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ABSTRACT
Bupropion, widely used as an antidepressant and smoking
cessation aid, undergoes complex metabolism to yield numer-
ous metabolites with unique disposition, effect, and drug–drug
interactions (DDIs) in humans. The stereoselective plasma and
urinary pharmacokinetics of bupropion and its metabolites
were evaluated to understand their potential contributions to
bupropion effects. Healthy human volunteers (n 5 15) were
administered a single oral dose of racemic bupropion (100 mg),
which was followed by collection of plasma and urine samples
and determination of bupropion and metabolite concentrations
using novel liquid chromatography–tandem mass spectrometry
assays. Time-dependent, elimination rate–limited, stereoselec-
tive pharmacokinetics were observed for all bupropion me-
tabolites. Area under the plasma concentration-time curve
from zero to infinity ratios were on average approximately 65,
6, 6, and 4 and Cmax ratios were approximately 35, 6, 3, and
0.5 for (2R,3R)-/(2S,3S)-hydroxybupropion, R-/S-bupropion,
(1S,2R)-/(1R,2S)-erythrohydrobupropion, and (1R,2R)-/(1S,2S)-
threohydrobupropion, respectively. The R-/S-bupropion and

(1R,2R)-/(1S,2S)-threohydrobupropion ratios are likely indicative
of higher presystemic metabolism of S- versus R-bupropion by
carbonyl reductases. Interestingly, the apparent renal clearance
of (2S,3S)-hydroxybupropion was almost 10-fold higher than
that of (2R,3R)-hydroxybupropion. The prediction of steady-
state pharmacokinetics demonstrated differential stereospecific
accumulation [partial area under the plasma concentration-time
curve after the final simulated bupropion dose (300–312 hours)
from 185 to 37,447 nM×h] and elimination [terminal half-life of
approximately 7–46 hours] of bupropion metabolites, which may
explain observed stereoselective differences in bupropion effect
and DDI risk with CYP2D6 at steady state. Further elucidation of
bupropion andmetabolite disposition suggests that bupropion is
not a reliable in vivo marker of CYP2B6 activity. In summary, to
our knowledge, this is the first comprehensive report to provide
novel insight into mechanisms underlying bupropion disposition
by detailing the stereoselective pharmacokinetics of individual
bupropion metabolites, which will enhance clinical understand-
ing of bupropion’s effects and DDIs with CYP2D6.

Introduction
Bupropion (BUP), a dual dopamine-norepinephrine uptake

inhibitor (Ascher et al., 1995) and nicotine receptor antagonist
(Fryer and Lukas, 1999), is widely used to manage depression
and as a smoking cessation aid (Ascher et al., 1995; Hurt et al.,
1997; Dwoskin et al., 2006; Dhillon et al., 2008). A combination
of BUPand naltrexonewas recently approved by theU.S. Food
and Drug Administration for weight management (Yanovski

and Yanovski, 2015), and BUP has been tested for multiple
other indications (Dwoskin et al., 2006; Dhillon et al., 2008;
Aubin et al., 2014). However, BUP use is associated with large
interpatient variability in clinical response (Hurt et al., 1997;
Jorenby et al., 1999; Dale et al., 2001; Thase et al., 2005). Some
patients are at increased risk for adverse effects, such as dose-
dependent seizures (Davidson, 1989), and there is a lack
of biomarkers to identify at-risk patients. In addition, BUP
causes clinically significant pharmacokinetic drug–drug in-
teractions (DDIs) with CYP2D6 substrates (Kennedy et al.,
2002; Kotlyar et al., 2005; Reese et al., 2008; Desmarais and
Looper, 2009; Yee et al., 2014).
Understanding variable BUP effects and associated DDIs

requires detailed knowledge of itsmetabolism and disposition.
The first evidence linking BUP metabolism to effect was
observed when BUP was shown to be more effective in mouse
models of depression than in rat models of depression (Soroko
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et al., 1977; Ferris et al., 1983). This species difference was
later explained by the ability of mice to convert BUP to
4-hydroxybupropion (OHBUP) (active metabolite), whereas
rats cleared BUP through alternate detoxification pathways
(Suckow et al., 1986; Welch et al., 1987). In humans, BUP is
cleared by extensive metabolism (Schroeder, 1983; Welch
et al., 1987). Numerous BUP metabolites have been identi-
fied (Welch et al., 1987; Petsalo et al., 2007; Gufford et al.,
2016), but OHBUP, threohydrobupropion (THRHBUP), and
erythrohydrobupropion (ERYHBUP) are of primary interest
to understand BUP’s effect and DDIs. BUP is 4-hydroxylated
by CYP2B6 to OHBUP (Faucette et al., 2000; Hesse et al.,
2000; Benowitz et al., 2013), whereas the reduction of BUP
by 11b-hydroxysteroid dehydrogenase 1 and other carbonyl
reductases (Meyer et al., 2013; Connarn et al., 2015) forms two
amino alcohol stereoisomers, THRHBUP and ERYHBUP.
OHBUP, THRHBUP, and ERYHBUP exhibit pharmacologi-
cal activity in preclinical models (Martin et al., 1990;
Bondarev et al., 2003; Damaj et al., 2004, 2010) and may
mediate BUP-induced seizures (Silverstone et al., 2008). In
humans, these metabolites are believed to be responsible for
BUP treatment outcomes (Daviss et al., 2006; Dwoskin et al.,
2006; Lee et al., 2007; Zhu et al., 2012; Laib et al., 2014) and for
clinically observed DDIs between BUP and CYP2D6 sub-
strates (Reese et al., 2008; Parkinson et al., 2010; Yeung et al.,
2011). The systemic exposure of OHBUP, THRHBUP, and
ERYHBUP reaches up to 22-, 12-, and 2.7-fold higher, re-
spectively, than BUP (Posner et al., 1985; Daviss et al., 2005;
Benowitz et al., 2013). Exposure of these metabolites exhibits
high intersubject variability (Zhu et al., 2012; Benowitz et al.,
2013; Laib et al., 2014), but mechanisms underlying this
variability are not fully understood.
BUP disposition is further complicated by being a chiral

