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ABSTRACT

Striking stereoselective disposition of the antidepressant and smoking cessation aid
bupropion 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 comprehensively examined hepatic and extrahepatic
stereoselective metabolism of BUP in vitro. Racemic-, R- and S-BUP was incubated
separately with pooled cellular fractions of human liver (microsomes, HLMs; S9
fractions, HLS9 fractions; and cytosols, HLCs) and intestinal (microsomes, HIMs; S9
fractions, HIS9 fractions; and cytosols, HICs) and cofactors. Formation of
diastereomers of 4-hydroxyBUP (OHBUP), threohydroBUP (THBUP) and
erythrohydroBUP (EHBUP) were quantified using a novel chiral UHPLC/MS/MS
method. Racemic BUP (but not R- or S-BUP) was found suitable to determine
stereoselective metabolism of BUP; both enantiomers showed complete racemization.
Compared to that of RR-THBUP, the in vitro intrinsic clearance (Cli,;) for the formation of
SS-THBUP was 42-, 19-, and 8.3-fold higher in HLMs, HLS9 fractions and HLCs,
respectively; Clint for the formation of SS-OHBUP and RS-EHBUP were also higher (2.7-
to 3.9-fold) than their R-derived counterparts. In cellular fractions of human intestine,
=295% 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

stereoselective metabolism of BUP. These data may serve as the first critical step
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towards understanding factors dictating BUP’s stereoselective disposition, effects and

DDI risks.

€202 ‘T [udy UO SfeuINOr 1 3dSY 1 BI0'SeuIno fiadse"puup WwoJj papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on May 5, 2022 as DOI: 10.1124/dmd.122.000867
This article has not been copyedited and formatted. The final version may differ from this version.

Significant statement:

This work provides a deeper insight into bupropion stereoselective oxidation and

reduction to active metabolites in cellular fractions of human liver and intestine tissue.

The results demonstrate tissue- and cellular fraction-dependent stereospecific
metabolism of bupropion. These data may improve prediction of bupropion
stereoselective disposition and understanding of bupropion’s effects and CYP2D6-

dependent drug-drug interaction in vivo.

€202 ‘T [udy UO SfeuINOr 1 3dSY 1 BI0'SeuIno fiadse"puup WwoJj papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on May 5, 2022 as DOI: 10.1124/dmd.122.000867
This article has not been copyedited and formatted. The final version may differ from this version.

INTRODUCTION

Bupropion (BUP) is a dual inhibitor of dopamine-norepinephrine reuptake (Ascher et al.,
1995), a non-competitive nicotinic receptor antagonist (Fryer and Lukas, 1999) and an
allosteric blocker of 5-hydroxytryptamine (5-HT)sa receptors(Pandhare et al., 2017).
BUP is FDA approved for management of major depression, seasonal affective disorder
(Jefferson et al., 2005; Foley et al., 2006), smoking cessation(Hurt et al., 1997) and, co-
formulated with naltrexone, for weight loss in obese subjects (Yanovski and Yanovski,
2015). It is also prescribed off-label for several other disorders (Dwoskin et al., 2006;
Carroll et al., 2014). Patients vary in their clinical response to 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 (Kotlyar et
al., 2005; Reese et al., 2008; Gheldiu et al., 2016; Todor et al., 2016).

BUP 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 variability because BUP’s effects and DDI are in most part due to
active metabolites. Evidence linking bupropion 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.
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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 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 (OHBUP)
(Schroeder, 1983; Welch et al., 1987) and reduction at the amino ketone by 11p3-
hydroxysteroid dehydrogenase 1 (113-HSD1) and other carbonyl reductases forming
two amino alcohol stereoisomers, threohydroBUP (THBUP) and erythrohydroBUP
(EHBUP) (Molnari and Myers, 2012; Meyer et al., 2013; Skarydova et al., 2014;
Connarn et al., 2015) (Figure1) are of greatest interest. These metabolites are
pharmacologically active based on preclinical (reviewed in:(Costa et al., 2019) and
clinical studies (Zhu et al., 2012b; Laib et al., 2014b) and mediate clinical BUP-
CYP2D6 interaction (Sager et al., 2017).

In addition, the steady state plasma exposures of OHBUP, THBUP and EHBUP
following BUP therapy greatly exceeds 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 which appears to predict treatment outcomes (Zhu et al.,
2012a; Laib et al., 2014a). BUP is a chiral drug clinically administered as a racemic
mixture of equimolar amounts of R- and S-BUP and biotransformation to these active
metabolites introduce additional chiral centers, generating six diastereomers. Although

there are no clinical studies showing direct associations of circulating stereocisomers of
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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 DDl risk (Reese et al., 2008; Sager et al., 2016; Tanaudommongkon et
al., 2019) of BUP and its metabolites is 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 to diastereomers of OHBUP, there is evidence that
threo- and erythro-hydrobupropion also contribute to pharmacological activity and
bupropion toxicity (Silverstone et al., 2008). Similarly, 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 ICso and K| values for the
inhibition of CYP2D6 by S-BUP was ~ 14-fold and ~7-fold, 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 stereoselective oxidation and/or reduction (Coles and Kharasch, 2008;

Wang et al., 2020) did not rigorously address the impact of racemization of BUP on
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estimation of kinetic parameters and the scope of these studies was limited to enzymes
localized in the liver. Bupropion 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), but whether reduction of BUP in these cellular fractions is
stereospecific remains 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 bupropion and its active metabolites observed in vivo. The
main objectives of this study were to: develop a reliable chiral UHPLC/MS/MS method
to quantify stereoisomers of BUP and metabolites; rigorously assess the extent of
racemization and identify proper conditions for in vitro stereoselective study; and
characterize stereoselective metabolism of BUP in human subcellular fractions of liver

and intestine.

