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ABSTRACT

Striking stereoselective disposition of the antidepressant and
smoking cessation aid bupropion (BUP) and its active metabolites
observed clinically influence patients’ response to BUP therapy
and its clinically important drug-drug interactions (DDI) with
CYP2D6 substrates. However, understanding of the biochemical
mechanisms responsible is incomplete. This study comprehen-
sively examined hepatic and extrahepatic stereoselective metabo-
lism of BUP in vitro. Racemic-, R-, and S-BUP were incubated
separately with pooled cellular fractions of human liver [micro-
somes (HLMs), S9 fractions (HLS9s), and cytosols (HLCs)] and in-
testinal [microsomes (HIMs), S9 fractions (HIS9s), and cytosols
(HICs)] and cofactors. Formations of diastereomers of 4-hydroxyBUP
(OHBUP), threohydroBUP (THBUP), and erythrohydroBUP (EHBUP)
were quantified using a novel chiral ultra-high performance liquid
chromatography/tandem mass spectrometry method. Racemic BUP
(but not R- or S-BUP) was found suitable to determine stereoselective
metabolism of BUP; both enantiomers showed complete racemiza-
tion. Compared with that of RR-THBUP, the in vitro intrinsic clearance
(Cl;ry) for the formation of SS-THBUP was 42-, 19-, and 8.3-fold higher

in HLMs, HLS9 fractions, and HLCs, respectively; Cl;,; for the forma-
tion of SS-OHBUP and RS-EHBUP was also higher (2.7- to 3.9-fold)
than their R-derived counterparts. In cellular fractions of human intes-
tine, = 95% of total reduction was accounted by the formation of
RR-THBUP. Ours is the first to demonstrate marked stereoselective
reduction of BUP in HLCs, HIMs, HIS9 fractions, and HICs, providing
the first evidence for tissue- and cellular fraction-dependent stereose-
lective metabolism of BUP. These data may serve as the first critical
step toward understanding factors dictating BUP’s stereoselective
disposition, effects, and DDI risks.

SIGNIFICANCE STATEMENT

This work provides a deeper insight into bupropion (BUP) stereo-
selective oxidation and reduction to active metabolites in cellular
fractions of human liver and intestine tissues. The results demon-
strate tissue- and cellular fraction-dependent stereospecific me-
tabolism of BUP. These data may improve prediction of BUP
stereoselective disposition and understanding of BUP’s effects
and CYP2D6-dependent drug-drug interaction in vivo.

Introduction

Bupropion (BUP) is a dual inhibitor of dopamine-norepinephrine
reuptake (Ascher et al., 1995), a noncompetitive nicotinic receptor
antagonist (Fryer and Lukas, 1999), and an allosteric blocker of
5-hydroxytryptamine (5-HT);5 receptors (Pandhare et al., 2017).
BUP is US Food and Drug Administration approved for manage-
ment of major depression, seasonal affective disorder (Jefferson
et al.,, 2005; Foley et al., 2006), smoking cessation (Hurt et al.,
1997) and, coformulated with naltrexone, for weight loss in sub-
jects with obesity (Yanovski and Yanovski, 2015). It is also pre-
scribed off-label for several other disorders (Dwoskin et al., 2006;
Carroll et al., 2014). Patients vary in their clinical response to
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BUP (Thase et al., 2005) and experience adverse effects such as
seizures (Davidson, 1989), dry mouth, and insomnia (Johnston
et al., 2001). BUP is a strong clinical inhibitor of CYP2D6 (Kot-
lyar et al., 2005; Reese et al., 2008; Gheldiu et al., 2016; Todor
et al., 2016).

BUP's effects and CYP2D6-mediated drug-drug interactions (DDI)
vary widely among patients and the mechanisms responsible are less
understood, compromising safety and efficacy. One hypothesis is that
altered patterns of metabolism of BUP might contribute to this variabi-
lity because BUP’s effects and DDI are in most part due to active me-
tabolites. Evidence linking BUP metabolism with its effects was
first reported when BUP exhibited dose-dependent prevention of
tetrabenazine-induced sedation in mice but not in rats (Soroko
et al., 1977; Ascher et al., 1995). Since mice efficiently convert
BUP to 4-hydroxyBUP (OHBUP) and achieved much higher
plasma exposure of this metabolite than the rat, which eliminated
BUP mainly through side-chain oxidation (Welch et al., 1987), it
was suggested that BUP’s effect was due to OHBUP.

BUP is extensively metabolized in humans. After oral administration
of BUP, ~88% of the dose is excreted in urine, with <1% represented
by the parent drug (Welch et al., 1987). The first human metabolite of
BUP was isolated in 1979 (Schroeder, 1983). Numerous metabolites

ABBREVIATIONS: AKR, aldoketoreductase; BUP, bupropion; Cl;, intrinsic clearance; DDI, drug-drug interaction; EHBUP, erythrohydrobupro-
pion; HIC; human intestinal cytosol; HIM, human intestinal microsome; HIS9, human intestinal S9 fraction; HLC, human liver cytosol; HLM,
human liver microsome; HLS9, human liver S9 fraction; 115-HSD1, 11 beta hydroxysteroid dehydrogenase 1; MRM, multiple reaction monitor-
ing; MS®, multiple stage mass spectrometry; OHBUP, 4-hydroxybupropion (aka phenylmorpholinol); THBUP, threohydrobupropion; UHPLC-MS/
MS, ultra-high performance liquid chromatography/tandem mass spectrometry.
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have been identified to this day due to improved analytical techniques
(Petsalo et al., 2007; Dash et al., 2018; Costa et al., 2019). Of these,
BUP 4-hydroxylation by CYP2B6 forming an intermediate metabolite
(Faucette et al., 2000; Hesse et al., 2000) that spontaneously cyclizes to
a phenylmorpholinol (aka OHBUP) (Schroeder, 1983; Welch et al.,
1987) and reduction at the amino ketone by 11p-hydroxysteroid dehy-
drogenase 1 (118-HSDI) and other carbonyl reductases forming two
amino alcohol stereoisomers, threohydroBUP (THBUP) and erythrohy-
droBUP (EHBUP) (Molnari and Myers, 2012; Meyer et al., 2013; Skar-
ydova et al., 2014; Connarn et al., 2015) (Fig. 1) are of greatest interest.
These metabolites are pharmacologically active based on preclinical [re-
viewed in Costa et al., (2019)] and clinical studies (Zhu et al., 2012;
Laib et al., 2014) and mediate clinical BUP-CYP2D6 interaction (Sager
et al., 2017).

In addition, the steady state plasma exposures of OHBUP, THBUP,
and EHBUP after BUP therapy greatly exceed that of BUP (up to 22-,
12-, and 2.7-fold higher, respectively) (Daviss et al., 2005; Benowitz
et al., 2013), with unexplained wide variability among patients that ap-
pears to predict treatment outcomes (Zhu et al., 2012; Laib et al., 2014).
BUP is a chiral drug clinically administered as a racemic mixture of
equimolar amounts of R- and S-BUP and biotransformation to these ac-
tive metabolites introduces additional chiral centers, generating six dia-
stereomers. Although there are no clinical studies showing direct
associations of circulating stereoisomers of BUP and its metabolites
with response, tolerability, or DDIs, there is compelling evidence from
preclinical studies that the pharmacological activity (Reese et al., 2008;
Carroll et al.,, 2014; Masters et al., 2016a; Sager et al., 2016; Dash
et al., 2018; Costa et al., 2019) and DDI risk (Reese et al., 2008; Sager
et al., 2016; Tanaudommongkon et al., 2019) of BUP and its metabo-
lites are stereospecific. For example, the ICs, value for the inhibition of
dopamine and norepinephrine uptake by SS-OHBUP was ~12- and
~19-fold lower, respectively, than that of RR-OHBUP (Damaj et al.,
2004). SS-OHBUP also shows a greater potency (as potent as racemic
BUP) than RR-OHBUP in vivo in a mouse model of depression and in
antagonism of acute nicotine effects in mice (Damaj et al., 2004).

Although less studied compared with diastereomers of OHBUP, there
is evidence that threo- and erythro-hydroBUP also contribute to phar-
macological activity and BUP toxicity (Silverstone et al., 2008). Simi-
larly, in vitro data suggest that inhibition of CYP2D6 is in part
mediated by BUP metabolites (Reese et al., 2008), and this DDI effect
of BUP and its metabolites is stereoselective (e.g., the half-maximum
inhibitory concentration, ICsy; and the sissociation constant of the
enzyme-inhibitor complex, K; values for the inhibition of CYP2D6 by
S-BUP was ~14-fold and ~7-fold lower , respectively, than that of
R-BUP; and EHBUP is ~3- to 5-fold more potent than THBUP) (Reese
et al., 2008; Sager et al., 2017; Tanaudommongkon et al., 2019).

Marked stereoselective disposition of BUP and its active metabolites
has been observed clinically (Masters et al., 2016a; Kharasch et al.,
2020). Yet, understanding of in vitro stereoselective metabolism of
BUP remains incomplete. The limited studies reported on BUP stereo-
selective oxidation and/or reduction (Coles and Kharasch, 2008; Wang
et al., 2020) did not rigorously address the impact of racemization of
BUP on estimation of kinetic parameters, and the scope of these studies
was limited to enzymes localized in the liver. BUP reduction to THBUP
and/or EHBUP occurs in human liver cytosols and in cellular fractions
of human intestine (Skarydova et al., 2014; Connarn et al., 2015).
Whether reduction of BUP in these cellular fractions is stereospecific re-
mains unexplored.

