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Abstract

Background—Bupropion, an antidepressant and smoking cessation medication, is metabolized
to hydroxybupropion (HB), an active metabolite, primarily by CYP2B6.

Objectives—To compare plasma concentrations of bupropion and metabolites at steady state in
healthy volunteers with and without CYP2B6 genetic variants.

Methods—In a genotype-guided study of 42 healthy subjects we measured plasma and urine
concentrations of bupropion and its metabolites, HB, threohydrobupropion (TB) and
erythrohydrobupropion (EB) after 7 days of sustained release bupropion dosing.

Results—CYP2B6*6 and *18 gene variants were associated with approximately 33% reduced
concentrations of HB, with no effects on concentrations of bupropion or other metabolites. We
could account for 50% of the variation in HB concentrations in a model including genotype and
Sex.

Conclusions—Since HB is active and steady state concentrations of HB are more than 10 times
higher than bupropion, CYP2B6 variants are likely to affect pharmacological activity. Due to the
large individual variation within genotype group, the use of therapeutic drug monitoring for dose
optimization may be necessary.

Introduction

Bupropion, a norepinephrine and dopamine uptake inhibitor and nicotinic receptor
antagonist, is widely used in the treatment of depression and for smoking cessation.
Bupropion is extensively metabolized, with conversion to three main plasma metabolites:
hydroxybupropion (HB), threohydrobupropion (TB) and erythrohydrobupropion (EB).[1, 2]
The metabolites of bupropion are pharmacologically active: HB is 50%-100% as active and
TB and EB 20% as active as bupropion in animal models of inhibition of neurotransmitter
uptake or models of depression.[3-6] Bupropion has a half-life ranging from 10 to 20 hrs,
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and HB has a half-life of about 20 hr, while TB and EB have half-lives of 37 and 33 hours,
respectively.[1, 7]

The primary enzyme involved in metabolism of bupropion to hydroxybupropion is the liver
enzyme CYP2B6.[8-11] The metabolism of bupropion to TB and EB is primarily by
carbonyl reductase, a nonmicrosomal enzyme in the liver and gut. CYP2C19 appears to
contribute to oxidation of bupropion to metabolites other than HB.[11] CYP2B6 is
polymorphic, with CYP2B6%*6the most common variant allele [http://www.pharmgkb.org/].
A genotype containing at least one CYPZB6*6 allele is found in about 25%, 45%, 50% and
70% of Asians, Caucasians, African Americans and Yupik Alaskan Native Peoples,
respectively.[12-14] The other common variants include *4 (2-4% allele frequency in
Caucasians and Asians, but rare in African Americans) and *5 (10%, 5% and 1% allele
frequency in Caucasians, African Americans and Asians, respectively). Relevant to the
present study, the CYPZB6*18allele is found essentially exclusively in people of African
descent, with an allele frequency of 4-7%.

Pharmacokinetic studies in individuals with different genotypes have been performed using
single doses of bupropion. Kirchheiner showed that CYP2B6%4 is associated with faster
clearance of bupropion, but that CYP2B6%*6 did not affect bupropion clearance [15]. Loboz
[16] reported that one individual who was a homozygote for CYP2B6 *6 had slower
bupropion metabolism than individuals homozygous for the CYP2B6%*1 reference allele. /n
vitro studies support the idea that the CYP2B6*6 variants are associated with reduced
concentrations of functional MRNA, protein and enzymatic activity, thought to be related to
aberrant splicing with loss of exons 4 to 6.[17-20] Recombinant expression of CYP2B6.18
in COS-1 cells resulted in marked reduction of expression and reduced bupropion
hydroxylase activity. [21] We are aware of no human data on the effect of CYP2B6*180n
bupropion metabolism.

While single dose studies indicate genetic variation in bupropion metabolism, usual usage
for depression or smoking cessation involves prolonged dosing regiments. Thus steady state
analyses of the impact of genotype on concentrations of bupropion and metabolites are
needed. We conducted a genotype-stratified pharmacokinetic study to compare plasma
concentrations of bupropion, HB, TB and EB throughout the day after 7 days of daily dosing
with sustained release bupropion in healthy volunteers with and without CYP2B6*6
variants. We hypothesized that the presence of CYPZB6*6 alleles would be associated with
significant higher steady state plasma concentrations of bupropion and lower plasma
concentrations of HB compared to people with reference alleles. We were also able to
include a few subjects with the CYP2B6*18allele. We hypothesized that CYP2B6*18allele
would be associated with significant higher steady state plasma concentrations of bupropion
and lower plasma concentrations of HB compared to people with reference alleles.

