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ABSTRACT: Bupropion is a widely used antidepressant and the recommended CYP2B6 probe drug. However, current under-
standing of bupropion elimination pathways is limited. Bupropion has three active circulating metabolites, OH-bupropion, threohy-
drobupropion and erythrohydrobupropion, but together with bupropion these metabolites and their conjugates in urine represent
only 23% of the dose, and the majority of the elimination pathways of bupropion result in uncharacterized metabolites. The aim of
this study was to determine the structures of the uncharacterized bupropion metabolites using human clinical samples and in vitro
incubations. Three new metabolites, 4’-OH-bupropion, erythro-4’-OH-hydrobupropion and threo-4’-OH-hydrobupropion were
detected in human liver microsome incubations and were isolated from human urine. The structures of the metabolites were
confirmed via comparison of UV absorbance, NMR spectra and mass spectral data to those of the synthesized standards. In total,

these metabolites represented 24% of the drug related material excreted in urine.

Bupropion is a norepinephrine and dopamine reuptake in-
hibitor approved as an antidepressant' and for smoking cessa-
tion” and weight loss therapy.” It is also the preferred sensitive
in vivo CYP2B6 probe substrate recommended by the FDA.*
Yet, despite its numerous clinical and research applications,
the factors contributing to the observed inter- and intraindivid-
ual variability in bupropion disposition and in its safety and

5-8
efﬁcacy are poorly understood
— ¥
Threohydrobuproplon

Erythrohydrobuproplon Buprop|on
YH
N.
O.
O

OH-bupropion
Cl

Figure 1. Bupropion and its active metabolites. Red arrows indi-
cate potential additional hydroxylation sites

In vivo, bupropion undergoes extensive metabolism, with <1%
of the dose excreted unchanged in urine after a single oral
dose.”"" Much of the pharmacological activity and toxicity of
bupropion is attributed to its three known primary metabolites,
OH-bupropion, threohydrobupropion and erythro-
hydrobupropion ~ (Figure 1),'>"  which circulate at
concentrations higher than bupropion.' OH-bupropion appears
to be the main contributor to the efficacy of bupropion in
smoking  cessation, while both OH-bupropion and
threohydrobupropion are suggested to be primarily responsible
for the anti-depressant activity.'>'*"> All three metabolites
also have lower LDs, values than bupropion'' and cause
increased convulsion risk in mice.' Thus, it is possible that
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additional, yet unidentified metabolites of bupropion may also
have pharmacological activity and contribute to the effects of
bupropion in vivo. Such metabolites and novel metabolic
pathways may also contribute to the interindividual variability
in bupropion disposition, efficacy and toxicity. Thus better
characterization of the elimination pathways of bupropion is
necessary.

Current knowledge of bupropion metabolism is incomplete.
Following a single oral radiolabeled dose, only 23 % of the
dose was recovered in urine as bupropion, OH-bupropion,
erythrohydrobupropion, threohydrobupropion and their
conjugates (N- and O-glucuronides and sulfates'”'") while 22
% of the dose was excreted in urine as m-chlorohippuric acid
and 36 % as uncharacterized polar metabolites.'' Possible
structures of some of the uncharacterized metabolites such as
aromatic hydroylation products or products of hydroxylation
of the methyl group (indicated by red arrows in Figure 1) have
been proposed based on mass spectral data from in vitro
incubations and urine samples from clinical subjects.'
Furthermore, analysis of human urine samples revealed the
presence of a reduced and hydroxylated metabolite.'™'**’
However, the structures of these metabolites and their relative
importance in circulation or elimination of bupropion are
unknown. The goal of this study was to characterize the major
unknown metabolites of bupropion and generate standards of
these metabolites for quantitative characterization of bupropi-
on elimination pathways. These metabolites can be evaluated
for their potential pharmacological and toxicological activity.