In this study, we hypothesized that stereoselective metabolism of
BUP in cellular fractions of hepatic and extrahepatic (intestine) tissues
explains the marked stereoselective disposition of BUP and its active
metabolites observed in vivo. The main objectives of this study were to
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Fig. 1. Human metabolism of bupropion (BUP) to active metabolites. BUP is ex-
tensively metabolized generating several metabolites. Of the numerous metabo-
lites identified so far, CYP2B6 mediated 4-hydroxylation of the tert-butyl group
forming an intermediate hydroxyl metabolites that spontaneously cyclizes to a
phenylmorpholinol (aka 4-hydroxyBUP) and reduction of the amino ketone group
by 11p-hydroxysteroid dehydrogenase 1 (11 -HSDI1), aldoketo-reductases
(AKRs), and other carbonyl reductases (Connarn et al., 2015) forming two amino
alcohol stereoisomers, namely threo- and erythro-hydroBUP, are of greatest inter-
est in understanding BUP’s clinical effect, toxicity, and CYP2D6-dependent
drug interaction. BUP is clinically used as a racemic mixture of R- and S-
BUP (50%:50%) and biotransformation creates additional chiral centers,
generating multiple stereoisomers, each with distinct pharmacological pro-
file. *Chiral centers

develop a reliable chiral ultra-high performance liquid chromatography/
tandem mass spectrometry (UHPLC/MS/MS) method to quantify ster-
eoisomers of BUP and metabolites, rigorously assess the extent of race-
mization and identify proper conditions for in vitro stereoselective
study, and characterize stereoselective metabolism of BUP in human
subcellular fractions of liver and intestine.

Materials and Methods

Chemicals. Racemic-, R-, and S-bupropion (BUP); RR-hydroxybupropion
(RR-OHBUP); SS-hydroxybupropion (SS-OHBUP); racemic erythrohydroBUP
(EHBUP); RR-threohydrobupropion (RR-THBUP); and SS-threohydrobupropion
(SS-THBUP) were obtained from Toronto Research Chemicals Inc. (North
York, ON, Canada). Nevirapine was a generous gift from National Institutes of
Health HIV Reagent Program. NADPH was purchased from Dot scientific inc.
(Burton, MI). All the other solvents and chemicals were purchased from Fishers
Scientific (Hampton, NH) and were of high-performance liquid chromatography/
mass spectrometry (LC/MS/MS) grade.

Cellular Fractions of Human Liver and Intestine. Pooled human liver
microsomes from 50 donors with mixed sex [average age: 47 years old (range:
5-83)] (20 mg/ml), pooled human liver S9 (HLS9s) from 50 donors with mixed
sex [average age: 53 (range 26-78)] (20 mg/ml), and human liver cytosol
(HLCs) from 50 donors with mixed sex [age range 5-73) (10 mg/ml) were pur-
chased from Xenotech LLC (Kansas City, KS). Pooled human intestinal micro-
somes (HIMs) from 15 donors with mixed sex [average age: 54 years old (range:
26-69)] (10 mg/ml), human intestine S9 (HIS9) from 15 donors with mixed sex
[average age: 54 (range 26-69)] (4 mg/ml), and human intestine cytosol (HIC)
from 13 donors with mixed sex [average age: 40 years old (range 18-55)]
(4 mg/ml) were purchased from Xenotech. All cellular fractions of human

liver and intestine were stored at -80°C until used.
UHPLC/MS/MS Method. Previously, we have developed the first chiral

HPLC/MS/MS method that allowed chromatographic separation and simulta-
neous quantification of BUP and its active metabolites (Masters et al., 2016b).
Building on this initial work, a further improved chiral UPLC/MS/MS method
was developed to separate and quantify stereoisomers of BUP, OHBUP, EHBUP,
and THBUP. Compared with the previous method (Masters et al., 2016b), the
new method had several advantages, including better chromatographic resolution
of the stereoisomers, short retention times, no need for extraction of samples,
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small sample and injection volumes, and suitability for high throughput with
96-well plate format. The MS/MS analysis was performed on QTRAP 6500+
mass spectrometer [Applied Biosystem/MDS Sciex (Masters et al., 2016b), Foster
City, CA] equipped with a turbo V ion spray source and coupled with a UHPLC
system consisting of two Sciex ExionLC AD pumps, an AD autosampler and AD
column oven, AD degasser, and a UPLC controller. Data were acquired using
Analyst software (version 1.6.3; AB Sciex) and quantification was made via Mul-
tiQuant software (version 3.0.2; AB Sciex).

For MS/MS optimization experiments, stock solutions of nevirapine (internal
standard), racemic BUP, S-BUP, R-BUP, RR-OHBUP, SS-OHBUP, RR-
THBUP, and SS-THBUP were dissolved in methanol (10 ug/ml each). Since
RS-EHBUP and SR-EHBUP were not available to us, we used racemic EHBUP.
Serial dilutions of each analyte were performed from the stock solutions in meth-
anol and mobile phase. MS optimization was achieved via adjustment of both
the compound- and instrument-dependent parameters for the analytes for multi-
ple reaction monitoring (MRM) and multiple stage mass spectrometry (MS?)
when needed in positive mode. The analytes were optimized at a source tempera-
ture of 550°C for MRM and 600°C for MS3, under unit resolution for quadru-
pole 1 and 3 and unit for MS3, and were given a delay of 0.1s. Optimal gas
pressures for all analytes including the internal standard were collision gas, medi-
um; curtain gas, 25 psi; ion source gas (1), 35 psi; ion source gas (2), 20 psi; ion
spray voltage, 5500V; and pause between mass ranges, 5.007 millisecond. MS®
conditions were dynamic fill time, Q3 entry barrier of 8V, and MS/MS/MS frag-
mentation excitation time of 25 milliseconds. Further MS/MS and MS? specifica-
tions are listed in Supplemental Table 1.

Chromatographic separation of stereoisomers of BUP, OHBUP, EHBUP, and
THBUP was achieved using a Phenomenex (Masters et al., 2016b) AMP LC col-
umn (150 x 4.6 mm; 3.0um) and a mobile phase consisting of mobile phase A
(5 mM ammonium bicarbonate, pH 11) and mobile phase B (methanol) delivered
at a gradient flow rate of 0.8 ml/min. The gradient elution of mobile phase A:
mobile phase B was: 40%:60% (0-3 minutes); within 0.01 minute increased to
25%:75% and via linear gradient to 5%:95% (3.01-12 minutes); and then back
to initial condition (40%:60%) to equilibrate the column (12.01-13 minutes).
The injection volume was 10ul. Before and after each injection, the needle was
washed with 25% acetonitrile, 25% 2-propanol, and 50% water with 0.1% for-
mic acid. BUP and its metabolites were quantified using MRM and MS? in posi-
tive mode (Supplemental Table 1). MS® was only used for diastereomers of
THBUP and EHBUP to avoid crosstalk. The molecular mass and MS/MS frag-
mentation patterns (parent and daughter ions) of each stereoisomer (R- and
S-BUP, SS- and RR-OHBUP, SS- and RR-THBUP, and RS- and SR-EHBUP)
were the same (Supplemental Table 1). Therefore, quantification of each stereo-
isomer pair was performed after chiral chromatographic separation. A typical
MRM trace chromatogram of stereoisomers of BUP and its primary metabolites
after direct injection of authentic standards into a chiral UHPLC-MS/MS system
shows that each stereoisomer was effectively separated and eluted within 10 mi-
nutes retention time (Supplemental Fig. 1).

The incubation-generated metabolites were quantified using commercially
available authentic metabolite standards with a dynamic assay range of 0-2000
nM. The instrument response was linear with respect to increasing analyte con-
centration over the standard curve range used. The lower limit of quantification
was 1 nM for RR and SS OHBUP and 0.1 nM for SR and RS-EHBUP, as well
as RR and SS-THBUP. Inter-day and intra-day assay accuracy was evaluated us-
ing MultiQuant software. Standard and quality control samples were deemed ac-
ceptable if within 20% and 10% of the nominal value, respectively, whereas the

precision was greater than >90% (% CV<10).
General Incubation Conditions. Incubation and sample processing was

performed in a 96-well plate (Thomas Scientific, Swedesboro, NJ). Stock solu-
tions (1 mg/ml) of each substrate (racemic-, R-, or S-BUP) dissolved in methanol
were added to a 0.65 ml disposable culture tube. Methanol was removed by
evaporation in speed vacuum (Thermo Fisher Scientific, Asheville, NC) and re-
constituted with 400 ul of 200 mM phosphate buffer (Irvine et al., 1999) and
then serially diluted in phosphate buffer to the required concentration. Into each
well, 100 ul containing the substrate and 30 ul of cellular fraction of human liver
and intestine (HLMs, HLS9s, HLCs, HIMs, HIS9s, or HICs), all diluted in phos-
phate buffer on ice, was added. The mixture was prewarmed on Isotemp heater
(Fisher Scientific, Waltham, MA) for 5 minutes at 37°C. Reaction was initiated
by adding a 20 ul of NADPH (final concentration, | mM) in phosphate buffer
(total incubation volume 150 ul) and allowed to proceed for the specific