10
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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 the National Institutes of Health (NIH) HIV Reagent Program.
NADPH was purchased from Dot scientific inc. (Burton, Ml). 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 purchased from Xenotech LLC (Kansas City, KS). Pooled human
intestinal microsomes (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.

11
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Ultra-High-Performance Liquid Chromatography/Tandem Mass Spectrometry
Assay (UHPLC/MS/MS) Method. Previously, we have developed the first chiral
HPLC/MS/MS method that allowed chromatographic separation and simultaneous
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 to the previous method (masters et al., 2016b), the new method had
several advantages including better chromatographic resolution of the stereocisomers,
short retention times, no need for extraction of samples, small sample and injection
volumes, and suited 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 MultiQuant software (version 3.0.2; AB Sciex).

For MS/MS optimization experiments, stock solutions of nevirapine (Masters et al.,
2016b), racemic BUP, S-BUP, R-BUP, RR-OHBUP, SS-OHBUP, RR-THBUP, and SS-
THBUP were dissolved in methanol (10 pg/mL each). Since RS-EHBUP and SR-
EHBUP was not available to us, we used racemic EHBUP. Serial dilutions of each
analyte were performed from the stock solutions in methanol and mobile phase. MS
optimization was achieved via adjustment of both the compound- and instrument-

dependent parameters for the analytes for multiple reaction monitoring (MRM) and

12
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multiple stage mass spectrometry (MS®) when needed in positive mode. The analytes
were optimized at a source temperature of 550°C for MRM and 600°C for MS3, under
unit resolution for quadrupole 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,
medium; 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 ms. MS3 conditions was
dynamic fill time, Q3 entry barrier of 8V, and MS/MS/MS fragmentation excitation time
of 25 ms. Further MS/MS and MS3 specifications 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 column (150 X 4.6
mm; 3.0um) and a mobile phase consisting of mobile phase A (5mM 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
min); within 0.01 min increased to 25:75% and via linear gradient to 5:95% (3.01 to 12
min); and then back to initial condition (40:60%) to equilibrate the column (12.01 to 13
min). 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% formic acid.
BUP and its metabolites were quantified using MRM and MS3 in positive mode
(Supplemental Table 1). MS3 was only used for diastereomers of THBUP and EHBUP
to avoid cross talk. The molecular mass and MS/MS fragmentation 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 stereocisomer pair was performed after chiral chromatographic
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separation. A typical MRM trace chromatogram of sterecisomers of BUP and its primary
metabolites following direct injection of authentic standards into a chiral UHPLC-MS/MS
system show that each stereoisomer was effectively separated and eluted within 10 min
retention time (Supplemental Figure 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 concentration over
the standard curve range used. The lower limit of quantification was 1nM for RR and SS
OHBUP and 0.1nM for SR and RS-EHBUP as well as RR and SS-THBUP. Interday and
intraday assay accuracy was evaluated using MultiQuant software; standard and quality
control samples were deemed acceptable if within 20% and 10% of the nominal value,

respectively, while 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 solutions (1 mg/mL) of each substrate (racemic-, R- or S-BUP)
dissolved in methanol was added to a 0.65 ml disposable culture tube. Methanol was
removed by evaporation in speed vacuum (Thermo Fisher Scientific, Asheville, NC) and
reconstituted 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 pL containing the substrate and 30 uL of cellular fraction of human liver and
intestine (HLMs, HLS9s, HLCs, HIMs, HIS9s or HICs), all diluted in phosphate buffer on
ice, was added. The mixture was pre-warmed on Isotemp heater (Fisher Scientific,

Waltham, MA) for 5 minutes at 37°C. Reaction was initiated by adding a 20uL of
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NADPH (final concentration, 1mM) in phosphate buffer (total incubation volume 150 pL)
and allowed to proceed for the specific incubation time at 37°C. The reaction was
terminated by transferring 100 pl of incubation solution into another clean 96 well plate
(1.1 ml tubes) containing 20 ng/ml nevirapine (I1S) in 300uL 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 yL supernatant was transferred in to a new 96
well plate (0.65 ml tube) from which 10 pL supernatant was injected into the
UHPLC/MS/MS system described above. Before proceeding with subsequent
experiments, pilot incubation experiments were performed to define optimal 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 min and 1 mM NADPH at 37°C. Negative
control incubations consisting of no substrate, no cofactors, 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% substrate

depletion. Racemic-, R- or S-BUP (10uM) 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, HLCs) and intestine (HIM, HIS9 and HICs) and NADPH for 0, 5, 10, 20,
30, 60 and 60 min at 37°C. 20 min 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 represented linear conditions to minimize sequential metabolism while

ensuring assay sensitivity.