In order to identify the primary bupropion metabolites
formed in vitro, bupropion was incubated with human liver
microsomes (HLM) and metabolite formation was measured
using multiple reaction monitoring (MRM) (See Supporting
Information for experimental procedures). Upon incubation of
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bupropion with HLM, NADPH dependent formation of six
metabolites was observed (Figure 2). In addition to OH-
bupropion (Figure 2a), erythrohydrobupropion and threohy-
drobupropion (Figure 2b), three additional monohydroxylation
products (M1-M3) were detected with a parent (M+H) mass of
m/z 256 and a main MRM transition of m/z 256> 182 (Figure
2¢). On the basis of ion abundance, M1 and M2 appeared to
have similar importance in bupropion metabolism, while M3
formation appeared minor. All three metabolites had similar
fragmentation pathways (Figures 2¢ and d). The main frag-
mentation of loss of 56 Da indicates a loss of the #-butyl group
as isobutylene corresponding to hydroxylation outside of the t-
butyl group. However, the fragmentation patterns did not
allow for the determination of the exact hydroxylation site.
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Figure 2. Characterization of metabolites formed from bu-
propion in HLM incubations. (Representative MRM chroma-
tograms of m/z 256—238 (a), m/z 242—168 (b) and m/z
256—182 (c) depicting NADPH-dependent formation of OH-
bupropion (a), erythro- (E) and threo- (T) hydrobupropion (b)
and M1, M2 and M3 (c) and the MS/MS spectra of m/z 256 (a
and ¢) and m/z 242 (b) for the detected metabolites. (d) Pro-
posed fragmentation pathway of M1-M3.
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To determine whether M1-M3 are present in vivo, urine and
plasma were obtained from 5 subjects on bupropion therapy
and analyzed for M1-M3 using MRM of m/z 256— 182.
Urine was analyzed before and after acid deconjugation since
sulfate and glucuronide conjugates of bupropion metabolites
have been reported.” Metabolite M1 was detectable in plasma
and urine from all 5 subjects while M2 was not detected in any
of the samples (Supplemental Figure S2). Metabolite M3 was
detected in the urine of 3 subjects prior to acid deconjugation,
and in the acid deconjugated urine of all 5 subjects, but at
much lower abundance than M1. Acid deconjugation marked-
ly increased M1 and M3 ion abundance (Figure 3a), suggest-
ing an important role for conjugation in the elimination of

these metabolites.
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Figure 3. (a) A representative MRM chromatogram of m/z
transition 256— 182 from urine before or after acid deconjuga-
tion. (b) A representative MRM chromatogram of m/z transi-
tion 256—182 with an MS/MS spectrum of m/z 256 and (c)
and NMR spectrum of M1 isolated from urine. (d) Structure of
M1 (4’-OH-bupropion) and (e) UV spectrum for M1 isolated

from acid deconjugated urine.
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Figure 4. Characterization of metabolites formed in erythrohydrobupropion and threohydrobupropion incubations. Representative
MRM chromatogram of m/z transition 258—184 depicting NADPH-dependent formation of M4 and M5 from erythrohydrobu-
propion (a) and M6 and M7 from threohydrobupropion (b) in HLM. The insets show the MS/MS spectra of m/z 258 for M4 and M5
(a) and M6 and M7 (b). (c) A representative MRM chromatogram of m/z transition 267—184 depicting NADPH-dependent for-
mation of M6-dy and M7-d, following threohydrobupropion-dy incubation in HLM and MS/MS spectra of m/z 267 for M6-dy and
M?7-dy. (d) Structures of threohydrobupropion-dy and its potential hydroxylation products. (¢) Proposed fragmentation pathways of
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unknown hydroxylation product of bupropion in vitro and in
37 vivo. To determine the structure of M1, it was extracted from
38 acid deconjugated urine and purified using preparative chro-
39 matography. A sufficient quantity of M1 was isolated to allow
40 structural characterization via NMR, UV-Vis and MS/MS
41 spectroscopy (Figure 3b-e). The presence of only 3 protons in
42 the aromatic region of the NMR spectrum suggested that M1
43 was a product of aromatic hydroxylation (Figure 3c). The
44 hydroxylation site was assigned to the 4’ position based on
45 NMR chemical shifts and coupling constants (Figure 3c and
46 supporting information). Reference standard of 4’-OH-
47 bupropion was then synthesized and the structure of M1 con-

