction, however, did not alter bupropion Css, likely due to the fact that
CYP2BE6 is a quantitatively minor elimination pathway for bupropion (Chapter 2, Chapter 3).
This is the first study that has used a CYP2B6 probe under conditions that allow mechanistic
interpretation of the study results. Efavirenz pharmacokinetics have been evaluated in pregnancy
(Cressey et al., 2012), but due to the multiple dose study design, simultaneous inactivation and
induction likely masked any pregnancy-induced changes in CYP2B6 activity. This finding
suggests that dose adjustments may need to be considered when administering drugs that have
CYP2B6-mediated elimination pathways, particularly when alteration of CYP2B6 expression
could result in adverse events or therapeutic failure.

Unexpectedly, no change in CYP2C19 activity was detected in this study. Pregnancy and
the use of oral contraceptives have been suggested to result in reduced CYP2C19 activity, based
on a 40% reduction in the cycloguanil/proguanil AUC ratio (McGready et al., 2003b). The lack
of agreement between the current study and previously published work (McGready et al., 2003b)
could simply be a result of the small size of the current study. However, it is also possible that in

the previous study, the clearance of cycloguanil was increased. This would lead to a reduction of
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the metabolite to parent AUC ratio in absence of any changes in CYP2C19 mediated formation
clearance. Very little is known about the clearance pathways of cycloguanil but its renal
clearance exceeds unbound GFR, suggesting that active renal excretion is involved in its
elimination (U.S. Food and Drug Administration Center for Drug Evaluation, 2000) and may
contribute to increased clearance during pregnancy.

Threo- and erythrohydrobupropion formation is catalyzed primarily by 11B-HSD-1 in the
liver (Connarn et al., 2015), however, a 25% decrease in erythrohydrobupropion formation
clearance was observed while no trend towards a decrease in threohydrobupropion formation
clearance was detected. This finding suggests that the observed change may not be due to
inhibition of 11B-HSD-1. Based on mass balance data (Chapter 2) and the in vivo formation
clearances presented in this study, the fraction of bupropion metabolized to
erythrohydrobupropion is approximately equivalent to that of OH-bupropion. However, in vitro
data from human liver S9 fractions suggests that erythrohydrobupropion formation plays a much
smaller role in bupropion elimination (Chapter 3). This suggests that extrahepatic metabolism
may be responsible for a portion of erythrohydrobupropion formation. A previous investigation
into intestinal metabolism of bupropion failed to detect any erythrohydrobupropion formation in
intestinal S9 fractions, so investigation into other potential sites of metabolism is warranted.

Despite the induced formation clearance of OH-bupropion and R,R-OH-bupropion, the
circulating concentrations of OH-bupropion and its enantiomers were unchanged. This,
considered with the fact that the metabolite to parent Css ratios for OH-bupropion and bupropion
enantiomers were unaltered in pregnancy, suggests that the elimination of OH-bupropion is also
induced during pregnancy. Little is known about the specific enzymes involved in the

elimination of OH-bupropropion. UGT2B7 has been implicated as the major enzyme involved
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in O-glucuronidation of R,R- and S,S-OH-bupropion (Gufford et al., 2016). However, because
glucuronidation has been reported to introduce a new chiral center and the resulting conjugates
exhibit high resistance to B-glucuronidase, OH-bupropion is thought to primarily undergo N-
glucuronidation. UGT1A4 and UGT2B10 are considered to be important enzymes involved in
N-glucuronidation (Kaivosaari et al., 2011). While no data is currently available regarding
changes in UGT2B10 during pregnancy, UGT1A4 is thought to be induced during pregnancy
due to an observed 2.5-fold change in the lamotrigine-2-N-glucuronide to lamotrigine ratio in the
third trimester of pregnancy. Potential involvement of UGT1A4 in OH-bupropion elimination
could explain the observed induction of OH- bupropion clearance.

While the erythrohydrobupropion: bupropion Css ratio is expected to be lower in the
second trimester as opposed to postpartum due to reduced formation clearance of
erythrohydrobupropion, a reduction in the threohydrobupropion:bupropion Css ratio was also
observed. As with OH-bupropion, this observation is likely due to induction of metabolite
clearance. Conjugation accounts for 30% of threo- and erythrohydrobupropion elimination
(Chapter 2). N-glucuronidation has been proposed to be the main conjugation pathway (Petsalo
etal., 2007). Thus, UGT1A4 induction could also be a potential explanation for the reduction in
the threohydrobupropion:bupropion Css ratios in the second trimester and further contribute to
the reduction of the erythrohydrobupropion:bupropion Css ratio.