Forty-two healthy subjects were studied, of which 62% were men. Self-declared race
included 21 white (14 non-Hispanic, 7 Hispanic), 14 African Americans and 7 Asians. The
subjects were selected from a pool of people who had given DNA for genotyping for
potential future participation in pharmacokinetic studies. We enriched the subject pool for
those with CYP2B6*6 alleles. Subjects could not be taking regular medications (including
oral contraceptives) and could not be current alcohol or illicit drug abusers. Subjects were
screened by medical history, physical examination, complete blood count, liver and kidney
function and EKG. Individuals with a history of seizures, significant prior head trauma or
eating disorders were excluded, as these are risk factors for bupropion-induced seizures.
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http://www.pharmgkb.org/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Benowitz et al.

Procedures

Genotyping

Page 3

Subjects were compensated for participation. The study was approved the Institutional
Review Boards at the University of California San Francisco and University of Toronto.

After screening, subjects signed informed consents and were asked to take one bupropion
150 mg XL (sustained release) tablet in the morning before breakfast daily for 7 days. Seven
days was taken as adequate time to reach steady state concentrations of bupropion and
metabolites.[1] Subjects were asked to call the research associate daily to confirm that he/
she had taken the medication and to give the exact time. On Day 7, subjects were admitted
to Clinical Study Unit at San Francisco Hospital Medical Center at about 8 am for a 24 hour
admission. Blood samples were collected every 4 hours during the day until 12 midnight
then again at 8 am the next day. Bupropion degrades in blood, a process that is temperature
and pH dependent.[22] Therefore, blood samples were collected in chilled heparinized tubes
and centrifuged in a cold centrifuge. Plasma was then separated into a citric acid tube and
frozen until analysis. We found that this procedure for handling blood specimens prevented
loss of bupropion that has been seen with other sampling procedures.

Common CYP2B6 alleles (*4 K262R, *5R487C, *6 K262R & Q172H, and *9Q172H)
were genotyped using two-step allele-specific PCR assay as previously described.[13, 23].
In addition, new genotyping assays were developed for CYP2B6*18. In order to avoid the
amplification of CYP2B7 pseudogene, each assay included a gene-specific amplification
followed by an allele specific amplification. The gene-specific amplification primers were
forward 5’CCTCTCGGTCTGCCCATCTATAAAC3’ and reverse
5’AGGAACCCTGTCTCTGTGTGACTS3’. The allele specific amplification primers were
forward wild type 5’GGACCCCAGCGCCCCCAAZ’, forward variant
5’"GGACCCCAGCGCCCCCAG3’, reverse wild type

5’ CGATGTGGGCCAATCACCTGTTCAAZ’, and reverse variant
5'"CGATGTGGGCCAATCACCTGTTCAG3’. The assays were verified by sequencing
(ACGT Corporation, Toronto ON, Canada).

Analytical Chemistry

Plasma samples were analyzed for concentrations of bupropion and its metabolites, HB, TB
and EB using liquid chromatography — tandem mass spectroscopy, as previously described
[24, 25]. The lower limit of quantitation for bupropion was 1 ng/ml. Data on within-run and
between-run accuracy and precision are provided in supplemental table 1. Urine samples
were assayed with and without glucuronide deconjugation. The deconjugation procedure
followed the method of Petsalo, modified with overnight instead of 6 hour incubation.[26]
Concentrations of conjugated bupropion or metabolites were determined as the difference
between concentrations measured with compared to without deconjugation. Concentrations
of bupropion and metabolite standards were unaffected by the deconjugation procedure.

Data Analysis

The main measure of exposure to bupropion and its major metabolites was the area under
the plasma concentration-time curve for 24 hours on day 7 (AUC,,). Oral clearance of
bupropion was also computed as Dose/AUC,4, normalized for body weight. Clearance via
different metabolic pathways was estimated using the ratio of AUCs for each of the
metabolites over bupropion. We also analyzed the maximal concentration (Cpax) for
bupropion and metabolites. Urine data were examined both as absolute concentrations and
the molar percentage of each analyte in relation to the sum of bupropion and its metabolites.
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Pairwise statistical comparisons were performed by Wilcoxon’s tests. Linear regression
analysis was used to examine the effects of having zero, one or two copies of CYP2B6*6 or
CYPZB6*18 allele, race/ethnicity, sex, and BMI on HB AUC and the HB/BUP ratio. To
enable better interpretation of the regression results, the PK parameters were not normalized.
Normalization by log transformation did not change the significances of the finding. All
analyses were performed using Stata 11 (StataCorp, College Station, TX). P values below
0.05 were considered to be statistically significant.