incubation time at 37°C. The reaction was terminated by transferring 100 pul of
incubation solution into another clean 96-well plate (1.1 ml tubes) containing 20
ng/ml nevirapine (internal standard) in 300 ul of ice cold methanol solution. The
mixture was shaken for 2 minutes at 2500 rpm on a bench mixer (Benchmark,
Tempe, AZ) and centrifuged for 20 minutes at 4°C on AllgeraTM 6R centrifuge
(Beckmen coulter, Brea, CA). Then, 190 ul of supernatant was transferred into a
new 96-well plate (0.65 ml tube) from which 10 ul of supernatant was injected
into the UHPLC/MS/MS system described above. Before proceeding with subse-
quent experiments, pilot incubation experiments were performed to define opti-
mal conditions for incubation and UHPLC/MS/MS analysis. Racemic-, R-, or S-
BUP (10 uM) was incubated with HLMs (0.4 mg/ml) for 20 minutes and 1 mM
NADPH at 37°C. Negative control incubations consisting of no substrate, no co-
factors, or no microsomes (bovine serum albumin was used instead) were run in
parallel and processed as above.

To ensure linearity of metabolite formation and prevent greater than 20% sub-
strate depletion, racemic-, R-, or S-BUP (10 uM) was incubated separately with
a range of final protein concentrations (0.2, 0.4, 0.8, and 1 mg/ml) of cellular
fractions of human liver (HLMs, HLS9s, and HLCs) and intestine (HIM, HIS9,
and HICs) and NADPH for 0, 5, 10, 20, 30, and 60 minutes at 37°C. Twenty mi-
nutes of incubation (all cellular fractions), and 0.4 mg protein/ml (HLM, HIM,
and HLS9) and 0.2 mg protein/ml (HIS9, HIC, and HLC) were selected and rep-
resented linear conditions to minimize sequential metabolism while ensuring as-
say sensitivity.

Kinetic Analysis. Kinetics for the stereoselective metabolism of BUP were
assessed in HLMs using racemic BUP and its enantiomers, S- and R-BUP, as
substrates. A range of concentrations of racemic BUP (1.96-4000 uM), R-BUP
(0.98-2000 uM), and S-BUP (0.98-2000 uM) were incubated in duplicate with
HLMs and 1 mM NADPH for 20 minutes at 37°C. Reaction was terminated and
processed as above. Metabolites formed from racemic BUP and its enantiomers
(diastereomers of 4-OHBUP, THBUP, and EHBUP) were measured using a chi-
ral assay (see UHPLC/MS/MS Method section). Formations of diastereomers of
OHBUP (SS- and RR-OHBUP), THBUP (SS- and RR-THBUP), and EHBUP
(RS- and SR-EHBUP) were chromatographically separated and quantified using
the chiral UHPLC/MS/MS method describe above. This approach was instru-
mental in assessing the extent of racemization of R- and S-BUP as compared
with racemic incubations and enabled to define the most appropriate conditions
to study stereoselective kinetics of BUP metabolism with minimal chiral inver-
sion. Based on the initial data obtained, it was deemed more appropriate to use
the racemic mixture that contains equimolar concentrations of R- and S-BUP as
a substrate to assess stereoselective metabolism of BUP, and thus was used in
the subsequent kinetic experiments in all cellular fractions (HLMs, HLS9 frac-
tions, HLCs, HIM, HIS9 fractions, and HICs). In addition, since the initial data
seemed to show less racemization in terms of R-BUP derived metabolite forma-
tion when S-BUP was used as a substrate and kinetics for S-BUP metabolism
were included as a positive control. Thus, racemic BUP and S-BUP (range of
concentrations described above) was incubated with HLMs, HLC, HLS9 or
HIMs, HIS9, and HICs (see General Incubation Conditions, for concentrations
and conditions). Reaction was terminated and processed as above. Metabolites
formed (diastereomers of OHBUP, THBUP, and EHBUP) were measured using

a chiral assay (see UHPLC/MS/MS Method section).
Data Analysis. Kinetic analyses were performed by initial visual examina-

tion of Eadie-Hofstee plots (velocity versus velocity/substrate concentrations) to
help guide the appropriate equations to use. The formation rate of metabolite (V)
versus substrate concentration was plotted and fit to appropriate kinetic equations
(the simple single-site Michaelis-Menten, Hill, two-site binding, and substrate in-
hibition equations) using a nonlinear regression analysis in GraphPad Prism 7
(Version 7.01, San Diego, CA; www.graphpad.com). Based on the dispersion of
residuals and standard errors of the parameter estimates, the Michaelis-
Menten equation (v = Vi * [SVK, + [S]) best fit each data set and kinetic pa-
rameters [apparent maximum formation rate (Vp,.) and the Michaelis-Menten
constant (K,,)] were estimated. In vitro intrinsic formation clearance of the metab-
olite (Cl;,) was calculated as the ratio of the V., and K, (Vina/K). Data are

presented as mean + S.D. or as averages of duplicate experiments.
Prediction of Stereoselective Organ Clearances. Cl;, in the liver was

scaled using liver weight of 1800 g (Davies and Morris, 1993) and scaling fac-
tors; MPPGL = 40 mg microsomal protein/g liver, CPPGL = 81 mg cytosolic
protein/g liver (Cubitt et al., 2009, 2011), and HLS9 = 121 mg protein/g liver
(Nishimuta et al., 2014) for HLMs, HLCs, and HLS9 fractions, respectively.
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Protein binding in incubation was assumed to be negligible and unbound fraction
was assumed to be 1 (Sager et al., 2016). Small intestine weight of 809 g (Paine
et al., 1997) was used to scale Clj, in the intestine, along with scaling factors;
MPPI = 20.6 mg microsomal protein/g intestine, CPPGI = 18 mg cytosolic pro-
tein/g intestine (Cubitt et al., 2009, 2011), and HIS9 = 38.6 mg protein/g intes-
tine (Nishimuta et al., 2014) for HIMs, HICs, and HIS9 fractions, respectively.
The hepatic (H) blood clearance of R- and S-BUP (CLR; and CL;s) was
estimated using the well stirred model in egs. 1 and 2, respectively. The intestinal
clearance of R- and S-BUP (CLiyestiner @and CLipeestine,s) Was estimated using
the well stirred model in eqs. 3 and 4, respectively. Blood flow values (Q) of
1450 ml/min to the liver and 1100 ml/min to the gut (Davies and Morris, 1993)
were used. Fraction unbound in blood (fug) was derived by multiplying the
fraction unbound in plasma (FuP) by blood:plasma ratio (BP). Fup and BP
values for R and S-BUP were obtained from literature (Sager et al., 2016).

QxfuB*CLint, R, H

CLy =
K™ Q ¥ (fuB*CLint, R, H)

@

QOxfuB*CLint, S, H

CLys=————r—0
"7 Q+ (fuBxCLint, S, H)

(@)

QxfuBxCLintx, R, intestine
Q + (fuB+CLint, R, intestine)

CLimestine, R= (3)
QxfuBxCLint, S, intestine

. 4
Q + (fuB+CLint, S, intestine) @

CLime:tine. s=

Results

Chiral UHPLC/MS/MS Assay of BUP and Its Metabolites

As described in the Methods section, a much improved chiral
UHPLC/MS/MS method over the previously reported method (Masters
et al., 2016b) was developed allowing chromatographic separation and
simultaneous quantification of all stereoisomers of BUP and its active
metabolites. A representative MRM and MS? trace chromatogram of
BUP and its metabolites after incubation of racemic BUP (31.2 uM)
with HLMs and NADPH for 20 minutes at 37°C is shown in Fig. 2.
As with direct injection of authentic standards (Supplemental
Fig. 1), effective chiral separation of the metabolites generated
from incubations of racemic-, R-, and S-BUP was achieved with-
in 12 minutes. BUP undergo 4-hydroxylation in HLMs to form an
intermediate hydroxy metabolite that spontaneously cyclizes to
phenylmorpholinol (aka 4-OHBUP), creating a second chiral cen-
ter. Although four diastereomers of this OHBUP are theoretically
expected (SS-, RR-, RS-, and SR-OHBUP), only two transdiaster-
eomers, SS- and RR-OHBUP, were separated and detected. None
of the metabolites listed in Fig. 2 were detected in the negative
control experiments (Data not shown).