drug administered as a racemic mixture with limited un-
derstanding of the stereoselective metabolism. An additional
chiral center is created when the hydroxyl intermediate
spontaneously cyclizes to morpholinol and after reduction,
potentially generating multiple diastereomers with unique
disposition and effect profiles. Limited BUP and OHBUP data
support striking stereoselective differences in their disposi-
tion (Suckow et al., 1997; Xu et al., 2007; Kharasch et al., 2008)
and/or effect (Bondarev et al., 2003; Damaj et al., 2004; Carroll
et al., 2014). This marked stereoselectivity is not fully ex-
plained by CYP2B6 alone (Coles and Kharasch, 2008) and
other mechanisms appear important (Gufford et al., 2016). In
contrast with OHBUP, data on the stereoselective disposition
of THRHBUP and ERYHBUP are unavailable.
The purpose of this study was to determine stereospecific

pharmacokinetics of BUP and its three major active metabo-
lites and their respective glucuronides in healthy volunteers
(n5 15) administered a single 100-mg oral dose of immediate-
release racemic BUP. Recently developed novel chiral and
achiral liquid chromatography (LC)–tandem mass spectrom-
etry (MS/MS) methods facilitated the first separation and
simultaneous quantification of enantiomers of BUP and
diastereomers of its active (Masters et al., 2016) and down-
stream metabolites (Gufford et al., 2016). Information on
stereoselective steady-state disposition of BUP and its me-
tabolites is lacking. Thus, the single-dose pharmacokinetic
data were modeled to predict steady-state stereoselective
accumulation and exposure of BUP and its metabolites and
inform the design of future studies.

Materials and Methods
Chemicals and Reagents

R-bupropion (R-BUP),S-bupropion (S-BUP), (2R,3R)-hydroxybupropion
(RR-OHBUP), (2S, 3S)-hydroxybupropion (SS-OHBUP), racemic erythro-
hydrobupropion (ERY), racemic threohydrobupropion (THR), racemic
erythrohydrobupropion (ERYHBUP) b-D-glucuronide, (1R,2S)-erythrohy-
drobupropion (RS-ERYHBUP) glucuronide, (1R,2R)-threohydrobupropion
(RR-THRHBUP) b-D-glucuronide, and (1S,2S)-threohydrobupropion (SS-
THRHBUP) b-D-glucuronide were purchased from Toronto Research
Chemicals (Toronto, ON, Canada). Optically pure standards for racemic
ERY and THR are not commercially available. Characterization of BUP
enantiomers and glucuronides of its diastereomeric metabolites was
described previously (Gufford et al., 2016). The internal standard,
acetaminophen, and ammonium bicarbonate were purchased from Sigma
Aldrich Chemical Co. (St. Louis, MO). High-performance LC–grade
ammonium hydroxide, methanol, acetonitrile, sodium phosphate mono-
basic certified dehydrate, and ethyl acetate were purchased from Fisher
Scientific (Fairlawn, NJ). Deionized water was purified using a Barnstead
Nanopure Infinity ultrapure water system (Boston, MA). Plasma from
humanwhole blood (tri-KEDTA,male, drug free, nonsmoker) for standard
and quality control preparations was purchased from Biologic Specialty
Corp. (Colmar, PA).

Clinical Study Protocol

Study Participants. A total of 15 nonsmoking, healthy female
andmale volunteers (aged 18–79 years), who were within 32% of their
ideal body weight (Supplemental Table 1) were enrolled. Subjects
were eligible to participate in the study if they agreed to refrain from
taking any prescription medications, over-the-counter medications,
hormonal agents, and herbal, dietary, and alternative supplements
that may interact with the metabolism of BUP at least 2 weeks
before the start of the study and until study completion. Approval to
conduct the study was obtained, in advance, from the Institutional
Review Board of the Indiana University School of Medicine and all
participants signed an Institutional Review Board–approved in-
formed consent form prior to enrollment. The trial is registered at
ClinicalTrials.gov (identifier NCT02401256).

Study Design. On the day of the pharmacokinetic study, subjects
arrived at the IndianaClinical ResearchCenter (ICRC; Indianapolis, IN)
the morning after an overnight fast. Prior to BUP dosing, baseline blood
(approximately 10 ml) and urine (approximately 50 ml) samples were
collected. Subjects received a single 100-mg oral dose of immediate-
release racemicBUP in a tablet form (NationalDrugCode 0781-1064-01,
lot EM0855; Sandoz Inc., Princeton, NJ) bymouth on an empty stomach
with approximately 250 ml water. A standard meal was served 3 hours
after drug administration. While in the ICRC inpatient setting, blood
(approximately 10ml)was collected from the intravenous catheter at 0.5,
1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, 16, and 24 hours after BUP administration
for pharmacokinetic evaluation. All urine voided during the 24-hour
ICRCstaywas collected in fractions of 0–12 and 12–24 hours.Urine from
each of these intervals was collected in a different container. After the
24-hour blood sampling and urine collection, subjects were discharged
home and given instructions and two urine containers to collect urine
fractions for an additional day. One container was used for the 24- to
36-hour void and the second for the 36- to 48-hour void. Subjects returned
to the ICRC outpatient on days 2 and 3 for collection of 48- and 72-hour
blood samples (approximately 10ml). Plasma was separated fromwhole
blood by centrifugation at 3000 rpm for 20 minutes. Urine volumes
voided at each interval after drug administration were recorded and two
10-ml aliquots were retained. Plasma and urine samples were immedi-
ately stored at 280°C until analysis.