15
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Kinetic analysis. Kinetics for the stereoselective metabolism of BUP was assessed in
HLMs using racemic BUP and its enantiomers, S- and R-BUP as substrates. A range of
concentration of racemic BUP (1.96 uM to 4000 uM), R-BUP (0.98 to 2000 pM) and S-
BUP (0.98 to 2000 uM) was incubated in duplicate with HLMs and 1 mM NADPH for 20
min at 37°C. Reaction was terminated and processed as above. Metabolites formed
form racemic BUP and its enantiomers (diastereomers of 4-OHBUP, THBUP and
EHBUP) were measured using a chiral assay (see UHPLC/MS/MS method section).
Formation of diastereomers of OHBUP (SS- and RR-OHBUP), THBUP (SS- and RR-
THBUP), and EHBUP (RS- and SR-EHBUP) was chromatographically separated and
quantified using the chiral UHPLC/MS/MS method describe above. This approach was
instrumental in assessing the extent of racemization of R- and S-BUP as compared to
racemic incubations and enabled to define the most appropriate conditions to study
stereoselective kinetics of BUP metabolism with minimal chiral inversion. 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 fractions, HLCs, HIM, HI S9 fractions
and HICs). In addition, since the initial data seemed to show less racemization in terms
of R-BUP derived metabolite formation when S-BUP was used as a substrate and
kinetics for S-BUP metabolism was 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
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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 examination 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 fitted to appropriate kinetic equations (the simple single-
site Michaelis-Menten, Hill, two-site binding, and substrate inhibition 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 = Viax * [S)/Km, + [S]) best fit
each data set and kinetic parameters [apparent maximum formation rate (Vmax) and the
Michaelis-Menten constant (K,)] were estimated. In vitro intrinsic formation clearance of
the metabolite (Cli,t) was calculated as the ratio of the Viyax and Ky (Vimax/Kn). Data are

presented as mean * S.D. or as averages of duplicate experiments.

Prediction of stereoselective organ clearances. Cli;in the liver was scaled using
liver weight of 1800 g (Davies and Morris, 1993)and scaling factors; MPPGL= 40 mg
microsomal protein/g liver, CPPGL= 81 mg cytosolic protein/g liver (Cubitt et al., 2009;
Cubitt et al., 2011) and HLS9 = 121 mg protein/g liver (Nishimuta et al., 2014) for HLMs,
HLCs and HLS9 fraction respectively. 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 Cliy; in the intestine,

along with scaling factors; MPPI = 20.6 mg microsomal protein/g intestine, CPPGI = 18
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mg cytosolic protein/g intestine (Cubitt et al., 2009; Cubitt et al., 2011)and HIS9 = 38.6

mg protein/g intestine (Nishimuta et al., 2014) for HIMs, HICs and HIS9 fraction

respectively. The hepatic blood clearance of R- and S-BUP (CL,r. CLy s ) was

estimated using the well stirred model in equations 1 and 2, respectively. The intestinal

clearance of R- and S-BUP (CLintestine, R @Nd CLintestine, s) Was estimated using the well
stirred model in equations 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) was 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-bupropion were obtained

from literature (Sager et al., 2016)

Q*fuBx*CLint,R,H

CLh,R = Q+(fuBx*CLint,R,H)

Q*fuBx*CLint,S,H
Q+(fuB=CLint,S,H)

CLh,S =

Q*fuBx*CLint*,R,intestine

CL: . =
intestine,R Q+(fuBx*CLint,R,intestine)

Q*fuBx*CLint,S,intestine
Q+(fuBx*CLint,S,intestine)

CLintestine,S =

Equation 1

Equation 2

Equation 3

Equation 4
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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
than the previously reported method (Masters et al., 2016b) was developed allowing
chromatographic separation and simultaneous quantification of all sterecisomers of
BUP and its active metabolites. A representative MRM and MS3 trace chromatogram of
BUP and its metabolites following incubation of racemic BUP (31.2 yM) with HLMs and
NADPH for 20 min at 37°C is shown in Figure 2, respectively. As with direct injection of
authentic standards (Supplemental Figure 1), effective chiral separation of the
metabolites generated from incubations of racemic-, R- and S-BUP was achieved within
12 min. BUP undergo 4-hydroxylation in HLMs to form an intermediate hydroxy
metabolite that spontaneously cyclizes to phenylmorpholinol (aka 4-OHBUP) creating a
second chiral center. Although four diastereomers of this OHBUP are theoretically
expected (SS-, RR-, RS- and SR-OHBUP), only two trans-diastereomers, SS- and RR-
OHBUP were separated and detected. None of the metabolites listed in Figure 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 following direct injection of authentic standards (Supplemental Figure 1)
and in microsomal incubations of racemic-, S- and R-BUP (Figure 2). The results
depicted in Figure 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-
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THBUP) when R-BUP was incubated with pooled HLMs separately. Broadly similar Clin
of RS- versus SR-EHBUP, and SS-OHBUP versus RR-OHBUP was observed.
Interestingly, the Cli,; for the formation of S-BUP derived SS-THBUP was even
substantially higher (~42-fold) compared to that of R-BUP derived 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 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 (Figure 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 Cliy for the formation of S-BUP derived
metabolites (RS-EHBUP, SS-THBUP and SS-OHBUP) following 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
Clint 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 (Figure 3 and Table 1). This chiral assay along
with rigorous assessment 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 conditions to study stereoselective metabolism of
BUP in vitro. Thus, based on the S- and R-BUP derived metabolites formed, racemic
BUP was selected as an appropriate substrate to study stereoselective metabolism in