Assessment of Racemization (Chiral Inversion)

Effective chromatographic separation and simultaneous quantification
of all stereoisomers of BUP and its active metabolites was achieved af-
ter direct injection of authentic standards (Supplemental Fig. 1) and in
microsomal incubations of racemic-, S-, and R-BUP (Fig. 2). The re-
sults depicted in Fig. 3 and Table 1 show complete racemization of
R-BUP as shown by appreciable formation of S-derive metabolites
(SS-OHBUP, RS-EHBUP, and SS-THBUP) when R-BUP was incubat-
ed with pooled HLMs separately. Broadly similar Cl;,, of RS- versus
SR-EHBUP, and SS-OHBUP versus RR-OHBUP, was observed. Inter-
estingly, the Cl;,, for the formation of S-BUP derived SS-THBUP was
even substantially higher (~42-fold) compared with that of R-BUP de-
rived RR-THBUP in R-BUP incubations. On the other hand, the ratios
for metabolic clearance of S-BUP derived metabolites (RS-EHBUP,
SS-THBUP, and SS-OHBUP) to the corresponding R-BUP derived
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Fig. 2. MRM (A-B) and MS? (C) trace chromatograms of BUP metabolites after
incubations of racemic BUP (31.2 uM) with HLMs and NADPH for 20 minutes
at 37°C. (A) MRM of SS-OHBUP (3) and RR-OHBUP (4); (B) MRM of RS-
EHBUP (5), SR-EHBUP (6), SS-THBUP (7), and RR-THBUP (8); and (C) MS?
of RS-EHBUP (5), SR-EHBUP (6), SS-THBUP (7), and RR-THBUP (8). (D)
shows MRM of the internal standard, nevirapine (9). The MS? analysis (C) for dia-
stereomers of threohydroBUP (THBUP) and erythrohydroBUP (EHBUP) was need-
ed to avoid crosstalk.

metabolite (SR-EHBUP, RR-THBUP, and RR-OHBUP) was 8.9-,
141.4-, and 7.3-fold higher, respectively, in incubations of S-BUP with
pooled HLMs (Fig. 3 and Table 1). As judged by the rate of formation
of S- and R-BUP derived metabolites in S-BUP incubations with pooled
HLMs, racemization of S-BUP metabolism was initially suggested to
be minimal (Table 1). The in vitro Cl;, for the formation of S-BUP
derived metabolites (RS-EHBUP, SS-THBUP, and SS-OHBUP) after
incubations of racemic BUP containing equimolar concentrations of
R- and S-BUP with pooled HLMs broadly concurred with the values
obtained when S-BUP was incubated separately. The in vitro Cly,, for
the formation of R-BUP derived metabolites (SR-EHBUP, RR-THBUP,
and RR-OHBUP) was slightly higher (2.3-, 1.7-, and 2.9, respectively)
than the values generated from incubations of R-BUP separately
(Fig. 3 and Table 1). This chiral assay along with rigorous assess-
ment of racemization allowed us to properly determine the effect
of racemization on estimation of enzyme kinetic parameters and
define/select the optimal experimental approaches and assay con-
ditions to study stereoselective metabolism of BUP in vitro. Thus,
based on the S- and R-BUP derived metabolites formed, racemic
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Fig. 3. Comparison of rates of metabolism of racemic-, S-, and R-BUP and assessment of racemization in incubations of HLMs. The kinetics for the metabo-
lism of S-BUP (0.98-2000 uM), R-BUP (0.98-2000 uM), and racemic BUP (1.96-4000 uM) were determined by incubating each substrate separately with HLMs
(0.4 mg protein/ml) and 1 mM NADPH for 20 minutes at 37°C. Metabolites formed (SR-EHBUP, RS-EHBUP, RR-THBUP, SS-THBUP, RR-OHBUP, and SS-OHB-
UP) from each substrate (racemic-, S-, and R-BUP) were monitored using chiral assay (see Methods section). (A—C) R-BUP incubation; (D-F) S-BUP incubation; and
(G-I) racemic BUP incubation. Corresponding kinetic parameters derived from fitting the formation rate of metabolite (V) versus substrate concentration to the
Michaelis-Menten equation using a nonlinear regression analysis in GraphPad Prism 7 (Version 7.01, San Diego, CA; www.graphpad.com) are listed in Table 1.

BUP was selected as an appropriate substrate to study stereoselec-
tive metabolism in vitro. S-BUP was used as an internal positive
control in all kinetic experiments.

During the kinetic experiments, we noted that RR-THBUP was the
major metabolite formed in incubations of racemic and S-BUP with cel-
lular fractions of human intestine (see below). This observation raised
the question whether the differences in extent of racemization of R- and
S-BUP in terms of metabolite formation was due to differences in chiral
inversion of R-BUP to S-BUP or vice versa. Thus, each enantiomer
was separately incubated with pooled HLMs and cofactors followed by
measuring both R- and S-BUP in each incubation after chiral separation.
The MRM trace chromatograms presented in Fig. 4A show that R-BUP
is quickly converted to S-BUP in R-BUP incubations, and similarly
S-BUP was efficiently converted to R-BUP in S-BUP incubations. The
ratio of R- to S-BUP and S- to R-BUP in R- and S-BUP incubations,
respectively, was close to unity across a range of substrate concentra-
tions (Fig. 4B). The observed difference in racemization in terms of
metabolite formation between R- and S-BUP was therefore not due to
differences in extent of racemization of R-BUP to S-BUP or S-BUP to

R-BUP. The total Cl;, for the formation of S- and R-BUP derived me-
tabolites in HLMs accounted for 90.7% and 9.3% of the total racemic
BUPmetabolism (see below). Given the effective racemization of
S-BUP to R-BUP and vice versa, the difference in the formation of
S- and R-BUP derived metabolites in incubations of S- and R-BUP is
simply a reflection of differences in rate of metabolism in HLMs.

For these reasons, the kinetics for the stereoselective metabolism of
racemic BUP are presented in the following sections of the manuscript
for the sake of consistency and clarity, whereas the kinetics data gener-
ated from the metabolism of S-BUP were only used as a marker of tis-
sue selective differences in rates of metabolism.

Stereoselective Metabolism of BUP in HLMs, HLS9 Fractions,
and HLCs
Stereospecific metabolism of BUP was characterized in cellular frac-

tions derived from human liver.
Pooled HLMs. The kinetics for stereoselective metabolism of race-

mic BUP were determined in pooled HLMs (Fig. 5 and Table 2, upper
panel). The average K, values for the formation of RR- and SS-OHBUP
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TABLE 1

Comparison of kinetic parameters for the formation of metabolites from racemic-, S-, and R-BUP in HLMs.
A range of concentrations of racemic BUP (1.96—4000 uM), S-BUP (0.98-2000 uM), and R-BUP (0.98-2000 uM) with HLMs (0.4 mg/ml) and 1 mM NADPH for 20
min at 37°C. Metabolites formed (RS-EHBUP and SR-EHBUP; RR-THBUP and SS-THBUP; and RR-OHBUP, SS-OHBUP) from incubation of each substrate were
monitored using chiral assay (see Methods section). Formation rates of metabolites from: R-BUP incubations (upper panel); S-BUP incubations (middle panel); and
racemic-BUP incubations (lower panel).

Vmax Km Clim
Substrate Metabolites (pmol/min/mg protein) (M) (ul/min/mg protein) “Cl;p Ratios

R-BUP RS-EHBUP 9.97 67.9 0.147 0.97
SR-EHBUP 6.54 43.2 0.151
SS-THBUP 149.1 39.0 4.194 41.9
RR-THBUP 10.21 102.8 0.10
SS-OHBUP 39.33 48.4 0.81 1.1
RR-OHBUP 4291 58.4 0.77

S-BUP RS-EHBUP 15.73 40.79 0.39 8.7
SR-EHBUP 1.109 25.3 0.044
SS-THBUP 199.4 15.3 13.01 141.4
RR-THBUP 5.698 61.9 0.092
SS-OHBUP 96.16 42.6 2.26 7.3
RR-OHBUP 15.88 51.6 0.31

Racemic BUP RS-EHBUP 9.59 48.1 0.2 2
SR-EHBUP 2.03 20.4 0.1
SS-THBUP 166.2 16.5 10.17 63.6
RR-THBUP 11.1 71.2 0.16
SS-OHBUP 147.3 44.6 3.30 3.7
RR-OHBUP 40.07 45.1 0.89

“Cyin ratios for each diastereomer pair: RS-EHBUP/SR-EHBUP, SS-THBUP/RR-THBUP, and SS-OHBUP/RR-OHBUP.

were comparable (42.5 versus 42.3 uM, respectively). The Vi.x and
the in vitro intrinsic clearance [Cliy (Vina/Kn)] for the formation of
SS-OHBUP was ~3.4-fold higher than the formation of RR-OHBUP.
Marked stereoselective reduction of BUP to THBUP and EHBUP was
observed; the K, Viyax, and Cly,, values for the formation of SS-THBUP
were 2.3-fold lower and 18.6- and 42.1-fold higher, respectively, com-
pared with the formation of RR-THBUP. The V.« and Cl, values for
the formation of RS-EHBUP, respectively, were approximately 5- and 3-
fold higher than the formation of SR-EHBUP. The total in vitro Cly, for
the metabolism of BUP via both oxidation and reduction in pooled
HLMs was 14.36 ul/min/mg protein. Since the total Cl;,, via reduction to
both THBUP and EHBUP was 9.85 ul/min/mg protein and total Clj,, for
the formation of OHBUP was 4.51 ul/min/mg protein, reduction (to
THBUP, 65.8% and EHBUP, 2.8%) accounts for 68.6% and 4-hydroxyl-
ation for 31.4% of the total metabolic clearance. Relative to the total met-
abolic clearance (oxidation + reduction), the Cl;,, for the formation of
SS-THBUP, SS-OHBUP, RR-OHBUP, RS-EHBUP, RR-THBUP, and
SR-EHBUP was 64.3%, 24.3%, 7.1%, 2.1%, 1.5%, and 0.7% of total
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Fig. 4. Extent of racemization of R-BUP to S-BUP and vice versa in incuba-
tions of R- or S-BUP in HLMs. A range of concentrations of R- (0.98-2000
uM) and S-BUP (0.98-2000 uM) were incubated with HLMs (0.4 mg protein/
ml) and 1 mM NADPH for 20 minutes at 37°C. Both S- and R-BUP were quan-
tified in each incubation after chiral separation. (A) MRM trace chromatograms
of R- and S-BUP in incubation of 15.6 uM R-BUP (upper panel) and 15.6 M
S-BUP (lower panel); and (B) ratio of R-BUP/S-BUP in R-BUP incubations and
S-BUP/R-BUP in S-BUP incubation across a range of concentrations used to
study saturation kinetics.