Plasma Sample Analysis

R-BUP, S-BUP, RR-OHBUP, SS-OHBUP, RR-THRHBUP, SS-
THRHBUP, SR-ERYHBUP, and RS-ERYHBUP were quantified from
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plasma samples by high-performance LC-MS/MS (5500 QTRAP;
AB Sciex, Framingham, MA) as previously reported by our group
(Masters et al., 2016). Briefly, 50 ml plasma was used for the assay
with acetaminophen added as the internal standard, followed
by liquid–liquid extraction with ethyl acetate. Separation of all
analytes was achieved using a Lux Cellulose-3 chiral column,
250 � 4.6 mm, 3 mm (Phenomenex, Torrance, CA). The limit of
quantification was 0.3 ng/ml for R-BUP, S-BUP, RR-OHBUP, and
SS-OHBUP. The low, medium, and high quality control concentra-
tions were 1, 30, and 200 ng/ml. The limit of quantification was
0.15 ng/ml forRR-THRHBUP, SS-THRHBUP, SR-ERYHBUP, and
RS-ERYHBUP. The low, medium, and high quality control concen-
trations were 0.5, 15, and 100 ng/ml. The intraday precision for all
analytes ranged from 3.4% to 15.4% and the intraday accuracy
ranged from 80.6% to 97.8%. The interday precision for all analytes
ranged from 6.1% to 19.9% and the interday accuracy ranged from
88.5% to 99.9%.

Urine Sample Analysis

Urine concentrations of S- and R-BUP, RR- and SS-OHBUP, SS-
and RR-THRHBUP, and SR- and RS-ERYHBUP were measured
using the same LC-MS/MS method described above for plasma
(Masters et al., 2016), with a minor modification (200 ml urine and
4 ml ethyl acetate was used). The limit of quantification for R-BUP,
S-BUP, RR-OHBUP, and SS-OHBUP was 1 ng/ml. The limit of
quantification for RR-THRHBUP, SS-THRHBUP, SR-ERYHBUP,
and RS-ERYHBUP was 0.5 ng/ml.

Urine concentrations of glucuronides ofRR- andSS-OHBUP,SS- and
RR-THRHBUP, and SR- and RS-ERYHBUP were measured using an
API 3200 triple quadrupole mass spectrometer (Applied Biosystems,
Foster City, CA), coupled with a high-performance LC method recently
described by our group (Gufford et al., 2016). Briefly, acetaminophen
was added to the urine sample (50 ml) as the internal standard and
precipitation was performed with water/methanol [50:50 (v/v)]. Chro-
matographic separation was achieved using a Luna C18 -2, 150 �
4.6mm, 5mm(Phenomenex). Standard curveswere generated to directly
quantify the glucuronide metabolites of THRHBUP and ERYHBUP
using the available glucuronide standards with a limit of quantification
of 0.1 ng/ml.RR- andSS-OHBUPglucuronideswere quantifiedusing the
standard curves of RR- and SS-THRHBUP glucuronides, respectively,
because analytical standards were not commercially available for
diastereomers of OHBUP glucuronides. Attempts to obtain these
standards commercially as well as analysis after deconjugation with
b-glucuronidase proved unsuccessful. Ionization efficiency and other
systemparametersmay yield the differing LC-MS/MS response between
these structurally related metabolites. Thus, the reported nanomolar
urinary excretion rates of RR- and SS-OHBUP glucuronides are more
appropriately viewed as nanomolar equivalents relative to THRHBUP
glucuronides with the same isomeric configuration.

Pharmacokinetic Analysis

Noncompartmental analysis of data was performed using Phoenix
WinNonlin (version 6.4; Pharsight Corp., Cary, NC). Pharmacokinetic
outcomes for analysis included the terminal half-life (t1/2 5 0.693/kel),
maximal plasma concentration (Cmax), time of maximal plasma
concentration (Tmax), area under the plasma concentration-time curve
from zero to infinity (AUC0–‘), volume of distribution calculated
by clearance/kel, and apparent oral clearance (CL/F), which was
calculated as (CL/F) 5 dose/area under the curve. The terminal
elimination-rate constant (lz) was estimated by linear regression of
the terminal portion of the log-transformed concentration-time profile
using at least three data points. The terminal half-life (t1/2) was
calculated as ln(2)/lz. The maximum observed concentration (Cmax),
time to reach Cmax (Tmax), and last measured concentration (Clast)
were recovered directly from the concentration-time profile. The area
under the curve from time zero to Clast (AUC0–last) was determined
using the trapezoidal rule with linear-up/log-down interpolation. The

AUC0–‘ was calculated as the sum of AUC0–last and the ratio ofClast to
lz. AUC0–‘ values reported for analytes where the extrapolation
percentagewas in excess of 30% are denoted accordingly. Steady-state
concentration-time profiles were predicted from single-dose data
using nonparametric superposition of individual subject data (n 5
15) via Phoenix WinNonlin. The accumulation indices for BUP and
metaboliteswere calculated as the absolute value of the inverse of (12
e-lzt), where t is equal to the dosing interval (t 5 12 hours for twice-
daily BUP dosing). Steady-state pharmacokinetics outcomes were
recovered using standard noncompartmental approaches as outlined
above. Urinary excretion kinetics were analyzed both as absolute
(nanogram) and molar (nanomolar) amounts (based on individual
urine collection volumes) of each metabolite in relation to BUP using
Phoenix WinNonlin. All urine concentrations were normalized using
the individual urine volume for each collection interval. Apparent
renal clearance (CLr) was calculated as the body weight–normalized
ratio of the cumulative amount excreted in the urine by 48 hours to the
area under the plasma concentration-time curve during the same
interval (in liters per hour per kg). Statistical data comparisons
between the pharmacokinetic outcomes of the enantiomers were
evaluated using a paired two-tailed t test on untransformed data
(CL/F, area under the curve, t1/2, Cmax) or Wilcoxon signed-rank test
(Tmax) as appropriate. A P value , 0.05 was considered statistically
significant. All statistical analyses were conducted using IBM SPSS
software (version 23; IBM, Armonk, NY).