In conclusion, this study shows that CYP2B6 is induced in pregnancy, resulting in 2-fold
greater activity in the third trimester of pregnancy when compared to postpartum. However, this
magnitude of induction would not have been observed had the OH-bupropion:bupropion Cssratio
been used. This is likely due to simultaneous induction of formation and elimination clearances.

This finding highlights the importance of exercising caution when using metabolite to parent Css
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or AUC ratios to assess changes in enzyme activity in special populations. In such cases, in vivo

formation clearances may be the most appropriate indicator of changes in enzyme activity.
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Table 5.1. Summary of Pharmacokinetic Changes Observed for CYP2B6 Substrates During Pregnancy

CYP2B6 Substrate T1 T2 T3 Pregnancy Postpartum | Reference
Nevirapine
CYP2B6 EM (Olagunju et al., 2016)
CL/F (L/hr) 5.7 (n=6) 5.5 (n=8)
AUCq.24 (Lg*hr/mL) 36.5 (n=6) 36.3 (n=8)
CYP2B6 IM?
CL/F (L/hr) 45* (n=19) |3.2 (n=10)
AUCo.24 (Hg*hr/mL) 44.6*(n=19) |63.3 (n=10)
Pooled
CL/F (L/hr) 45*% (n=31) |3.7 (n=28)
AUCo.24 (Ug*hr/mL) 44.2* (n=31) [54.7 (n=28)
Not Genotyped 56 (n=26) 61 (n=26) (Capparelli et al., 2008a)
AUCq1 (ug*hr/mL)
Not Genotyped 4.8 (n=45) 5.8 (n=152) |(Nellen et al., 2008)
Css(mg/L)
Sertraline AUC.r (ng*hr/mL) 836 (n=8) |911 (n=6) 951°(n=3) | (Freeman et al., 2008)
Methadone CL/F (L/hr) 95(n=4)|7.6(n=4) |7.2(n=8) 2.0 (n=3) (Wolff et al., 2005)
AUC (mg.h/L) 45 (n=4) |3.8(n=4) |2.2(n=8) 6.2 (n=3)
CL/F (mL/min) 311 (n=8) | 256" (n=9) 161 (n=8) (Pond et al., 1985)
Efavirenz AUCo-24 (Mg*hr/mL) 55 (n=25) 58 (n=25) (Cressey et al., 2012)

based on the reported 4.4% increase from T3 to postpartum

¢ Samples from week 20-34 of pregnancy or 935 to 40 weeks.

*reported p<0.5
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Table 5.2. Subject Demographics

Subject | Visits Dose Age | Weight | Height Comedications
(mg/day) | (yr) (kg) (cm)

1 T3, PP 300 28 129 169 Omeprazole
Albuterol
metformin

2 T2, T3, PP 450 42 124 170 Risperdal

3 T2, T3, PP 150 35 72 178 Insulin
Escitalopram
Oxycodone

4 T2, PP 150 35 110 165 Metformin

5 T3, PP 300 28 81 172 -
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Table 5.3. Dose-Normalized Steady State Concentrations of Bupropion and Its Metabolites
in Pregnancy and Postpartum.

T2 vs Matched Postpartum T3 vs Matched Postpartum
(n=3) (n=4)
T2 Postpartum T3 Postpartum
Bupropion
Css, avg (LM/Q) 1.1+0.6 1.0£0.7 0.8+0.6 0.84+0.5
Css, avg percent PP | 131+48 8826
S-bupropion
Css, avg (MM/g) 0.3+0.1 0.2+0.2 0.2+0.2 0.2+0.1
Css, avg percent PP | 133+53 84+33
R-bupropion
Css, avg (UM/9) 0.8+0.4 0.8+0.5 0.6+0.4 0.6+0.4
Css, avg percent PP | 130+46 90£23
OH-bupropion
Css, avg (LM/Q) 17.60.6 22.5+9.8 15.5+0.82 18.4+10.5
Css, avg percent PP | 8629 9761
S,S-OH-bupropion 1.8+0.6
Css, avg (UM/Q) 1.5+0.1 1.2+0.5 1.5+0.7
Css, avg percent PP | 90+32 9549
R,R-OH-bupropion 20.8+9.2
Css, avg (UM/Q) 16.1+0.8 14.3£7.7 17.0£9.8
Css, avg percent PP | 8629 98162
Erythrohydrobupropion
Css, avg (LM/Q) 0.60.2 0.9+0.4 0.6+0.6 1.0+£0.4
Css, avg percent PP | 90+35 70£21
Threohydrobupropion
Css, avg (LM/Q) 5.0+0.7 6.4£3.0 57+2.4 7.4+3.9
Css, avg percent PP | 89+35 9025