metabolic clearance. The total Cl;,, for the formation of S-BUP derived
metabolites was 13.03 ul/min/mg protein of which the Cly,, for the forma-
tion of SS-THBUP accounted for 70.9% followed by SS-OHBUP
(26.8%) and RS-EHBUP (2.3%). The total Cl;,, for the formation of
R-BUP derived metabolites was 1.34 ul/min/mg protein of which 76%
was accounted by Cl;,, for the formation of RR-OHBUP, 16.4% by
RR-THBUP, and 7.6% by SR-EHBUP. The total in vitro Cl;, and pre-
dicted in vivo hepatic Cl;,, of S-BUP derived metabolites (both oxidation
and reduction) was 9.8-fold higher than the total metabolic clearance of
R-BUP metabolism. Thus, 90.7% and ~9.3% of the total formation
clearance of racemic BUP (oxidation + reduction) was due to S- and R-

BUP metabolism, respectively.
Pooled HLS9 Fractions. Stereoselective reduction of BUP to

THBUP and EHBUP as well as 4-hydroxylation to OHBUP was deter-
mined in HLS9 fractions and compared with those data obtained from
HLMs. Representative plots of stereospecific metabolism of racemic
BUP in HLS9 fractions are depicted in Fig. 5 (middle panel), and the
kinetic parameters are summarized in Table 2 (middle panel). Although
the total in vitro Cl;,, for the metabolism of BUP via both oxidation and
reduction in pooled HLS9 fractions (14.03 ul/min/mg protein) was com-
parable with that observed in HLMs (14.36 ul/min/mg protein), quanti-
tative difference in the contribution of reduction and 4-hydroxylation of
BUP to the total Cl;,; was noted. Reduction to both THBUP and EHB-
UP (13.53 pl/min/mg protein) and 4-hydroxylation to OHBUP (0.498
ul/min/mg protein) accounted for 96.4% and 3.6% of the total Cly,
(oxidation + reduction) in HLS9 fractions (in HLMs, this was 68.6%
and 31.4% of the total metabolic clearance, respectively). This differ-
ence was largely due to substantially lower rate of 4-hydroxylation
(10.6- and 8.4-fold lower Vi, for the formation of SS- and RR-OHB-
UP, respectively) in HLS9 fractions compared with the V. values in
HLMs, and accordingly, the Cli,, values in HLS9 fractions were 9.6-
and 7.6-fold lower, respectively, than those in HLMs; K, values among
the two enzyme sources were similar (~38 uM for both SS- and RR-
OHBUP in HLS9 fractions and ~42 uM in HLMs) (Table 2, upper and
middle panel). Despite this, the extent of stereoselectivity in 4-hydroxyl-
ation (~2.7-fold higher for the formation of SS-OHBUP than the forma-
tion for RR-OHBUP) in HLS9 fractions was comparable to that in
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Fig. 5. Stereoselective metabolism of BUP in human liver microsomes, HLS9 fractions, and HICs. Increasing concentrations of racemic BUP (1.96-4000 uM)
consisting of 50%/50% of R- and S-BUP was incubated in duplicate with cellular fractions of human liver (0.4 mg protein/ml pooled HLMs or pooled HLS9 fractions:
or 0.2 mg protein/ml HLCs) for 20 minutes at 37°C. Formation rates of diastereomers of OHBUP, THBUP, and EHBUP versus BUP concentrations (0.98-500 uM
corresponding to R- and S-BUP) were best fit to a Michaelis Menten equation. Formation rates of BUP metabolites in HLMs (upper panel, A-C), HLS9 fractions
(middle panel, D-F), and HLCs (lower panel, G-H) are shown. Each point represents an average of duplicate incubations. Corresponding kinetic parameters derived
from fitting the formation rate of metabolite (V) versus substrate concentration to the Michaelis-Menten equation using a nonlinear regression analysis in GraphPad

Prism 7 (Version 7.01, San Diego, CA; www.graphpad.com) are listed in Table 2.

HLMs (~3.4-fold). As in HLMs, the greatest stereoselectivity was ob-
served with the formation of diastereomers of THBUP. The Ky, Vi,
and Cl;, values for the formation of SS-THBUP were 2.2-fold lower
and 8.7- and 19.2-fold higher, respectively, compared with the formation
of RR-THBUP (Table 2, middle panel); this difference was less pro-
nounced than that observed in HLMs (18.6- and 42.1-fold higher V.«
and Cly, for the formation of SS-THBUP, respectively). The extent of
stereoselectivity in the formation of EHBUP (5.1- and 3.9-fold higher
Vimax and Cly,, for the formation of RS-EHBUP, respectively, than that
of SR-EHBUP) in HLS9 fractions is similar to that observed in HLMs
(Table 2, middle panel). Relative to the total metabolic clearance via
oxidation + reduction, the Cl;,, for the formation of SS-THBUP was the
highest (87.6% of total) followed by RR-THBUP (4.6% of total), RS-
EHBUP (3.4% of total), SS-OHBUP (2.6% of total), RR-OHBUP (1%
of total), and SR-EHBUP (0.9% of total). This pattern was somewhat

different from those data generated using HLMs (SS-THBUP>>>>SS-
OHBUP>>> RR-OHBUP>RS-EHBUP =~ RR-THBUP =~ SR-EHBUP).
Relative to the total metabolic clearance of S-BUP derived metabolites
of both oxidation and reduction in HLS9 fractions (13.13 pl/min/mg pro-
tein), the Cl;, for the formation of SS-THBUP, RS-EHBUP, and SS-
OHBUP accounted for 93.6%, 3.7%, and 2.8%, respectively. Compared
with the total Cly,, (0.897 ul/min/mg protein) for the formation of
R-BUP derived metabolites, the metabolic clearance of RR-THBUP,
RR-OHBUP, and SR-EHBUP accounted for 71.3%, 14.9%, and 13.8%,
respectively. The total metabolic clearance (Cl;,) of S-BUP derived me-
tabolism by both oxidation and reduction was 14.7-fold higher than the
total metabolic clearance via R-BUP metabolism. Thus, 93.6% of the to-
tal in vitro Cly,, of racemic BUP in pooled HLS9 fractions (oxidation +
reduction) or hepatic Cly, is due to S-BUP metabolism and 6.4% due to
R-BUP metabolism, which was slightly higher or lower respectively
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TABLE 2

Kinetic parameters for the stereoselective metabolism of BUP in cellular fractions of human liver
A range of concentrations of racemic BUP was incubated with cofactors and cellular fractions of human liver (0.4 mg protein/ml pooled HLMs and HLS9 fraction
and 0.2 mg protein/ml HLCs) at 37°C for 20 min (see Materials and Methods). Formation rates of metabolites generated (SR-EHBUP, RS-EHBUP, RR-THBUP,
SS-THBUP, RR-OHBUP, and SS-OHBUP) versus substrate concentrations were fit to the Michaelis-Menten equation to estimate kinetic parameters (V.. and K,,).
Cl;,, was calculated as the ratio of the V.. and K, (V,o/Kpn)-

Cellular Vinax K Total Organ
Substrate and Metabolites Fraction (pmol /min/mg Protein) (uM) Cl;y (u/min/mg Protein) Cling, Hep (/) Clearance (I/h) Fin, enantiomer Fm”
R-bupropion HLMs
SR-EHBUP 1.80 17.9 0.101 0.43 0.09 0.08 0.007
RR-THBUP 8.85 404 0.219 0.95 0.20 0.16 0.015
RR-OHBUP 43.11 425 1.015 4.38 0.92 0.76 0.071
Total R-bupropion 5.76
S-bupropion
RS-EHBUP 8.92 29.8 0.300 1.29 0.3 0.02 0.021
SS-THBUP 164.20 17.8 9.235 39.85 10 0.71 0.643
SS-OHBUP 147.8 423 3.492 15.06 3.8 0.27 0.243
Total S-bupropion 56.20
R-bupropion HLS9
SR-EHBUP 1.46 11.8 0.124 1.62 0.34 0.14 0.009
RR-THBUP 19.03 29.8 0.639 8.35 1.75 0.71 0.045
RR-OHBUP 5.14 38.4 0.134 1.75 0.37 0.15 0.010
Total R-bupropion 11.71
S-bupropion
RS-EHBUP 7.40 15.4 0.482 6.28 1.58 0.037 0.034
SS-THBUP 166.3 13.5 12.282 160.98 39.5 0.94 0.876
SS-OHBUP 13.97 38.3 0.364 4.77 1.20 0.03 0.026
Total S-bupropion 172.02
R-bupropion HLCs
SR-EHBUP 0.222 9.76 0.023 0.20 0.04 0.07 0.008
RR-THBUP 36.02 117.8 0.306 2.66 0.56 0.93 0.103
Total R-bupropion 2.86
S-bupropion
RS-EHBUP 4.66 57.6 0.081 0.71 0.2 0.03 0.028
SS-THBUP 23.53 9.23 2.55 222 5.6 0.97 0.861
Total S-bupropion 22.92