vitro. S-BUP was used as an internal positive control in all kinetic experiments.
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During the kinetic experiments, we noted that RR-THBUP was the major metabolite
formed in incubations of racemic and S-BUP with cellular 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 Figure 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 concentrations (Figure 4B).
The observed difference in racemization in terms of metabolite formation between R-
and S-BUP was not due to differences in extent of racemization of R-BUP to S-BUP or
S-BUP to R-BUP. The total Cliy; for the formation of S- and R-BUP derived metabolites
in HLMs accounted for 90.7% and 9.3% of the total racemic BUP metabolism (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, while the kinetics data generated from the metabolism of S-BUP were only used

as a marker of tissue selective differences in rates of metabolism.
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Stereoselective metabolism of BUP in pooled human liver (HL) microsomes, S9
(HLS9) fractions and cytosols (HLCs). Stereospecific metabolism of BUP was
characterized in cellular fractions derived from human liver.

Pooled HLMs. The kinetics for stereoselective metabolism of racemic BUP was
determined in pooled HLMs (Figure 5 and Table 2, upper panel). The average Kn,
values for the formation of RR- and SS-OHBUP were comparable (42.5 versus 42.3 uM,
respectively). The Vyax and the in vitro intrinsic clearance [Clint (Vimax/Km)] 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,
Vmax, and Cli; values for the formation of SS-THBUP was 2.3-fold lower and 18.6- and
42 .1-fold higher, respectively, compared to the formation of RR-THBUP. The Vmax and
Clint values for the formation of RS-EHBUP, respectively, was approximately 5- and 3-
fold higher than the formation of SR-EHBUP. The total in vitro Cliyt for the metabolism of
BUP via both oxidation and reduction in pooled HLMs was 14.36 pl/min/mg protein.
Since the total Cli,; via reduction to both THBUP and EHBUP was 9.85 pl/min/mg
protein and total Cliy; for the formation of OHBUP was 4.51 uyl/min/mg protein, reduction
(to THBUP, 65.8% and EHBUP, 2.8 %) accounts for 68.6% and 4-hydroxylation for
31.4% of the total metabolic clearance. Relative to the total metabolic clearance
(oxidation + reduction), the Cliy; 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 metabolic clearance. The total Cl;, for the formation of S-BUP
derived metabolites was 13.03 pl/min/mg protein of which the Cli,; for the formation of

SS-THBUP accounted for 70.9% followed by SS-OHBUP (26.8%) and RS-EHBUP
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(2.3%). The total Cli, for the formation of R-BUP derived metabolites was 1.34
pI/min/mg protein of which 76% was accounted by Cli for the formation of RR-OHBUP,
16.4% by RR-THBUP and 7.6% by SR-EHBUP. The total in vitro Clin; and predicted in
vivo hepatic Cli; 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 to THBUP and EHBUP as well as 4-
hydroxylation to OHBUP of BUP was determine 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 Figure 5(middle panel) and the kinetic
parameters are summarized in Table 2 (middle panel). Although the total in vitro Cli,; for
the metabolism of BUP via both oxidation and reduction in pooled HLS9 fractions (14.03
MI/min/mg protein) was comparable with that observed in HLMs (14.36 ul/min/mg
protein), quantitative difference in the contribution of reduction and 4-hydroxylation to
total Clins was noted. Reduction to both THBUP and EHBUP (13.53 pl/min/mg protein)
and 4-hydroxylation to OHBUP (0.498 pl/min/mg protein) accounted for 96.4% and
3.6% of the total Clin; (oxidation + reduction) in HLS9 fractions (in HLMs, this was 68.6%
and 31.4% of the total metabolic clearance, respectively). This difference was largely
due to substantially lower rate of 4-hydroxylation (10.6- and 8.4-fold lower Vnax for the
formation of SS- and RR-OHBUP, respectively) in HLS9 fractions compared to the Vax
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
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was similar (~38 uM for both SS- and RR-OHBUP in HLS9 fractions and ~42uM in
HLMs) (Table 2, upper and middle panel). Despite this, the extent of stereoselectivity in
4-hydroxylation (~2.7-fold higher for the formation of SS-OHBUP than the formation for
RR-OHBUP) in in HLS9 fractions was comparable to that in HLMs (~3.4-fold). As in
HLMs, the greatest stereoselectivity was observed with the formation of diastereomers
of THBUP. The Kn, Vmax, and Cliy; values for the formation of SS-THBUP was 2.2-fold
lower and 8.7- and 19.2-fold higher, respectively, compared to the formation of RR-
THBUP (Table 2, middle panel); this difference was less pronounced than that observed
in HLMs (18.6- and 42.1-fold higher Vmax and Cliy for the formation of SS-THBUP,
respectively). The extent of stereoselectivity in the formation of EHBUP (5.1- and 3.9-
fold higher Vmax and Cli 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 Cli 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 to 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 protein),
the Clin; for the formation of SS-THBUP, RS-EHBUP and SS-OHBUP accounted for
93.6%, 3.7% and 2.8%, respectively. Compared to the total Clin; (0.897 pl/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%,