Table 5.4. Bupropion CL/F and CLr in pregnancy and postpartum

T2 vs Matched Postpartum

T3 vs Matched Postpartum

(n=3) (n=4)
T2 Postpartum T3 Postpartum
Bupropion
CL/F 214+159 327+348 401+310 3294281
CL/F percent PP | 83+28 12452
CLr 0.9+0.2 1.2+£1.3 1.0+£0.63 2.8+4.1
CLr percent PP 146194 120+145
S-Bupropion
CL/F 423+300 661+700 8224652 620577
CL/F percent PP | 83+ 33 143 +91
CLr 1.0+£0.38 1.3£1.2 1.28+0.85 2.66+3.39
CLrpercent PP | 112453 113+130
R-Bupropion
CL/F 143+£108 2171231 531+407 2251186
CL/F percent PP | 83+26 124+52
CLr 0.85+0.12 1.1+1.3 0.93+£0.56 2.5+4.6
CLr percent PP 259+265 165+114




Table 5.5. Formation Clearance of Bupropion Metabolites in Pregnancy and Postpartum

T2 vs Matched Postpartum

T3 vs Matched Postpartum

(n=3) (n=4)
T2 Postpartum T3 Postpartum

OH-bupropion

CL¢ 17+15 18+20 2423 15+18

CLspercent PP 140493 202+64*
S,S-OH-bupropion

CL¢ 25122 29+32 36+35 23+29

CL¢percent PP 130+66 203+70
R,R-OH-bupropion

CL¢ 14+12 14+16 20£19 12+14

CL¢percent PP 151+110 207+67*
Erythrohydrobupropion

CL¢ 13+18 18+23 34+40 18+19

CL¢percent PP 7516 * 11652
Threohydrobupropion

CL¢ 58+49 52+40 89+85 61+40

CL¢percent PP 108+20 130+51
4’-OH-bupropion

CL¢ 5.2+8.8 2.5+2.3 1.5+1.7 1.5+2.2

CL¢percent PP 179+201 103+61

*p<0.05




Table 5.6. Ratio of Metabolite to Parent Steady State Concentrations; The Effects of
Pregnancy

T2 vs Matched T3 vs Matched Postpartum
Postpartum (n=3) (n=4)
T2 Postpartum T3 Postpartum

OH-bupropion/bupropion 22+16 35129 36+43 31425
Percent PP 70+31 110452

S,S-OH- bupropion/bupropion | 7.2+5.1 11+10 12+13 9.7+8.6
Percent PP 75%43 120445

R,R-OH- bupropion/bupropion | 27+20 43+35 45153 39+31
Percent PP 70£29 110456

Erythro/ bupropion 0.8+0.7 1.4+1.1 1.4+1.0 1.5+0.7
Percent PP 53+9* 85+47

Threo/ bupropion 5.8+4.6 9.2+6.2 11+6.2 10.2+3.9
Percent PP 62+10* 110+72

*p<0.05
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Figure 5.1. Plasma steady state concentrations of bupropion and its metabolites in each subject
as percent of matched postpartum levels. Second trimester (T2) and third trimester (T3) Css
values are shown as percent of the postpartum (PP) values in the same subjects. (A) bupropion,
(B) R-bupropion, (C) S-bupropion, (D) OH-bupropion, (E) R,R-OH-bupropion, (F) S,S-OH-
bupropion, (G) threohydrobupropion, and (H) erythrohydrobupropion.



A B C
300+ 300+ 300+
&
= 200- 200+ 200+
(V]
o
g
- 100 100+ 100+
3
O
0 0 01
T T T T T T T T T
< < & < <> K <¥ <> &K
D E F
4001 800+ ° AMO2
= JP0O3
400+
o 300+ 6001 s RMo4
= v AR05
$ 2004
< 400+ DNO6
g 200+
= 100
] 200+
o] 0
T T T 0 T T T L T T T
< < K <Y <> X <V <2 R

Figure 5.2. Bupropion clearance and renal clearance as percent of postpartum. The CL/F
and CLr of bupropion (A, D), R-bupropion (B, E), S-bupropion (C, E), in the second (T2) and

third (T3) trimester as expressed as percent of the postpartum (PP) value in the same subject.