1rme comparison of the retention time (6.42 min), an
48 firmed by pari fthe LC ion ti 6.42 mi d
49 MS/MS, NMR and UV (A, 350 nm) spectra between the
50 isolated metabolite and the synthesized compound (Figure 3
51 and Supplemental Figures S3 and S4).
52 Previous studies of bupropion metabolism have reported the
53 presence of reduced and hydroxylated bupropion metabolites,
54 yet the precursor(s) for the metabolite(s) have not been identi-
55 fied. To characterize the sequential metabolism, OH-
56 bupropion, threohydrobupropion erythrohydrobupropion and
57 4’-OH-bupropion were incubated in HLM or human liver cy-
58 tosol to determine which substrate(s) and subcellular fractions
59 are involved in the formation of the reduced and hydroxylated
60 metabolite(s). NADPH dependent formation of two hydrox-
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ylated metabolites from both erythrohydrobupropion (M4 and
MS5) and threohydrobupropion (M6 and M7) was detected with
an M+1 ion of m/z 258 and MRM transition of 258—184,
following incubation of erythro- and threohydrobupropion in
HLM (Figure 4). No NADPH dependent formation of metab-
olites with m/z transitions of 258—184 was observed in incu-
bations of threohydrobupropion, erythrohydrobupropion, OH-
bupropion or 4’-OH-bupropion in cytosol or following OH-
bupropion incubation in HLM (Supplemental figure S5).
Based on ion abundance, metabolites M4 and M6 were the
major hydroxylation products of erythro- and threohydrobu-
propion, respectively, while M5 and M7 appeared to be minor
metabolites. Chromatograms and representative spectra for
M4-M7 are shown in Figure 4. While the [M+H] m/z 258 ion
of all four metabolites (M4-MS8) suggested that these are hy-
droxylated metabolites of threo- and erythrohydrobupropion
([M+H] 242), the MS/MS fragmentation patterns (Figure 4a
and b) did not allow determination of hydroxylation sites.
Due to the hydroxylation, these metabolites lack the loss of 56
Da alone and loose H,O or C4Hg + H,O, as shown in the pro-
posed fragmentation pathway in Figure 4e. To identify the site
of hydroxylation in these compounds, threohydrobupropion-
dy, containing deuteriums in the #-butyl group, was incubated
in HLM to determine whether M6 and M7 were hydroxylated
in the #-butyl group, as was previously proposed.'® Depending
on the hydroxylation site, the products were expected to differ
by one Da in the M+H ion, as shown in Figure 4d, allowing

3
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for detection of #-butyl hydroxylation. Parent masses of m/z
267 for both M6 and M7 suggested no loss of #-butyl deuteri-
ums (Figure 4c¢), confirming that the hydroxylation was either
in the aromatic ring or in the methyl group (Figure 4d).
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Figure 5. (a) A representative MRM chromatogram of m/z
transition 258—184 from urine before or after acid deconjuga-
tion. (b) A representative MRM chromatogram of m/z transi-
tion 258—184 with the MS/MS spectra of M4 and M6 for m/z
258 and (c) NMR spectrum of M4+M6 isolated from urine. (d)
Structure of threo/erythro-4’-OH-hydrobupropion (M4 and
M6) and (e) UV spectrum for M4+M6 isolated from acid de-
conjugated urine.

Metabolites M4, M6 and M7 were all detectable in plasma and
urine from 5 subjects (Figure 5 and Supplemental Figure S6).
Acid deconjugation resulted in substantially greater ion abun-
dance for M4, M6 and M7 than in untreated urine (Figure 5).
Metabolite M5 was only detectable in urine following acid
deconjugation (Figure 5a, Supplemental Figure S6). Based on
the ion abundances from incubations and deconjugated urine,
M4 and M6 were considered to be major contributors to the
elimination of threo and erythrohydrobupropion. The metabo-
lites M4 and M6 were isolated and purified from deconjugated
urine as a mixture of the erythro and threo products (Figure
5b) to allow for characterization via NMR, UV-Vis, and
MS/MS. The presence of three protons in the aromatic region
of the NMR spectrum indicated that M4 and M6 were prod-

ucts of aromatic ring hydroxylation. The hydroxylation site
was proposed to be at the 4’-position based on NMR chemical
shifts and coupling contants. A reference standard was syn-
thesized (Supplemental information) and the structures of M4
(erythro-4’-OH-hydrobupropion) and M6 (threo-4’-OH-
hydrobupropion) were confirmed by comparison of LC reten-
tion times, NMR, UV and MS/MS spectra between the isolat-
ed and synthesized compounds (Figure 5, Supplemental Fig-
ures S7 and S8).