24

€20z ‘T |udy uoseuinor 13dSV e Bio'sfeuinoflsdse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on May 5, 2022 as DOI: 10.1124/dmd.122.000867
This article has not been copyedited and formatted. The final version may differ from this version.

respectively. The total metabolic clearance (Cli,;) of S-BUP derived metabolism by both
oxidation and reduction was 14.7-fold higher than the total metabolic clearance via R-
BUP metabolism. Thus, 93.6% of the total in vitro Cli; of racemic BUP in pooled HLS9
fractions (oxidation + reduction) or hepatic Cliy; is due to S-BUP metabolism and 6.4%
due to R-BUP metabolism, which was slightly higher or lower respectively than those
values in HLMs. Formation clearance of BUP to THBUP (12.922 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 describe above, the formation clearance of
RR- and SS-OHBUP and the predicted hepatic Cli,; was much lower in HLS9 fractions
than in HLMs. However, the in vitro Cliy 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 Cliy, respectively (Table 2, middle panel).

As expected, 4-OHBUP was only detected when racemic or enantiomers of BUP was
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 determined in HLCs. Representative Michaelis-

Menten kinetics of BUP reduction to diastereomers of THBUP and EHBUP in HLCs are
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shown in Figure 5 and Table 2 (lower panel). As expected, SS- and RR-OHBUP was
not detected in HLCs. Both THBUP and EHBUP were formed in HLCs to a variable
extent. The Vnax and Cliy for the formation of SS-THBUP was 12.8- and 8.3-fold higher,
respectively, than those of RR-THBUP; the K, values were comparable; the extent of
this stereoselectivity was somewhat lower than those observed in HLMs and HLS9
fractions. The Ky, Vimax, and Cli,; for the formation of RS-EHBUP was 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 pl/min/mg protein (with formation of RR-THBUP accounting
for 93.1% and SR-EHBUP for 6.9%). Relative to the total Cli,; for the reduction of BUP
to EHBUP and THBUP (2.96 ul/min/mg protein), reduction to THBUP (SS- and RR-
THBUP) (2.86 pl/min/mg protein) accounted for ~96.5% and reduction to EHBUP (RS-
and SR-EHBUP) (0.104 ul/min/mg protein) accounted for only 3.5%. Relative to total
metabolic clearance, the formation of SS-THBUP was 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 Cliy; (and predicted in vivo Clin),
reduction of BUP (to THBUP and EHBUP) 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.
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Stereoselective metabolism of BUP in human intestine (HI) microsomes (HIMs),
S9 (HIS9) fractions and cytosols (HICs). Stereospecific metabolism of BUP was
tested in cellular fractions derived from human intestine.

Pooled HIMs. The kinetics for the stereoselective metabolism of BUP was determine in
pooled HIMs and show that BUP is efficiently and exclusively converted to RR-THBUP
as shown by the lower Km (2.6-fold) and substantially higher Viax (>162-fold) and Clin
(>400-fold) compared to the formation of SS-THBUP (Figure 6 and Table 3, upper
panel). Reduction of BUP to RR-THBUP accounted for 98.5% of total reduction in HIMs;
the formation of SS-THBUP accounted for only 0.24%. While formation of RS- and SR-
EHBUP was also detected at a comparable metabolic clearance rate (non-
stereospecific), these routes only accounted for a small fraction (0.64 and 0.59%,
respectively) of the total Cli,; 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%). Reduction 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 reduction (HLMs
+ HIMs). These values were lower (1.5% and 2.3%, respectively) when the contribution

was calculated based on the predicted in vivo hepatic Cliy;.

Pooled HIS9 fractions. The stereoselective metabolism of BUP in HIS9 fractions is
shown in Figure 6 and Table 3 (middle panels). The total Cli; in HIS9 fractions
(0.493pL/min/mg protein) was smaller by 49% than the total Cli; in HIMs (0.961
pL/min/mg protein). The total Cliy; in HIS9 fraction 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
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BUP in HLS9 and HIS9 fractions, respectively. As with the data in HIMs, marked
stereoselectivity 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 Vimax and Clint, respectively) compared to the formation 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 Vmax and Clint, respectively) compared to 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 Cli; 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
Figure 6 and Table 3 (lower panels), the formation of RS-EHBUP was 9.6-fold higher
than the Vmax of SR-EHBUP. The Ky, Vmax, 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 Cliy; 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
pI/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 Cli in
HIMs (0.961 pL/min/mg protein) and HICs (0.281 yL/min/mg protein) was 1.422

pL/min/mg protein, i.e., 77.4% and 22.6% of the total intestinal reduction of BUP
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occurred in HIM and HICs, respectively. In addition, approximately 6.7% of the total
bupropion metabolism (oxidation + reduction) occur in intestine (HIMs and HICs), while
93.3% occurs in the liver (HLMs + HLCs); ~10% of total BUP reduction occur 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 intestine 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 fractions.
Diastereomers of THBUP formed from S-BUP were quantified after chiral separation as
described in the methods section. As shown in Figure 7 and Table 4, S-BUP was
efficiently converted to RR-THBUP in all cellular fractions of human intestine tested,
while 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.
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Discussion

In this study, in vitro stereospecific metabolism of BUP was characterized in cellular
fractions of human liver and intestine. Our data provide the first detailed information on
BUP racemization. We demonstrated striking stereoselective reduction of BUP in HLCs,
HIMs, HIS9 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 metabolism of BUP and may offer mechanistic
explanation 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 (Figure 3), consistent with findings in literature (Fang et al., 2000).