>
m
(9]

®
400- 400~ 400~ AMO2
IS * * = JPO3
=}
£ Ao RM04
& 3004 300 300
= v ARO05
g8 DNOB
= 2007 200 200
3
& 1001 ~ 100 100 —
3
%)
C T T T c T O
P &> QQ P e QQ Pz <> QQ
D E F
250+ 200+ 400+
200 1504 300+
£ 150 *
i, 100- 200
3 1004
o 50 100
0 . T : 0 : . T 0
L <3 QQ <V e QQ & & QQ

Figure 5.3. Bupropion metabolite formation clearance as percent of postpartum levels.
The formation clearances of bupropion metabolites in each subject in second trimester (T2) and
third trimester (T3) as percent of the matched postpartum (PP) value. (A) OH-bupropion, (B)
R,R-OH-bupropion, (C) S,S-OH-bupropion, (D) threohydrobupropion, (E)
erythrohydrobupropion and (F) 4’-OH-bupropion. * p<0.05
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Figure 5.4. Metabolite to parent steady state concentration ratios as percent of postpartum
levels. (A) OH-bupropion/bupropion, (B) R,R-OH-bupropion/R-bupropion, (C) S,S-OH-
bupropion/S-bupropion, (D) threohydrobupropion/bupropion and (E)
erythrohydrobupropion/bupropion. * p<0.05



Chapter 6.

GENERAL CONCLUSIONS



The projects included in this thesis demonstrate that through thorough characterization of
bupropion’s stereoselective metabolism and in vivo pharmacokinetics, the relative contribution
of the bupropion elimination pathways and the magnitude of the bupropion-CYP2D6 interaction
can be elucidated.

In order to completely characterize the elimination pathways and fractional contribution
of each pathway to bupropion elimination, a study was first conducted to identify additional
metabolites of bupropion in human urine and determine their quantitative importance to
bupropion elimination. Three metabolites were isolated from the urine of a clinical study
subject. The metabolites were identified as 4’-OH-bupropion, erythro-4’-OH-hydrobupropion
and threo-4’-OH-hydrobupropion on the basis of MS/MS, NMR, UV and accurate mass. On
average, 4’-OH-bupropion, threo-4’-OH-hydrobupropion and erythro-4’-OH-hydrobupropion
and their conjugates account for 1.9 %, 14 % and 11 % of the total oral bupropion dose excreted
in urine, respectively. While contributing to a relatively small percent of the total bupropion
related drug material excreted, 4’-hydroxylation accounts for approximately 20 and 70% of
threo- and erythrohydrobupropion elimination, respectively, suggesting that changes in the
formation of these metabolites may significantly alter concentrations of the two active
metabolites.

Next, the fractional contribution of each of bupropion’s elimination pathways were
assessed using in vitro intrinsic clearance values from recombinant enzymes and human liver S9
fractions. Based on our data, CYP2B6 and CYP2C19 were determined to be minor elimination
pathways of bupropion, contributing to only 21 and 6% of bupropion elimination, respectively.
Based on the magnitude of change in bupropion AUC following ticlopidine administration, the

fm has previously been estimated to be 0.4. Here, we show that the estimated fm based on



ticlopidine data is likely an overestimate of the true fmcypzss + cvracio Since ticlopidine is a time
dependent inhibitor of 11B-HSD-1, which is involved in threo- and erythrohydrobupropion
formation.

To elucidate the cause of the bupropion-CYP2D6 interaction, the inhibition potential the
individual stereoisomers of bupropion and OH-bupropion was investigated. Bupropion and its
metabolites were found to inhibit CYP2D6 stereoselectively, yet based on static predictions,
reversible inhibition did not explain the in vivo DDIs. The potential for active uptake was then
further assessed in human suspension hepatocytes, but no uptake was observed. Finally the
effects of bupropion and its metabolites on CYP2D6 regulation were monitored. Bupropion and
all of its metabolites were found to significantly downregulate CYP2D6 on the basis of activity
and mRNA levels. Using static predictions, the in vivo DDI was quantitatively predicted by
significant downregulation of CYP2D6 mRNA and activity in human hepatocytes by bupropion
and its metabolites. This study is the first example of a DDI resulting from P450 downregulation
and first demonstration of a CYP2D6 interaction resulting from transcriptional regulation.

In order to assess the effects of pregnancy on bupropion pharmacokinetics, 5 female
subjects, taking bupropion, were enrolled in a clinical study in which steady state urine and
plasma samples were collected. Plasma concentrations and urine amounts of bupropion and its
metabolites were measured both during pregnancy and post partum. No significant changes in
steady state plasma concentrations of bupropion or its metabolites were observed, which
suggests that there may not be a need for a dose adjustment during pregnancy. However, a
significant two-fold change in OH-bupropion formation clearance was observed in the third

trimester, when compared to postpartum. This induction of OH-bupropion formation clearance



occurred in the absence of a change in the OH-bupropion/bupropion Css ratio, which suggests
that OH-bupropion clearance is also likely induced.
Taken together, these results encompass novel findings that greatly enhance our current

understanding of bupropion elimination and its drug interaction potential.
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