Results
Single-Dose Pharmacokinetics of BUP and Metabolites

The plasma concentration-time profiles of racemic and
stereoisomers of BUP and metabolites in 15 healthy volun-
teers given a single 100-mg oral dose of BUP are shown in
Fig. 1. The corresponding pharmacokinetic parameters and
the stereospecific plasma concentration ratios over time are

Fig. 1. Geometric mean concentration-time profiles of (A) racemic BUP,
R-BUP, and S-BUP; (B) racemic OHBUP, RR-OHBUP, and SS-OHBUP;
(C) racemic ERY, SR-ERYHBUP, and RS-ERYHBUP; and (D) THR, RR-
THRHBUP, and SS-THRHBUP in 15 healthy volunteers after a single
100-mg oral dose of racemic BUP. Symbols and error bars denote observed
geometric means and limits of the 95% confidence interval, respectively.
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illustrated in Table 1 and Fig. 2, respectively. Racemic BUP,
OHBUP, and ERYHBUP have similar plasma concentration-
time profiles compared with R-BUP, RR-OHBUP, and SR-
ERYHBUP, respectively, whereas S-BUP, SS-OHBUP, and
RS-ERYHBUP concentrations were much lower than the

respective stereoisomer pair or racemic mixture (Fig. 1,
A–C), illustrating marked stereoselective disposition. RR-
OHBUP had a statistically significantly (P, 0.001) greater
AUC0–‘, almost 65-fold higher, than SS-OHBUP and a 35-fold
higher Cmax. The AUC0–‘ of RR-OHBUP was over 32-fold
greater than R-BUP, with a Cmax about 4-fold greater than
R-BUP. The mean t1/2 was longer for RR-OHBUP (19.3 hours)
compared with SS-OHBUP (14.6 hours) and R-BUP (11.6
hours). SR-ERYHBUP andR-BUP had similar AUC0–‘ values,
as did RS-ERYHBUP, compared with S-BUP. SR-ERYHBUP
had over 6-fold greater AUC0–‘ values than RS-ERYHBUP,
a significantly (P , 0.01) higher t1/2, and almost 3-fold
higher Cmax. SR-ERYHBUP had the second longest elimi-
nation t1/2 of all of the analytes, at a mean t1/2 of 24.2 hours.
Plasma ratios of the respective stereoisomer pairs BUP,
OHBUP, and ERYHBUP over time are displayed in Fig. 2,
A–C, respectively. The observed ratios are much greater
than 1, indicating marked stereoselective disposition. Al-
though the R-/S-BUP ratios declined over time in a biphasic
manner (sharp decline between 0.5 and 3 hours and then
reversal up to 5.5 hours) (Fig. 2A), those of RR-/SS-OHBUP
(Fig. 2B) and SR-/RS-ERYHBUP (Fig. 2C) increased over
time.
Similar to the other analytes, the disposition of THRHBUP

was stereoselective (Fig. 1D), but the pharmacokinetics of
the two diastereomers show unique and interesting profiles
compared with the other analytes. RR- and SS-THRHBUP
show the most significant difference between the racemic and
diastereomer profiles (Fig. 1D). Higher concentrations were
observed for SS-THRHBUP compared with RR-THRHBUP
up to 6 hours after BUP administration and showed the
opposite thereafter. The plasma exposure of RR-THRHBUP
was the second highest of all of the analytes and had the
longest Tmax (median approximately 6 hours), whereas the
Tmax of SS-THRHBUPwas 2 hours. TheRR-THRHBUPmean

TABLE 1
Pharmacokinetic outcomes of racemic and enantiomers of BUP and metabolites in healthy volunteers (n = 15) administered a single 100-mg oral dose
of BUP
Tmax values are presented as the median (range). All other outcomes reported as the geometric mean (percent coefficient of variation) unless otherwise indicated. Dash
indicates that no ratio was calculated.

Analyte
Pharmacokinetic Outcome

t1/2 Cmax Tmax AUC0–last AUC0–‘ Vd/F CL/F

h nM h nM× h l/kg l/h

Enantiomer
R-BUP 11.6 (49) 288 (74) 1 (1–2.5) 1103 (61) 1,162 (58) 40.7 (78) 179 (58)
S-BUP 7.2 (103) 47.0 (74) 1.5 (1–3) 173 (74) 193 (72) 152 (83) 1,080 (72)
BUP (R-/S-)a 1.6 (1.1–2.4) 6.1 (5.3–7.1) — 6.3 (5.5–7.3) 6.0 (5.2–7.0) 0.26 (0.2–0.36) 0.17 (0.14–0.19)
RR-OHBUP 19.3 (20) 1240 (55) 2.5 (1–10) 32,849 (46) 37,421 (49)
SS-OHBUP 14.6 (36) 35.9 (74) 2.5 (1–6) 513 (56) 580 (55)
OHBUP (RR-/SS-)a 1.3 (1.2–1.5) 34.7 (28.6–42.1)) — 64.0 (53.8–76.1) 64.5 (55.4–75.1)
SR-ERYHBUP 24.2 (39) 30.5 (37) 3 (1–10) 942 (54) 1182 (60)
RS-ERYHBUP 14.6 (61) 10.6 (52) 2 (1–4) 143 (74) 185 (71)
ERY (SR-/RS-)a 1.7 (1.3–2.1) 2.9 (2.4–3.5) — 6.6 (5.3–8.3) 6.4 (5.1–8.0)
RR-THRHBUP 45.5 (40) 79.9 (34) 6 (1–12) 3326 (43) 5527 (61)b