In HLMSs, total Clin; 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 dictated 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 suggestion is further supported by the data derived from cellular
fractions of human intestine where RR-THBUP was formed at the highest rate whether
R- or S-BUP was incubated (Figure 7; Table 4). Together, for enantiomers showing
chiral inversion, measurement of both metabolites formed and substrates in the
incubations using a chiral assay is needed before deciding to use individual

enantiomers for stereoselective metabolism studies.

30

€20z ‘T |udy uoseuinor 13dSV e Bio'sfeuinoflsdse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on May 5, 2022 as DOI: 10.1124/dmd.122.000867
This article has not been copyedited and formatted. The final version may differ from this version.

Our data showing efficient BUP reduction to THBUP and EHBUP and oxidation to
OHBUP in HLMs and HLS9 fractions concur with published reports (Faucette et al.,
2000; Coles and Kharasch, 2008; Molnari and Myers, 2012; Meyer et al., 2013;
Skarydova et al., 2014; 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 negligible 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 effect of CYP2B6
strong inhibitors (Palovaara et al., 2003; Turpeinen et al., 2005) or slow metabolizer of
CYP2B6 (Eum et al., 2022) on BUP systemic clearance. The present findings and
recent data (Sager et al., 2016) suggest that BUP reduction to THBUP represents the
major clearance mechanism of BUP in human liver. It follows that BUP systemic
clearance is likely altered significantly via modulation of the reduction pathways than 4-
hydroxylation.

Our data is the first to demonstrate stereoselective reduction of BUP in HLCs and
cellular fractions of human intestine. 1) In HLCs, we estimate that reduction accounts of
37.7% and 29.4% of the total predicted in vitro hepatic Cli,; of human liver reduction and
oxidation + reduction, respectively. Marked stereospecific reduction favoring 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,ax for the

formation of SS-THBUP and RS-EHBUP than those of RR-THBUP and SR-EHBUP,
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respectively. These data are the first stereoselective reduction of BUP in HLCs and
provide insight into stereoselective enzyme-substrate binding and turnover number of
the enzymes involved. 2) Our kinetic data in cellular fractions of human intestine
demonstrated striking stereoselective reduction of BUP to THBUP where metabolic
formation clearance to RR-THBUP accounted for over 95% of total BUP reduction in
each cellular fraction (HIMs, HIS9 fractions and HICs). The contribution metabolic
formation clearance to SS-THBUP was marginal. Although 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 non-
stereoselective reduction of BUP to RS- and SR-EHBUP in HIMs, while marked
stereoselective reduction (higher Cli,; of RS-EHBUP) in HIS9 fractions and HICs was
noted, implying different enzymes may be involved in HIMs versus HICs. However, the
contribution of BUP reduction to EHBUP combined with the formation of SS-THBUP
(aggregate Cli,; 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 Cliy; 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 Cli;
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for the formation of SS-OHBUP was greater (by 3.3-fold) compared to 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 Kharasch, 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 explain clinically
observed disposition of OHBUP diastereomers. Higher Cli for the reduction of BUP to
SS-THBUP (42.1- and 19.2-fold) was observed in HLMs and HLS9 fractions,
respectively, compared to the Cliy; for the formation of RR-THBUP. The extent of
stereoselectivity was smaller (<14-fold) in previous reports from HLMs and HLS9
fractions (Bhattacharya et al., 2019; Sager et al., 2016).

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 after chiral separation, and
kinetic parameters (Vmax and Kn,) were estimated from saturable substrate concentration
range in contrast to the other studies using R- and S-BUP as substrates, achiral column
to quantify the metabolites formed, and estimation of Cli,; from the initial slope of the
formation rate (V) versus substrate concentration (S) plots. Approximately a 3-fold

higher Clin; for the formation of RS-EHBUP than that of SR-EHBUP in HLMs and HLS9
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fractions observed in the present study concur with the previous findings (Bhattacharya
et al., 2019; Sager et al., 2016).