To establish the relative importance of the new metabolites
in vivo, their concentrations were quantified in plasma and
urine. The dose-normalized concentrations of 4’-OH-
bupropion (M1), threo-4’-OH-hydrobupropion (M4) and
erythro-4’-OH-hydrobupropion (M6) in plasma were low, 12
+ 6 nM for 4’-OH-bupropion, 7 + 1 nM for threo-4’-OH-
hydrobupropion (M4) and 33 + 20 nM for erythro-4’-OH-
hydrobupropion (M6). Concentrations of all three compounds
were below the lower limit of quantification (3.3 nM) in one
subject. On average, 4’-OH-bupropion (M1) concentrations
were less than 0.01 % of those of bupropion. Circulating con-
centrations of threo-4’-OH-hydrobupropion (M4) and erythro-
4’-OH-hydrobupropion (M6) were 1.8 and 2.2 % of the aver-
age concentration of bupropion at steady state. Metabolite
safety is typically considered to be a concern when steady
state concentrations are greater than 10% of the total drug
related material.”’ Thus, it is likely unnecessary to screen
these metabolites for toxicity. However, despite the low circu-
lating concentrations of these compounds, they were abundant
in urine. The overall recovery of bupropion metabolites is
shown in Table 1. On average, 39 % of the total oral dose was
recovered in urine over the dosing interval. The amount of
threohydrobupropion and its metabolites represented 26 % of
the dose, while only 5 % and 6 % of the dose was excreted as
OH-bupropion and erythrohydrobupropion or their metabo-
lites. On  average, 4’-OH-bupropion, threo-4’-OH-
hydrobupropion and erythro-4’-OH-hydrobupropion and their
conjugates accounted for 0.4 %, 14 % and 11 % of the total
oral bupropion dose excreted in urine, respectively (Table 1).
Based on the amounts of threo- and erythrohydrobupropion
excreted unchanged, as conjugates and as 4’-hydroxylation
products, 4’hydroxylation accounts for about 70 % and 20 %
of the elimination of erythro- and threohydrobupropion, re-
spectively, and changes in the formation of the 4’OH- metabo-
lites could have a substantial impact on the circulating levels
of threo- and erythrohydrobupropion. To identify the enzymes
responsible for the 4’-hydroxylation of bupropion, threohy-
drobupropion and erythrohydrobupropion each of the three
compounds were incubated with a panel of recombinant CYP
enzymes (see supplemental information for experimental de-
tails). Of the recombinant CYP enzymes only CYP2CI19
formed 4’-OH-bupropion from bupropion and threo-4’-OH-
hydrobupropion and erythro-4’-OH-hydrobupropion from
threo and erythrohydrobupropion, respectively.
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Table 1. The percent of the oral bupropion dose recovered in
urine as bupropion and its metabolites over a steady state dos-
ing interval

Total as free

+ conjugated Free Conjugated
Compound (% of dose) (umole)” (umole)”
Bupropion 14+1.1 59+71 6.5+73
OH-bupropion 5.0£3.2 77 £ 69 110+ 63
Threo-
hydrobupropion 21+14 610+ 550 250 + 140
Erythro-
hydrobupropion 1.9+1 63 + 65 22 £12
4’-OH-
bupropion 0.8+1.0 0.3+0.2 29 +36
Threo-4’-OH-
hydrobupropion 5.3+£3.5 0.9+0.9 200 + 140
Erythro-4’-OH-
hydrobupropion 4.1£2.7 33+32 160 + 100
m-chloro-
hippuric acid 3.0 +0.7 167 £130 -
Total 39415 980 + 850 770 £ 220

"The molar amounts are normalized to the administered dose
in each subject.

In conclusion, we report the identification and characterization of
three new metabolites of bupropion, the 4’OH-bupropion, erythro-
4’-OH-hydrobupropion and threo-4’-OH-hydrobupropion. Our
findings are in agreement with previous tentative proposals of me-
tabolite structures based on MS data but provide exact identifica-
tion of the hydroxylation sites and methods for synthesizing these
metabolites. The presence of hydroxylated metabolites of erythro-
and threohydrobupropion, and conjugates of an aromatic hydrox-
ylation product(s) were previously proposed based on MS data of
human urine samples.'® Similarly multiple monohydroxylation
products of bupropion were proposed based on incubation data of
bupropion in human liver S9 fractions and HLM."  This data
shows that 4’hydroxylation is the predominant hydroxylation path-
way for threohydrobupropion. This is in contrast to previous re-
ports suggesting hydroxylation of the methyl group in addition to
the aromatic hydroxylation products.'””’ Quantitative analysis re-
vealed low circulating concentrations for all three new metabolites,
suggesting the risk for toxicity resulting from these metabolites is
likely low. However, threo-4’-OH-hydrobupropion (M4) and
erythro-4’-OH-hydrobupropion (M6) were important elimination
pathways for the two active metabolites of bupropion, erythro- and
threohydrobupropion. As these metabolites were exclusively
formed by CYP2C19, genetic variability in CYP2C19 activity may
have large impact on bupropion activity and toxicity.
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