SS-THRHBUP 8.2 (48) 168 (67) 2 (1-4) 1393 (83) 1433 (84)
THR (RR-/SS-)a 5.5 (4.2–7.3) 0.47 (0.38–0.60) — 2.3 (1.6–3.3) 3.9 (2.6–5.7)

Racemic
BUP 10.8 (54) 335 (73) 1 (1–2.5) 1246 (65) 1334 (61) 65.7 (80) 312 (61)
OHBUP 19.2 (21) 1280 (56) 2.5 (1–10) 33,409 (46) 37,984 (49)
ERY 21.6 (36) 40.0 (37) 2.5 (1–10) 1103 (53) 1330 (57)
THR 30.8 (41) 235 (53) 2 (1–4) 4964 (41) 6632 (45)

Vd, volume of distribution.
aThese ratios are geometric mean ratios (90% confidence intervals).
bExtrapolation exceeded 30%.

Fig. 2. Mean metabolic ratios of (A) R-BUP/S-BUP, (B) RR-OHBUP/SS-
OHBUP, (C) SR-ERYHBUP/RS-ERYHBUP, and (D) RR-THRHBUP/SS-
THRHBUP over time in 15 healthy volunteers after a single 100-mg oral
dose of racemic BUP. The inset in (D) illustrates the switch in ratio
directionality after 6 hours. Symbols and error bars denote observed mean
ratios and lower limits of the 95% confidence interval, respectively.
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AUC0–last was approximately 2.4-fold higher than the
AUC0–last of SS-THRHBUP and approximately 3-fold greater
than S-BUP. Although the AUC0–last was greater for RR-
THRHBUP than SS-THRHBUP, a significantly (P , 0.001)
higher Cmax (168 nM) was noted for SS-THRHBUP compared
with RR-THRHBUP (79.9 nM). In fact, the early concentration
versus time profile of SS-THRHBUP reflects the expected behav-
ior if this metabolite were to be directly administered orally, sug-
gesting that it might be efficiently formed in the gut wall.
The individual relative plasma exposure (AUC0–‘) of race-

mic and stereoisomers of BUP and metabolites is shown in
Table 1. On the basis of racemic plasma exposure, OHBUP,
THRHBUP, and ERYHBUP were on average 37-, 5.6-, and
1.2-fold higher than that of BUP (Fig. 2; Table 1).RR-OHBUP,
RR-THRHBUP, and SR-ERYHBUP are the foremost con-
tributors to the observed exposure of racemic OHBUP,
THRHBUP, and ERYHBUP, respectively (Figs. 2 and 4B;
Table 1). Further evidence of elimination rate–limited kinet-
ics is apparent from the plasma concentration-time curves.
Excluding SS-OHBUP (Fig. 3E), all analytes have signifi-
cantly slower elimination rates than the respective parent
substrate (Fig. 3, A, B, D, G, andH; Table 1).SS-OHBUPhas a
similar elimination rate to S-BUP (t1/2 5 8 versus 7 hours) but
a much higher AUC, potentially confounding its use as an
in vivo probe of CYP2B6 activity (Fig. 3B; Table 1). The ratios
ofRR-OHBUP/R-BUPwere much higher and parallel to those
SS-OHBUP/S-BUP (Fig. 3C), indicating proportional forma-
tion or elimination relative to their respective enantiomers of
BUP. The ratios of SR-ERYHBUP/R-BUP overlapped with
those of RS-ERYHBUP/S-BUP at least in the first 12 hours
after BUP administration (Fig. 3F). It appears that S-BUP is
more efficiently converted to RS-ERYHBUP than R-BUP is
to SR-ERYHBUP. The ratios of RR-THRHBUP/R-BUP are
much lower than the ratios of SS-THRHBUP/S-BUP up to
12 hours after BUP administration (Fig. 3I).

Enantioselective Urinary Excretion of BUP and Metabolites

Approximately 12% of the administered BUP dose was
recovered in the urine as parent and metabolites by 48 hours.

In concurrence with a previous report (Benowitz et al., 2013),
only 0.3% of the administered BUP dose was recovered in the
urine as unchanged drug, with nearly 6-fold greater mean
urinary recovery of R- versus S-BUP (Table 2). Urinary
excretion analysis revealed stereoselective elimination of
BUP, primary metabolites, and glucuronide conjugates
(Table 2). RR-THRHBUP, the predominant BUP primary
metabolite detected in urine, and SS-THRHBUP together
accounted for nearly 30% of all BUP species measured in the
urine (Table 2). The most prevalent urinary BUPmetabolites,
RR-THRHBUP and the glucuronide conjugate ofRR-OHBUP,
are excreted in similar amounts, suggesting that metabo-
lism via carbonyl reductases and glucuronidation are among
the most important contributors to overall BUP disposition.
Urinary excretion reveals approximately 1.8-fold greater
recovery ofRR-THRHBUP versus SS-THRHBUP at 48 hours,
in concurrence with the observed 2.3-fold greater plasma
exposure (AUC0–last) of RR-THRHBUP. The most abundant
BUP species detected in plasma, RR-OHBUP, coincides with
the most prevalent glucuronide conjugate detected in urine,
RR-OHBUP glucuronide. The SS-OHBUP CLr was, on aver-
age, nearly 10-fold greater than that of RR-OHBUP (Table 2).
The CLr values of enantiomers of BUP and diastereomers of
ERYHBUP and THRHBUP were similar within each enan-
tiomer pair (Table 2).