The marked difference in stereoselective metabolism among human liver and intestine
and between cellular fractions is intriguing. Skarydova et al identified four cytosolic
carbonyl-reductase enzymes (AKR1C1, AKR1C2, AKR1C3, and CBR1) and one
microsomal carbonyl reductase enzyme, 113 -HSD, involved in the reduction of BUP to
THBUP and EHBUP. Since enzymes catalyzing stereoselective 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
determined. However useful information can be gleaned from the present data and
published literature that allow speculation of which enzymes may be involved. Inhibition
studies (Molnari and Myers, 2012; Meyer et al., 2013; Connarn et al., 2015) suggest
that the carbonyl reduction of racemic BUP to THBUP and EHBUP in HLMs is mainly
catalyzed by 118-HSD1 and in HLCs by AKRs. These data are further supported by
experiments in recombinant enzymes showing that 11 -HSD1 and AKRs (e.g.,
AKR1C1) catalyze BUP reduction to THBUP and EHBUP at the highest rate (Skarydova
et al., 2014). The microsomal enzyme, 113-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 the major pathway in human
liver, while this was the reverse in human intestine where the formation of RR-THBUP
was predominant. Thus, we speculate that 113-HSD1 is responsible for the reduction of
S-BUP to SS-THBUP in HLMs and reduction of R-BUP to RR-THBUP in the intestine

appears to occur via enzymes other than 113-HSD1. This suggestion is consistent with
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the lack (or marginal) formation of SS-THBUP in cellular fractions of intestine and with
published data showing that specific inhibitor of 118-HSD1 had no effect on the
formation of racemic THBUP in cellular fractions of human intestine, while flufenamic
acid (AKR family inhibitor) reduced the formation of THBUP by 57.8 to 78.7% (Connarn
et al., 2015). Together, these data suggest 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, 11f3-
HSD1 was predicted to selectively convert R-BUP to THBUP in HLMs, but this
prediction lacks experimental verification (Meyer et al., 2013) and is not supported by
the present data. Unlike the differential formation of SS- and RR-THBUP in human liver
and intestine, stereoselective reduction of BUP to EHBUP was in favor of S-BUP
reduction to RS-EHBUP in both cellular fractions of human liver and intestine except in
HIMs which showed no stereoselectivity. Based on these data, it is conceivable that: a)
11B8-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., the existence of enzymes other
than 11B8-HSD1 that generates EHBUP from BUP in HLMs was suggested (Meyer et al.,
2013). Together, since HLMs is the major site of BUP reduction and 118-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.
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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 HLMs 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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LEGENDS FOR FIGURES

Figure 1. Human metabolism of bupropion (BUP) to active metabolites. Bupropion is
extensively metabolized generating several metabolites. Of the numerous metabolites
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 11B-hydroxysteroid
dehydrogenase 1 (113 -HSD1), aldoketo-reductases (AKRs) and other carbonyl
reductases (Connarn et al., 2015) forming two amino alcohol sterecisomers, namely
threo- and erythro-hydroBUP are of greatest interest in understanding bupropion’s
clinical effect, toxicity and CYP2D6-dependent drug interactions. 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 profile. *Chiral centers

Figure 2. MRM (A-B) and MS3 (C) trace chromatograms of bupropion (BUP)
metabolites following incubations of racemic BUP (31.2 uM) with HLMs and
NADPH for 20 min 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); and nevirapine

(Masters et al., 2016b) (9). The MS® analysis was needed for threohydroBUP and
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erythrohydroBUP to avoid crosstalk. Abbreviation: OHBUP, hydroxyBUP; EHBUP,

erythrohydroBUP; and THBUP, threohydroBUP.

Figure 3. Comparison of rates of metabolism of racemic-, S- and R-bupropion
(BUP) and assessment of racemization in incubations of HLMs. The kinetics for the
metabolism of S-BUP (0.98 uM to 2000 uM), R-BUP (0.98 uM to 2000 uM) and racemic
BUP (1.96 uM to 4000 uyM) was determined by incubating each substrate separately
with HLMs (0.4 mg protein/ml) and 1 mM NADPH for 20 min at 37°C. Metabolites
formed (SR-EHBUP, RS-EHBUP, RR-THBUP, SS-THBUP, RR-OHBUP, and SS-
OHBUP) 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 Michaelis-Menten
equation using a nonlinear regression analysis in GraphPad Prism 7 (Version 7.01, San

Diego, CA; www.graphpad.com) are listed in in Table 1.

Figure 4. Extent of racemization of R-bupropion (BUP) to S-BUP and vice versa in
incubations of R- or S-BUP in HLMs. A range of concentrations of R- (0.98 uM to
2000 pM) and S-BUP (0.98 yM to 2000 pM) was incubated with HLMs (0.4 mg
protein/ml) and 1 mM NADPH for 20 min at 37°C. Both S- and R-BUP were quantified in
each incubation after chiral separation. A, MRM trace chromatograms of R- and S-BUP

in incubation of 15.6 yM R-BUP (upper panel) and 15.6 uM S-BUP (lower panel); and
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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.

Figure 5. Stereoselective metabolism of bupropion (BUP) in human liver

microsome, human liver S9 fractions (HLS9 fractions) and human liver cytosols

(HICs). Increasing concentrations of racemic BUP (1.96 to 4000 uM) consisting of 50/50

percent 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 min at 37°C. Formation rates of diastereomers of 4-hydroxyBUP
(OHBUP), threohydroBUP (THBUP) and erythrohydroBUP (EHBUP) versus BUP
concentrations (0.98 to 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 to C), HLS9 fractions (middle panel, D to F) and HLCs (lower panel, G to H) are
shown. Each point represents average of duplicate incubations. Corresponding kinetic
parameters derived from fitting the formation rate of metabolite (V) versus substrate
concentration to 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.