“Fraction metabolized to each metabolite from respective individual bupropion enantiomer was calculated from Cliy,, Hep for all subcellular fractions, HLMs, HLS9 fractions, and HLCs.
PFraction metabolized to each metabolite from racemic bupropion was calculated from Cliy, yep for all subcellular fractions, HLMs, HLS9 fractions, and HLCs.

than those values in HLMs. Formation clearance of BUP to THBUP
(12922 ul/min/mg protein), EHBUP (0.606 ul/min/mg protein), and
OHBUP (0.498 pl/min/mg protein) accounted for 92.1%, 4.3%, and
3.6% of the total metabolic clearance of racemic BUP via both oxidation
and hydroxylation, respectively. As described above, the formation clear-
ance of RR- and SS-OHBUP and the predicted hepatic Cl;,, was much
lower in HLS9 fractions than in HLMs. However, the in vitro Cl, for
the formation of SR- EHBUP, RR-THBUP, RS-EHBUP, and SS-
THBUP was slightly higher in HLS9 fractions (by 1.2-, 2.9-, 1.6-, and
1.3-fold, respectively), which was translated to 3.7-, 8.8-, 4.9-, 4.0-, and
3.1-fold higher predicted in vivo hepatic Cl,y, respectively (Table 2,
middle panel).

As expected, 4-OHBUP was only detected when racemic or enan-
tiomers of BUP were incubated with HLMs and HLS9 fractions but not
in the other cellular fractions tested (HLCs, HIMs, and HICs). This data
was a result of the lack or negligible expression of CYP2B6 in HLCs

and cellular fractions of human intestine (Paine et al., 2006).
Pooled HLCs. To assess the contribution of cytosols to the overall

liver metabolism, the stereoselective metabolism of BUP was deter-
mined in HLCs. Representative Michaelis-Menten kinetics of BUP re-
duction to diastereomers of THBUP and EHBUP in HLCs are shown in
Fig. 5 and Table 2 (lower panel). As expected, SS- and RR-OHBUP
were not detected in HLCs. Both THBUP and EHBUP were formed in
HLCs to a variable extent. The V., and Cl;, for the formation of SS-
THBUP were 12.8- and 8.3-fold higher, respectively, than those of RR-
THBUP; the K,,, values were comparable. The extent of this stereoselec-
tivity was somewhat lower than those observed in HLMs and HLS9
fractions. The K,, Viax, and Cl;, for the formation of RS-EHBUP

were 21-, 5.9-, and 3.6-fold higher than the values for the formation of
SR-EHBUP (Table 2, lower panel), broadly consistent with the data in
HLMs and HLS9 fractions. The total Cl;, for the formation of S-BUP
derived reduction was 2.631 pl/min/mg protein (96.9% and 3.1% of
this was due to formation of SS-THBUP and RS-EHBUP, respectively)
and of R-BUP derived reduction was 0.329 ul/min/mg protein (with for-
mation of RR-THBUP accounting for 93.1% and SR-EHBUP for
6.9%). Relative to the total Cl;,, for the reduction of BUP to EHBUP
and THBUP (2.96 ul/min/mg protein), reduction to THBUP (SS- and
RR-THBUP) (2.86 ul/min/mg protein) accounted for ~96.5% and re-
duction to EHBUP (RS- and SR-EHBUP) (0.104 ul/min/mg protein)
accounted for only 3.5%. Relative to the total metabolic clearance, the
formation of SS-THBUP were the predominant metabolites in HLCs
(86.2% of total) followed by RR-THBUP (10.3% of total), RS-EHBUP
(2.7% of total), and SR-EHBUP (0.8% of total). Based on in vitro Cly,
(and predicted in vivo Cly,), reduction of BUP (to THBUP and EHB-
UP) in pooled HLCs accounted for 23.1% (and 37.7%) of the total
BUP reduction in pooled human liver (HLMs + HLCs) and 17.1%
(and 29.4%) of the total metabolism of BUP (oxidation + reduction)
occurred in HLCs.

Stereoselective Metabolism of BUP in HIMs, HIS9 Fractions,
and HICs

Stereospecific metabolism of BUP was tested in cellular fractions de-
rived from human intestine.

Pooled HIMs. The kinetics for the stereoselective metabolism of
BUP were determined in pooled HIMs and show that BUP is efficiently
and exclusively converted to RR-THBUP, as shown by the lower
K, (2.6-fold) and substantially higher V.. (>162-fold) and Cli,
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Fig. 6. Stereoselective metabolism of BUP in HIMs, HIS9 fractions, and
HICs. Increasing concentrations of racemic BUP (1.96-4000 pM) consisting of
50%/50% of R- and S-BUP were incubated in duplicate with cellular fractions of
human intestine (0.4 mg protein/ml pooled HIMs or 0.2 mg protein/ml HIS9 frac-
tions and HICs) for 20 minutes at 37°C. Formation rates of diastereomers of
THBUP and EHBUP versus BUP concentrations (0.98-500 M corresponding to
R- and S-BUP) were fit to a Michaelis Menten equation. Formation rates of BUP
metabolites in HIMs (A and B), HIS9 fractions (C and D), and HICs (E and F)
are shown. Each point represents an average of duplicate incubations. Corre-
sponding kinetic parameters derived from fitting the formation rate of metabolite
(V) versus substrate concentration to the Michaelis-Menten equation using a non-
linear regression analysis in GraphPad Prism 7 (Version 7.01, San Diego, CA;
www.graphpad.com) are listed in Table 3.

0.0

(>400-fold) compared with the formation of SS-THBUP (Fig. 6 and Ta-
ble 3, upper panel). Reduction of BUP to RR-THBUP accounted for
98.5% of total reduction in HIMs; the formation of SS-THBUP ac-
counted for only 0.24%. Although formation of RS- and SR-EHBUP
was also detected at a comparable metabolic clearance rate (nonstereo-
specific), these routes only accounted for a small fraction (0.64% and
0.59%, respectively) of the total Cl;,, in HIMs. Metabolism of BUP to
THBUP was the major route in HIMs (98.8% of total reduction). The
contribution of BUP metabolism to EHBUP was minor (1.2%). Reduc-
tion of BUP in HIMs was 14.9-fold lower than in HLMs and accounts
for only 6.3% of total (HLMs and HIMs) and 8.9% of the total reduc-
tion (HLMs + HIMs). These values were lower (1.5% and 2.3%, re-
spectively) when the contribution was calculated based on the predicted
in vivo hepatic Clyy,.

Pooled HISY Fractions. The stereoselective metabolism of BUP in
HIS9 fractions is shown in Fig. 6 and Table 3 (middle panels). The total
Cl;,, in HIS9 fractions (0.493 pl/min/mg protein) was smaller by 49%

than the total Cl;,, in HIMs (0.961 ul/min/mg protein). The total Cl;,, in
HIS9 fractions was 28.5-fold lower than the values in HLS9 fractions
and accounts for 3.4% and 3.5% of the total oxidation and reduction of
BUP (HLS9 and HIS9 fractions) or reduction of BUP (HLS9 and HIS9
fractions), respectively. As with the data in HIMs, marked stereoselec-
tivity was noted with respect to the formation of diastereomers of
THBUP: the formation clearance of RR-THBUP in HIS9 fractions was
much higher (~20- and 36.7-fold higher V., and Cl;,, respectively)
compared with the formation of SS-THBUP. In contrast to those data in
HIMs, the formation clearance of RS- EHBUP was much higher (13.2-
and 9.6-fold higher V,,,x and Cl,, respectively) compared with that of
SR-EHBUP, indicating marked stereoselectivity in HIS9 fractions (but
not in HIMs). The formation of RR-THBUP, RS-EHBUP, SS-THBUP,
and SR-EHBUP accounted for 94.5%, 2.6%, 2.6%, and 0.28% of the
total Cly,, in HIS9 fractions, respectively (97.1% THBUP and 2.9%

EHBUP of total).
Pooled HICs. Stereoselective metabolism of BUP was determined

in HICs. As shown in Fig. 6 and Table 3 (lower panels), the formation
of RS-EHBUP was 9.6-fold higher than the V,,,, of SR-EHBUP. The
K, Vinax, and Cli,, of RR-THBUP formation from BUP was 9.4-fold
lower and 14.1 and 133.2-fold higher, respectively, than the formation
of SS-THBUP. The contribution of the formation of RR-THBUP, RS-
EHBUP, SS-THBUP, and SR-EHBUP to the overall reduction in HICs
was 94.9%, 3.8%, 0.7%, and 0.5%, respectively. Relative to the total
Cl,, for the formation of EHBUP and THBUP in pooled HICs
(0.281 pl/min/mg protein), reduction to THBUP (SS- and RR-THBUP)
(0.269 pl/min/mg protein) accounted for ~95.7%, and reduction to
EHBUP (RS- and SR-EHBUP) (0.012 pl/min/mg protein) accounted
for only 4.3%. The summation of Cl;,, in HIMs (0.961 pl/min/mg pro-
tein) and HICs (0.281 pl/min/mg protein) was 1.422 pl/min/mg protein,
i.e., 77.4% and 22.6% of the total intestinal reduction of BUP occurred
in HIMs and HICs, respectively. In addition, approximately 6.7% of the
total BUP metabolism (oxidation + reduction) occurs in the intestine
(HIMs and HICs), whereas 93.3% occurs in the liver (HLMs + HLCs);
~10% of total BUP reduction occurs in the intestine (HIM + HICs)
and 90% in human liver (HLMs + HLCs).