Prediction of Steady-State BUP and Metabolite Exposure

Steady-state concentration-time predictions demonstrate
marked enantioselective accumulation of BUP metabolites.
Accumulation indexes ranged from 1.6 to 6.0, with RR-
THRHBUP and SS-THRHBUP representing the two ex-
tremes (Fig. 4; Table 3). Prediction of steady-state exposure
from single-dose data suggests that enantioselective accumu-
lation of RR-THRHBUP leads to plasma exposure exceeding
that of all othermetabolites, with the exception ofRR-OHBUP
(Fig. 4; Table 3). Predicted steady-state exposure varied
greater than 200-fold across the analytes evaluated. In
contrast with single-dose observations, RR-THRHBUP max-
imal steady-state concentrations are predicted to exceed those

TABLE 2
Forty-eight–hour BUP and metabolite urinary excretion
Values denote the geometric mean (90% confidence intervals) for 15 subjects.

Analyte 48-h Recovery Percentage of BUP Dose CLr
b

nmol l/h

Enantiomer
R-BUP 1106 (873–1401) 0.27 (0.21–0.34) 1.00 (0.71–1.41)
S-BUP 197 (164–238) 0.05 (0.04–0.06) 1.07 (0.79–1.45)
RR-OHBUP 4180 (3167–5517) 1.00 (0.76–1.32) 0.14 (0.10–0.18)
SS-OHBUP 655 (508–845) 0.16 (0.12–0.20) 1.28 (1.03–1.59)
RR-THRHBUP 10,361 (8433–12,729) 2.48 (2.02–3.05) 3.88 (3.02–4.97)
SS-THRHBUP 4391 (2887–6679) 1.05 (0.69–1.60) 3.18 (2.01–5.03)
SR-ERYHBUP 2120 (1710–2628) 0.51 (0.41–0.63) 2.51 (1.95–3.24)
RS-ERYHBUP 374 (282–497) 0.09 (0.07–0.12) 2.36 (1.64–3.40)

Glucuronide
RR-OHBUP Gluca 15,751 (12,598–19,693) 3.78 (3.02–4.72) —
SS-OHBUP Gluca 5301 (4228–6646) 1.27 (1.01–1.59) —
RR-THRHBUP Gluc 3782 (2879–4969) 0.91 (0.69–1.19) —

SS-THRHBUP Gluc 969 (827–1135) 0.23 (0.20–0.27) —
SR-ERYHBUP Gluc 1878 (1569–2247) 0.45 (0.38–0.54) —
RS-ERYHBUP Gluc 382 (302–482) 0.09 (0.07–0.12) —

aRR-OHBUP and SS-OHBUP glucuronides represent nanomolar equivalents relative to THRHBUP glucuronides with
the same isomeric configuration.

bCLr is calculated as the ratio of the cumulative amount excreted in the urine by 48 hours to the area under the plasma
concentration-time curve during the same interval.
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of both SS-THRHBUP and R-BUP. Approximately 5 days
after termination of BUP administration, RR-THRHBUP
plasma concentrations are predicted to exceed those of all
other metabolites as a result of relatively slow, stereospecific
elimination (Fig. 4B).

Discussion
BUP, administered orally as a racemic mixture, is stereo-

selectively metabolized in humans, yielding numerous pri-
mary and secondarymetabolites. To our knowledge, this is the
first comprehensive stereoselective analysis of BUP and its
individual active metabolites in plasma and urine from
healthy volunteers administered a single 100-mg oral dose
of racemic BUP (equimolar R- and S-BUP). Individual
THRHBUP and ERYHBUP diastereomers were separated
and quantified to, for the first time, reveal marked stereospe-
cific disposition in both plasma and urine. Stereospecific
differential accumulation and exposure at steady state as well
as a differential off rate after discontinuation of BUP therapy
were predicted using single-dose pharmacokinetic data be-
cause stereoselective steady-state BUP kinetics have not
been reported previously. These data, coupled with our recent

in vitro report (Gufford et al., 2016), demonstrate that
stereospecific BUP metabolism leads to unique pharmacoki-
netic behavior in vivo with potential therapeutic and toxic
ramifications.
Detailed analysis of the plasma concentration (R-/S-BUP)

ratios over time uncovered unique disposition characteristics.
Ratios are higher at earlier time points and decline in a
biphasic manner, indicative of differential gut and liver me-
tabolism. Similarly, Cmax and AUC0–‘ ratios of R-/S-BUP
(approximately 6-fold), along with a time-dependent decline in
the plasma concentration ratios, support that stereoselectivity
is attributable to differences in S- and R-BUP apparent oral
bioavailability. Our data suggest that S-BUP is a high-
clearance enantiomer that preferentially undergoes presyste-
mic reduction in the gut and liver primarily to SS-THRHBUP
but also to RS-ERYHBUP, leading to lower oral bioavailabil-
ity than R-BUP. Considering S-BUP as a prodrug that
requires conversion by CYP2B6 to the pharmacologically
active metabolite, SS-OHBUP (Carroll et al., 2014), genetic
and nongenetic mechanisms affecting presystemic metabo-
lism of S-BUP may have important clinical consequences.
Detailed understanding of the disposition of THRHBUP