Figure 6. Stereoselective metabolism of bupropion (BUP) in human intestine
microsome (HIMs), human intestine S9 fractions (HIS9 fractions) and human
intestine cytosols (HICs). Increasing concentrations of racemic BUP (1.96 to 4000

pMM) consisting of 50/50 percent of R- and S-BUP was incubated in duplicate with
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cellular fractions of human intestine (0.4 mg protein/ml pooled HIMs or 0.2 mg
protein/ml HIS9 fraction and HICs) for 20 min at 37°C. Formation rates of
diastereomers of threohydroBUP (THBUP) and erythrohydroBUP (EHBUP) versus BUP
concentrations (0.98 to 500 uM 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 average of duplicate
incubations. Corresponding kinetic parameters derived from fitting the formation rate of
metabolite (V) versus substrate concentration to 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 3.

Figure 7. Metabolism of S-BUP in cellular fractions of human intestine. Increasing
concentrations of S-BUP was 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 threohydroBUP (THBUP) monitored using a chiral
assay. Formation rates of SS- and RR-THBUP versus substrate (S-BUP)
concentrations were fit to Michalis-Menten equation: A, HIMs; B, HIS9 fractions; and C,
HICs. Each point represents average of duplicate incubations. Corresponding kinetic
parameters derived from fitting the formation rate of metabolite (V) versus substrate
concentration to 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.
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Table 1. Comparison of kinetic parameters for the formation of metabolites from
racemic-, S- and R-bupropion (BUP) in HLMs. A range of concentrations of racemic
BUP (1.96 uM to 4000 uM), S-BUP (0.98-2000puM) and R-BUP (0.98 uM to 2000 puM)
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).

Substrate Metabolites Vmax Km Clint 3Clint
(pmol/min/mg protein) (nM) (ul/min/mg protein)  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 42.91 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

Ciint ratios for each diastereomer pair: RS-EHBUP/SR-EHBUP, SS-THBUP/RR-THBUP
and SS-OHBUP/RR-OHBUP.
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(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 Michaelis-Menten equation to estimate kinetic parameters

(Vmax and Kp). Clint was calculated as the ratio of the Viyax and K (Vimax/Km).

v eBioseuindhodse pwp wolj papeojumod

Substrate and  Cellular Vmax K Clint Clin,vep  Total Organ Fm, F..P
Metabolites Fraction (pmol/min/mg (M) (pl/min/mg (I/h) Clearance  cpantiomer
Protein) Protein) (I/h)
R-bupropion HLMs
SR-EHBUP 1.80 17.9 0.101 0.43 0.09 0.08 0.007 @
RR-THBUP 8.85 40.4 0.219 0.95 0.20 0.16 0.015 T
RR-OHBUP 43.11 42.5 1.015 4.38 0.92 0.76 0.071¢&
Total R-bupropion 5.76 3
S-bupropion 2
RS-EHBUP 8.92 29.8 0.300 1.29 0.3 0.02 0.021 3
SS-THBUP 164.20 17.8 9.235 39.85 10 0.71 0.643 %
SS-OHBUP 147.8 42.3 3.492 15.06 3.8 0.27 0.243 -
Total S-bupropion 56.20 S
R-bupropion HLS9 w0
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 5.14 384 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 117. 0.306 2.66 0.56 0.103
36.02 8 0.93
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Total R-bupropion 2.86
S-bupropion
RS-EHBUP 4.66 57.6 0.081 0.71 0.2 0.03
SS-THBUP 23.53 9.23 2.55 22.2 5.6 0.97
Total S-bupropion 22.92

0.028
0.861

@ Fraction metabolized to each metabolite from respective individual bupropion
enantiomer was calculated from Clin, Hep for all subcellular fractions HLMs, HLS9
fractions, HLCs

® Fraction metabolized to each metabolite from racemic bupropion was calculated from
Clint, Hep for all subcellular fractions HLMs, HLS9 fractions, HLCs
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Table 3. Kinetic parameters for the stereoselective metabolism of bupropion

(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 Michaelis-Menten equation to estimate kinetic parameters (Vmax and Kn). Clint

was calculated as the ratio of the Vimax and Ki (Vimax/Km).

Substrate and Cellular Vimax K Clint Clint ntes  Total Organ Fon, Fo.P
Metabolites Fraction (pmol/min/mg (uM) (plI/min/mg (I/h) Clearance cnantiomer
Protein) Protein) (I/h)
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
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@ Fraction metabolized to each metabolite from respective individual bupropion
enantiomer was calculated from Clint, intes for all subcellular fractions HIMs, HIS9
fractions, and HICs

® Fraction metabolized to each metabolite from racemic bupropion was calculated from

Clint, intes for all subcellular fractions HIMs, HIS9 fractions, and HICs
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Table 4. Metabolism of S-BUP in cellular fractions of human intestine. Increasing
concentrations of S-BUP was 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 threohydroBUP (THBUP) monitored using a chiral
assay. Kinetic parameters derived from fitting the formation rate of metabolite (V) versus
substrate concentration to Michaelis-Menten equation using a nonlinear regression

analysis in GraphPad Prism 7 (Version 7.01, San Diego, CA; www.graphpad.com).

Vimax Km Clint Clint
(pmol/min/mg ((uM) (ul/min/mg RR-/SS-THBUP
protein) protein)
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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