Metabolic Profiles of S-BUP in Cellular Fractions of Human
Intestine

The unique observation that RR-THBUP was quantitatively the sole
metabolite formed from racemic BUP in cellular fractions of human in-
testine prompted use to closely analyze the kinetics for the metabolism
of S-BUP, which was already run in parallel to that of racemic BUP as
a positive internal control in all human intestine and liver cellular frac-
tions. Diastereomers of THBUP formed from S-BUP were quantified
after chiral separation as described in the Methods section. As shown in
Fig. 7 and Table 4, S-BUP was efficiently converted to RR-THBUP in
all cellular fractions of human intestine tested, whereas its metabolism
to SS-THBUP was negligible. These data are in sharp contrast to those
observed in cellular fractions of human liver, where SS-THBUP was by
far the major metabolite formed from S-BUP.

Discussion

In this study, in vitro stereospecific metabolism of BUP was charac-
terized in cellular fractions of human liver and intestine. Our data pro-
vide the first detailed information on BUP racemization. We
demonstrated striking stereoselective reduction of BUP in HLCs, HIMs,
HISY fractions, and HICs for the first time. We have confirmed and
further expanded stereoselective reduction and 4-hydroxylation of BUP
in HLMs and HLS9 fractions. These data provide new and quantitative
insight into tissue- and tissue fraction- dependent stereoselective
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TABLE 3

Kinetic parameters for the stereoselective metabolism of BUP in cellular fractions of human intestine
A range of concentrations of racemic BUP was incubated with cofactors and cellular fractions of human intestine (0.4 mg protein/ml pooled HIMs and 0.2 mg
protein/ml HIS9 fraction and HICs) at 37°C for 20 min (see Materials and Methods). Formation rates of metabolites generated (SR-EHBUP, RS-EHBUP, RR-THBUP,
and SS-THBUP) versus substrate concentrations were fit to the Michaelis-Menten equation to estimate kinetic parameters (V.. and K,,). Cl,,,, was calculated as the
ratio of the V. and K,,, (V o/ Kon)-

Cellular Vinax K Cline Total Organ
Substrate and Metabolites Fraction (pmol/min/mg Protein) (M) (pl/min/mg Protein) Cling, tntes (I/h) Clearance (I/h) Fun. enantiomer- Fu?
R-bupropion HIMs
SR-EHBUP 0.51 89.4 0.0057 0.0057 0.0012 0.0060 0.006
RR-THBUP 59.48 62.8 0.947 0.95 0.20 0.94 0.985
Total R-bupropion 0.956
S-bupropion
RS-EHBUP 0.55 89.5 0.0061 0.0061 0.00155 0.73 0.006
SS-THBUP 0.366 161.8 0.0023 0.0023 0.00057 0.27 0.002
Total S-bupropion 0.0084
R-bupropion HIS9
SR-EHBUP 0.067 49.6 0.0014 0.0025 0.001 0.003 0.003
RR-THBUP 30.68 65.9 0.466 0.87 0.183 0.997 0.945
Total R-bupropion 0.873
S-bupropion
RS-EHBUP 0.89 68.2 0.0130 0.0245 0.00616 0.51 0.027
SS-THBUP 1.54 121.1 0.0127 0.0238 0.00600 0.49 0.026
Total S-bupropion 0.0483
R-bupropion HICs
SR-EHBUP 0.147 101.7 0.0014 0.001 0.00027 0.01 0.004
RR-THBUP 13.6 51.1 0.267 0.23 0.049 0.99 0.949
Total R-bupropion 0.231
S-bupropion
RS-EHBUP 1.404 130.3 0.0108 0.00941 0.00237 0.84 0.039
SS-THBUP 0.97 483 0.002 0.002 0.00044 0.16 0.008
Total S-bupropion 0.0114

“Fraction metabolized to each metabolite from respective individual bupropion enantiomer was calculated from Cliy, s for all subcellular fractions, HIMs, HIS9 fractions, and HICs.
PFraction metabolized to each metabolite from racemic bupropion was calculated from Cliy s for all subcellular fractions, HIMs, HIS9 fractions, and HICs.

metabolism of BUP and may offer mechanistic explanations for the
marked stereospecific disposition of BUP observed clinically.

Our data show that both R- and S-BUP racemize effectively during
incubation with pooled HLMs (Fig. 3), consistent with findings in litera-
ture (Fang et al., 2000). In HLMs, the total Cl;,, for the formation of S-
and R-BUP derived metabolites accounted for 90.7% and 9.3% of the
total racemic BUP metabolism. Metabolic formation clearance of SS-
THBUP was higher (over 8-fold) than that of RR-THBUP. The efficient
conversion of R-BUP to S-BUP derived metabolites was therefore dic-
tated by a much higher rate of metabolism of S-BUP in HLMs than by
the differences in racemization of R- to S-BUP and vice versa. This
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Fig. 7. Metabolism of S-BUP in cellular fractions of human intestine. Increas-
ing concentrations of S-BUP were incubated in duplicate with cellular fractions
of human intestine (0.4 mg protein/ml pooled HIMs and 0.2 mg protein/ml HIS9
fractions and HICs) for 20 minutes at 37°C. Diastereomers of THBUP monitored
using a chiral assay. Formation rates of SS- and RR-THBUP versus substrate
(S-BUP) concentrations were fit to the Michalis-Menten equation: (A) HIMs,
(B) HISY fractions, and (C) HICs. Each point represents an average of duplicate
incubations. Corresponding kinetic parameters derived from fitting the formation
rate of metabolite (V) versus substrate concentration to the Michaelis-Menten
equation using a nonlinear regression analysis in GraphPad Prism 7 (Version
7.01, San Diego, CA; www.graphpad.com) are listed in Table 4.

suggestion is further supported by the data derived from cellular frac-
tions of human intestine, where RR-THBUP was formed at the highest
rate whether R- or S-BUP was incubated (Fig. 7; Table 4). Together,
for enantiomers showing chiral inversion, measurement of both metabo-
lites formed and substrates in the incubations using a chiral assay are
needed before deciding to use individual enantiomers for stereoselective
metabolism studies.

Our data showing efficient BUP reduction to THBUP and EHBUP
and oxidation to OHBUP in HLMs and HLS9 fractions concurs with
published reports (Faucette et al., 2000; Coles and Kharasch, 2008;
Molnari and Myers, 2012; Meyer et al., 2013; Skarydova et al., 2014;

TABLE 4

Metabolism of S-BUP in cellular fractions of human intestine
Increasing concentrations of S-BUP were incubated in duplicate with cellular

[fractions of human intestine (0.4 mg protein/ml pooled HIMs and 0.2 mg protein/ml

HIS9 fraction and HICs) for 20 min at 37°C. Diastereomers of THBUP monitored
using a chiral assay. Kinetic parameters derived from fitting the formation rate of
metabolite (V) versus substrate concentration to the Michaelis-Menten equation
using a nonlinear regression analysis in GraphPad Prism 7 (Version 7.01,
San Diego, CA; www.graphpad.com).

Vinax Clin
(pmol/min/mg K., (ul/min/mg Cline

Protein) (uM) Protein) RR-/SS-THBUP

HIMs:

SS-THBUP 1.19 955 0.0012

RR-THBUP 28.27 140.8 0.201 162

HIS9 Fractions:

SS-THBUP 0.928 47.2 0.0197

RR-THBUP 13.61 171.5 0.0794 4.0

HICs:

SS-THBUP 0.223 164.4 0.0014

RR-THBUP 2.74 86.4 0.0317 23.4
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Connarn et al., 2015; Sager et al., 2016). Except in HLMs and HLS9
fractions, no OHBUP was detected in HLCs and any of the cellular
fractions of human intestine, consistent with the lack (HLCs) or negligi-
ble expression of CYP2B6 in human intestine (Paine et al., 2006). BUP
4-hydroxylation is an important bioactivation pathway and a marker of
CYP2B6 activity, but the fraction metabolized via 4-hydroxylation is
small. This is supported by the lack of meaningful effects of CYP2B6
strong inhibitors (Palovaara et al., 2003; Turpeinen et al., 2005) or slow
metabolizers of CYP2B6 (Eum et al., 2022) on BUP systemic clear-
ance. The present findings and recent data (Sager et al., 2016) suggest
that BUP reduction to THBUP represents the major clearance mecha-
nism of BUP in human liver. It follows that BUP systemic clearance is
likely altered more significantly via modulation of the reduction path-
ways than 4-hydroxylation.