and ERYHBUP is important because of their potential

Fig. 3. Geometric mean concentration-time profiles and ratios of BUPmetabolites and predicted substrates (denoted as predicted substrate→ predicted
metabolite) based on proposed metabolic pathways: (A) R-BUP → RR-OHBUP , (B) S-BUP → SS-OHBUP, and (C) ratios of RR-OHBUP/R-BUP and
SS-OHBUP/S-BUP, (D) R-BUP → SR-ERYHBUP, (E) S-BUP → (1R,2S)- OHBUP, (F) SR-ERYHBUP/R-BUP and RS-ERYHBUP/S-BUP, (G) R-BUP →
(1R,2R)-OHBUP, (H) S-BUP → (1S,2S)-OHBUP, and (I) RR-THRHBUP/R-BUP and SS-THRHBUP/S-BUP. The log-transformed ratio over time is
depicted in (C, F, and I) for graphical clarity. Symbols and error bars denote observed geometric means and limits of the 95% confidence interval,
respectively.
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pharmacological activity, higher inhibitory potency (lower Ki)
toward CYP2D6 (Reese et al., 2008), and relative abundance
compared with the parent (Benowitz et al., 2013). Here,
for the first time, we isolate diastereomers of THRHBUP
and ERYHBUP, quantify them in human plasma and urine
samples, and demonstrate their marked stereoselective
disposition. Stereoselective THRHBUP disposition is dem-
onstrated in Figs. 2D and 3D and Table 1, with unique
pharmacokinetic characteristics as revealed by time-
dependent changes in the plasma concentration ratios of
RR-THRHBUP/SS-THRHBUP. Specifically, the Cmax ratio
was lower than 1 (the line of unity). Similarly, the plasma
concentration ratios were substantially lower than 1 initially
and then progressively above the line of unity from 6 hours up
to 72 hours. These data indicate that the initial rate of
formation for SS-THRHBUP is faster than the rate of RR-
THRHBUP formation. Although the mechanism remains
unknown, SS-THRHBUP is subsequently eliminated more
rapidly than RR-THRHBUP. Considering that the proximate
substrates of RR-THRHBUP and SS-THRHBUP identified
in vitro are R- and S-BUP, respectively (Gufford et al., 2016;
Masters et al., 2016), our data suggest that the metabolic
conversion of S-BUP to form SS-THRHBUP is occurring at
a faster rate than RR-THRHBUP is formed from R-BUP. A

plausible explanation is that S-BUP more efficiently un-
dergoes presystemic intestinal and hepatic metabolism via
carbonyl reductases than R-BUP, leading to early appearance
ofSS-THRHBUP,with higherCmax, thanRR-THRHBUP. The
rapid biphasic decline in the ratio of R-BUP/S-BUP (Fig. 2A)
within the first 6 hours corresponds well with the suggestion
that S-BUP is metabolized presystemically in the intestine
and the liver by carbonyl reductases at a much higher rate
than R-BUP (Fig. 3I).
BUP 4-hydroxylation is exclusively catalyzed by CYP2B6

in vitro (Faucette et al., 2000; Hesse et al., 2000) and in vivo
(Benowitz et al., 2013) to form the intermediate hydroxyl
metabolite that spontaneously cyclizes to morpholinol, creat-
ing a second chiral center. Although four stereoisomers are
expected, only two trans-diastereomers, SS- and RR-OHBUP,
were detected in plasma and when synthesized de novo
(Suckow et al., 1997; Carroll et al., 2010, 2014). These data
are consistent with the suggestion that steric hindrance
reduces cyclization to the cis-diastereomers, (2R,3S)- and
(2S,3R)-OHBUP, and favors the thermodynamically more
stable trans-isomers (Carroll et al., 2010). Our data provide
evidence that mechanisms other than CYP2B6 appear to be
responsible for the magnitude of OHBUP stereoselectivity.
The in vitro rates of S-BUP hydroxylation in expressed
CYP2B6 and human liver microsomes were only 3- and 1.5-
fold higher, respectively, than R-BUP (Coles and Kharasch,
2008). Extensive presystemic S-BUP metabolism may cause
shunting to parallel, non-CYP2B6 pathways and reduction of
S-BUP bioavailability and availability for CYP2B6-mediated
metabolism. This suggestion is supported by Figs. 1D and 2D
displaying unique pharmacokinetics of the reductive metab-
olite generated fromS-BUP. In addition, our data suggest that
renal elimination of the two diastereomers is stereoselective
because the renal clearance of SS-OHBUPwas approximately
10-fold higher than that ofRR-OHBUP (Table 2), although the
mechanistic basis for this observation remains to be estab-
lished. Although only racemic mixtures were previously
studied in humans, OHBUP plasma exposure varies widely
among patients, due in part to CYP2B6 genetic variation

Fig. 4. Predicted steady-state geometric mean concentration-time pro-
files of (A) racemic BUP (blue), OHBUP (red), THR (black), and ERY (gray)
and (B) individual enantiomers R-BUP (solid blue), S-BUP (dashed blue),
RR-OHBUP (solid red), SS-OHBUP (dashed red), RR-THRHBUP (solid
black), SS-THRHBUP (dashed black), SR-ERYHBUP (solid gray), and
RS-ERYHBUP (dashed gray) after twice-daily oral BUP (100 mg)
administration for 13 days, after which terminal elimination is depicted
to 30 days.

TABLE 3
Predicted pharmacokinetic parameters of racemic and enantiomers of
BUP and metabolites in healthy volunteers (n = 15) administered BUP
(100 mg) to steady state
Values denote the geometric mean (90% confidence interval) or the percent coefficient
of variation predicted using single-dose pharmacokinetic outcomes obtained from
15 subjects.

Analyte Accumulation Index Cmax AUCt

nM nM× h

Enantiomer
R-BUP 2.0 (1.8–2.4) 324.4 (71) 1158 (58)
S-BUP 1.7 (1.4–2.0) 53.2 (72) 191 (72)
RR-OHBUP 2.9 (2.7–3.1) 3654.7 (50) 37,447 (49)
SS-OHBUP 2.3 (2.1–2.6) 68.5 (61) 577 (55)
RR-THRHBUP 6.0 (5.1–7.1) 490.4 (57) 5399 (57)
SS-THRHBUP 1.6 (1.4–1.8) 231.7 (75) 1433 (84)
SR-ERYHBUP 3.5 (3.0–4.0) 110.9 (57) 1182 (60)
RS-ERYHBUP 2.4 (2.0–2.9) 21.4 (63) 185 (71)

Racemic
BUP 1.9 (1.7–2.2) 375.4 (71) 1331 (62)
OHBUP 2.9 (2.7–3.1) 3718.8 (50) 37,993 (49)
THR 4.3 (3.7–5.0) 682.8 (45) 6539 (44)
ERY 3.2 (2.8–3.6) 128.8 (54) 1330 (57)

AUCt, partial area under the plasma concentration-time curve after the final
simulated bupropion dose (300–312 hours).
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(Benowitz et al., 2013), and this variability is associated with
BUP treatment outcomes in both depression (Laib et al., 2014)
and smoking cessation (Zhu et al., 2012).
Our data also have direct implications for the use of BUP

4-hydroxylation to OHBUP as an in vivo marker of CYP2B6
activity. This reaction has frequently been used to assess the
effect of genetic and nongenetic factors influencing CYP2B6
activity in vitro and in vivo. However, the significant contri-
bution of non-cytochrome P450–mediated pathways, the in-
volvement of cytochrome P450 enzymes other than CYP2B6
in overall BUP metabolism, the elimination rate–limited
kinetics of OHBUP, and the complex pharmacokinetics of
BUP and its metabolites may limit the utility of racemic
BUP as a quantitative in vivo probe of CYP2B6 activity
(Palovaara et al., 2003; Turpeinen et al., 2005; Loboz et al.,
2006; Kharasch et al., 2008; Ilic et al., 2013). This assertion is
particularly important in assessment of DDIs mediated via
induction (Xu et al., 2007) and functional consequences of
genetic variants (Kirchheiner et al., 2003). The metabolism of
S-BUP to SS-OHBUP has been suggested to improve BUP
utility as an in vivo CYP2B6 probe (Kharasch et al., 2008) but
limitations still exist. Several factors identified in our study
confound the use of stereospecific BUP metabolism as an
in vivo probe of CYP2B6 activity, including the enantioselec-
tive elimination rate–limited kinetics of BUPmetabolites, the
potentially important contribution of stereoselective gut and
hepatic presystemic metabolism of S-BUP, and the observed
stereospecific renal elimination of diastereomers of OHBUP.
Taken together, analysis of the enantioselective metabolism
and urinary elimination of BUP provides additional data to
suggest that BUP may not be a reliable marker of CYP2B6
activity in vivo.
Prediction of steady-state metabolite exposure suggests

stereoselective accumulation of pharmacologically active me-
tabolites, which may contribute to observed interindividual
differences in BUP therapeutic effects, toxicity, and DDIs.
Clinically observed interactions of BUP with CYP2D6 sub-
strates are poorly predicted from in vitro inhibition data
(Kennedy et al., 2002; Kotlyar et al., 2005; Reese et al., 2008;
Desmarais and Looper, 2009; Yee et al., 2014). Consideration
of differential stereoselective pharmacokinetics coupled with
stereoselective inhibition potency may help to explain these
apparent in vitro–in vivo disconnects. However, comprehen-
sive understanding of the formation and elimination clearance
rates and enzymatic pathways contributing to metabolite
disposition would be required to accurately predict in vivo
behavior and relative contribution to DDIs (Lutz et al., 2010;
Lutz and Isoherranen, 2012). The prolonged systemic expo-
sure of RR-THRHBUP after discontinuation of BUP adminis-
tration (Fig. 4B) may explain the observed persistence of BUP
DDIs with CYP2D6 substrates long after the expected elim-
ination of parent BUP from the systemic circulation. Knowl-
edge of BUP stereoselective inhibition kinetics may improve
translation of in vitro findings to clinical effects but remains
unexplored.
In summary, to our knowledge, this is the first comprehen-

sive stereoselective analysis of BUP and its individual active
metabolites in human plasma and urine. We recognize several
limitations in the reported study. First, the lack of available
standards to directly quantify the glucuronides of OHBUP
precludes absolute determination of the amount eliminated in
the urine. Synthesis or isolation of these two compounds could

enhance the quantitative analysis of future BUP pharma-
cokinetic studies. Second, sampling times were originally
designed to capture BUP and OHBUP kinetics as a secondary
probe of CYP2B6 activity. As such, the sampling duration was
inadequate for complete capture of plasma pharmacokinetics
and urinary elimination of all individual metabolites. How-
ever, it was impossible to predict optimal sampling times for
these analytes in the absence of relevant in vivo pharmacoki-
netic data, presented for the first time in this work. These data
will serve as the basis for appropriate design of future studies
to further explore BUP metabolite kinetics. Nevertheless, our
data provide novel insight into tissue- and enzyme-dependent
mechanisms of stereoselective metabolism and offer a poten-
tial explanation of the drastically lower S-BUP and SS-
OHBUP exposure compared with R-BUP and RR-OHBUP.
Because there are no steady-state data regarding stereo-
selective disposition of BUP, our prediction of stereospecific
differential exposure and accumulation should inform the
design of future studies to link observed enantioselective
differences in BUP exposure to effects and DDI risk at steady
state.
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