Our data are the first to demonstrate stereoselective reduction of BUP
in HLCs and cellular fractions of human intestine. 1) In HLCs, we esti-
mate that reduction accounts for 37.7% and 29.4% of the total predicted
in vitro hepatic Cl;,, of human liver reduction and oxidation + reduc-
tion, respectively. Marked stereospecific reduction favoring a higher
rate of metabolism to S-BUP derived metabolites (RS-EHBUP by over
3-fold and SS-THBUP by over 8-fold) than the respective R-derived
metabolites was noted. This difference was mainly dictated by the 12.8-
fold lower K, and ~21-fold higher V. for the formation of SS-
THBUP and RS-EHBUP than those of RR-THBUP and SR-EHBUP,
respectively. These data are the first stereoselective reductions of BUP
in HLCs and provide insight into stereoselective enzyme-substrate bind-
ing and turnover number of the enzymes involved. 2) Our kinetic data
in cellular fractions of human intestine demonstrated striking stereose-
lective reduction of BUP to THBUP, where metabolic formation clear-
ance to RR-THBUP accounted for over 95% of total BUP reduction in
each cellular fraction (HIMs, HIS9 fractions, and HICs). The contribu-
tion of metabolic formation clearance to SS-THBUP was marginal. Al-
though racemic EHBUP was undetected in incubation of BUP with
cellular fractions of human intestine in a previous study (Connarn et al.,
2015), we were able to detect and characterize SR- and RS-EHBUP
and SS-THBUP in all cellular fractions of human intestine in this study,
probably due to higher sensitivity of our UHPLC/MS/MS method. Our
data suggest nonstereoselective reduction of BUP to RS- and SR-EHB-
UP in HIMs, although marked stereoselective reduction (higher Cly,, of
RS-EHBUP) in HIS9 fractions and HICs was noted, implying different
enzymes may be involved in HIMs versus HICs. However, the contri-
bution of BUP reduction to EHBUP combined with the formation of
SS-THBUP (aggregate Cl;,, of RS- and SR-EHBUP and SS-THBUP) is
negligible (= 5%). Together, the present data demonstrated for the first
time marked stereoselectivity in all cellular fractions of human intestine,
and further confirm and expand the notion that BUP reduction occurs in
these cellular fractions.

Our data suggest HLMs is likely more appropriate to quantitatively
estimate CYP-mediated oxidative catalytic efficiency because the Cl;,
of both SS- and RR-OHBUP in HLS9 fractions was lower (>7-fold)
than in HLMs, probably due to lower CYP amount/activity in HLS9
fractions than in HLMs (Jia and Liu, 2007). Despite this, the Cl;,, for
the formation of SS-OHBUP was greater (by 3.3-fold) compared with
that of RR-OHBUP in both HLMs and HLS9 fractions, consistent with
previous reports (Coles and Kharasch, 2008; Sager et al., 2016; Wang
et al., 2020). CYP2B6 exclusively catalyzes 4-hydroxylation of racemic
BUP and its enantiomers in vitro (Faucette et al., 2000; Coles and Khar-
asch, 2008) and in vivo (Benowitz et al., 2013; Kharasch and Crafford,
2019). However, the extent of stereoselectivity observed in the present
study and the literature cannot fully explain the marked difference in
the disposition of SS- versus RR-OHBUP observed clinically (Masters
et al., 2016a; Kharasch et al., 2020), suggesting mechanisms other than

CYP2B6 [e.g., subsequent metabolism (Gufford et al., 2016) or renal
excretion (Masters et al., 2016a)] of SS- versus RR-OHBUP may ex-
plain clinically observed disposition of OHBUP diastereomers. Higher
Cl;y for the reduction of BUP to SS-THBUP (42.1- and 19.2-fold) was
observed in HLMs and HLS9 fractions, respectively, compared with the
Cl; for the formation of RR-THBUP. The extent of stereoselectivity
was smaller (<14-fold) in previous reports from HLMs and HLS9 frac-
tions (Sager et al., 2016; Bhattacharya et al., 2019). This discrepancy is
likely due to differences in study design and procedures used to estimate
the kinetic parameters. Our kinetic experiments were performed using
racemic BUP as a substrate, the metabolites formed were quantified af-
ter chiral separation, and kinetic parameters (V.x and K,,) were esti-
mated from saturable substrate concentration range in contrast to the
other studies using R- and S-BUP as substrates, achiral column to quan-
tify the metabolites formed, and estimation of Cl;,, from the initial slope
of the formation rate (V) versus substrate concentration (S) plots. Ap-
proximately a 3-fold higher Cly,, for the formation of RS-EHBUP than
that of SR-EHBUP in HLMs and HLS9 fractions observed in the pre-
sent study concurs with the previous findings (Sager et al., 2016; Bhat-
tacharya et al., 2019).

The marked difference in stereoselective metabolism among human
liver and intestine and between cellular fractions is intriguing. Skarydova
et al. (2014) identified four cytosolic carbonyl-reductase enzymes
(AKR1C1, AKR1C2, AKRI1C3, and CBR1) and one microsomal
carbonyl reductase enzyme, 11§ -HSD, involved in the reduction of
BUP to THBUP and EHBUP. Since enzymes catalyzing stereoselec-
tive BUP reduction in any of the tissues and cellular fractions have
not been so far identified, the specific contribution of these or other
enzymes in the stereoselective reduction of BUP remains to be deter-
mined. However, useful information can be gleaned from the present
data and published literature that allow speculation of which major
enzymes may be involved. Inhibition studies (Molnari and Myers,
2012; Meyer et al., 2013; Connarn et al., 2015) suggest that the car-
bonyl reduction of racemic BUP to THBUP and EHBUP in HLMs is
mainly catalyzed by 115-HSD1 and in HLCs by AKRs. These data
are further supported by experiments in recombinant enzymes show-
ing that 11 -HSDI1 and AKRs (e.g., AKRIC1) catalyze BUP reduc-
tion to THBUP and EHBUP at the highest rate (Skarydova et al.,
2014). The microsomal enzyme, 115-HSD1, is abundantly expressed
in HLMs with no expression detected in HIMs (Connarn et al., 2015;
Yang et al., 2018). Our data indicate that reduction of BUP to SS-
THBUP quantitatively was the major pathway in human liver,
whereas this was the reverse in human intestine, where the formation
of RR-THBUP was predominant. Thus, we speculate that 115-HSD1
is responsible for the reduction of S-BUP to SS-THBUP in HLMs,
and the reduction of R-BUP to RR-THBUP in the intestine appears
to occur via enzymes other than 11-HSD1. This suggestion is con-
sistent with the lack (or marginal) formation of SS-THBUP in cellu-
lar fractions of intestine and with published data showing that
specific inhibitors of 11-HSD1 had no effect on the formation of ra-
cemic THBUP in cellular fractions of human intestine, whereas flufe-
namic acid (AKR family inhibitor) reduced the formation of THBUP
by 57.8% to 78.7% (Connarn et al., 2015). Together, these data sug-
gest that AKRs may be important BUP reductase in human intestine.
Whether these AKRs may also catalyze BUP reduction to RR-
THBUP in HLMs remains to be determined. Based on molecular
docking data, 115-HSD1 was predicted to selectively convert R-
BUP to THBUP in HLMs, but this prediction lacks experimental ver-
ification (Meyer et al., 2013) and is not supported by the present
data. Unlike the differential formation of SS- and RR-THBUP in hu-
man liver and intestine, stereoselective reduction of BUP to EHBUP
was in favor of S-BUP reduction to RS-EHBUP in both cellular
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fractions of human liver and intestine except in HIMs, which showed
no stereoselectivity. Based on these data, it is conceivable that 11-
HSD1 may be dominant for the formation of RS-EHBUP in HLMs;
other microsomal enzymes could be important for the formation of
SR-EHBUP in HLMs and for SR- and RS-EHBUP formation in
HIMs; and AKRs appear to catalyze BUP reduction in cytosols of
human liver and intestine. According to Meyer et al. (2013), the exis-
tence of enzymes other than 115-HSD1 that generates EHBUP from
BUP in HLMs was suggested. Together, since HLMs is the major
site of BUP reduction and 11-HSD1 appears to play a major role in
this cellular fraction, further detailed in vitro investigation would be
required to address which specific enzyme catalyzes the formation of
diastereomers of THBUP and EHBUP and their contribution in each
of the cellular fractions tested.

In summary, S-BUP is metabolized at the highest rate, particularly to
SS-THBUP, than R-BUP in cellular fractions of human liver, whereas
over 95% of total reduction in cellular fractions of human intestine is
due to R-BUP metabolism to RR-THBUP. Although HL.Ms remain the
major cellular fraction involved in the stereoselective metabolism of
BUP, HLCs and intestinal fractions also contribute to variable extent.
These novel data provide the critical first step to understand interpatient
variability in the disposition, effects, and CYP2D6-mediated DDI of
BUP.
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