Demographic data and genotype frequencies for the subjects are shown in Table 1. Figure 1
shows the average plasma concentrations of bupropion and metabolites over 24 hours.
Steady state HB concentrations were on average more than 10-fold higher than bupropion or
EB concentrations, while TB concentrations were intermediate. Pharmacokinetic data for
subjects with and without reduced function CYPZB6 alleles are shown in Table 2. The
Cmax, Css (mean steady state concentration) and AUC of HB were significantly lower in
subjects with at least one reduced function alleles (i.e either CYP2B6*6 or *18) compared to
those without, which could also be seen within the CYP2B6*6 group alone. Consistent with
this finding, the ratio of HB/BUP was significantly lower in those with CYP2B6%*6 variants.
Other comparisons were not statistically significantly different. Figure 2 shows HB
concentrations (AUC) according to CYPZB6 genotype, sex and race. On average,
homozygous and heterozygous CYP2B6 *6 subjects had lower HB concentrations compared
to those without reduced function alleles. Urine bupropion and metabolite excretion data are
shown in Table 3. Less than 1% of the daily bupropion dose was excreted unchanged as
bupropion. The greatest percentage of the bupropion dose was recovered by TB followed by
HB. Bupropion was not appreciably glucuronidated, while glucuronide metabolites
accounted for about 75%, 25% and 10% of total excreted HB, EB and TB respectively.
Subjects with CYP2B6 reduced function variants, in particular CYP2B6%*6, excreted
significantly less HB compared to those without reduced function variants. Renal clearances
averaged 0.17, 0.03, 0.37 and 0.50 ml/min/kg for bupropion, HB, EB and TB, respectively.

Table 4 presents results of a regression analysis of factors that influence HB AUC and the
HB/BUP ratio. The presence of the CYP2B6*6 allele was associated with significantly
reduced HB concentrations and HB/BUP ratio. The CYP2B6*18allele was associated with
significantly reduced HB concentrations and borderline (p=0.056) lower HB/BUP ratio.
Women had a significantly higher HB AUC than men, although this difference was not
observed with HB/BUP ratios. Once CYPZ2B6*6 and CYP2B6*18 genotype and sex were
accounted for in the regression model, there was no effect of African American race. Asians
had a borderline lower level of HB AUC and HB/BUP ratio (P=0.05 and 0.058) which may
reflect the presence of additional untested variant alleles.

Discussion

We report several novel findings with respect to the disposition of bupropion in relation to
CYPZB6 genotype. We present the first analysis of steady state concentrations of bupropion
and its metabolites in relationship to genotype and race. We confirm findings from previous
studies that CYP2B6%*6 does not affect bupropion clearance, but does affect the generation
of HB. [15] We present novel data on the functional significance of the CYP2B6*18allele
in people. We present novel data on renal excretion and clearance of bupropion and
metabolites at steady state.

Bupropion is metabolized to HB primarily by CYP2B6, with possible contributions from
CYP2E1 and CYP3A4 at high substrate concentrations.[8-11] Bupropion is also
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metabolized to hydroxylated metabolites other than HB by CYP2C19.[11] Bupropion
metabolism to EB and TB are thought to be catalyzed by carbonyl reductase enzymes.[11]

The CYPZB6*6results in a disruption of an exonic splicing enhancer, resulting in a lower
amount of functional CYP2B6 mRNA and less protein expression. [17, 18, 20, 23] In
addition amino acid changes may contribute to altered function of the protein[27]. In human
liver samples, the CYP2B6%*6 variant has been associated with reduced bupropion
hydroxylation activities [19, 20], but in human studies this variant did not affect bupropion
clearance. [15] Our findings on bupropion blood concentrations during steady state confirm
the prior observations with single doses that while it substantially alters HB formation from
bupropion, the CYPZ2B6*6 variant does not affect bupropion clearance. Presumably this is
explained by the multiple metabolic pathways, other than via CYP2B6, through which
bupropion is metabolized.

Our results extend the in vitro and in vivo results of other studies that the concentrations of
HB are substantially reduced among those with at least on CYP2B6*6allele.[15, 16, 19, 25]
We found that the HB/BUP plasma AUC ratio decreases in a gene-dose related manner. The
magnitude of the effect is substantial with the AUC of HB being decreased by 50% in
CYP2B6*6 homozygotes.

While both bupropion and HB are active, the blood concentrations of HB at steady state are
10-30 times higher than that of bupropion. The pharmacologic effect of a drug is determined
by the free drug concentration, which is the product of total blood concentration and %
unbound. The % unbound for bupropion is 16% and for HB is 23%[1]. Given the much
higher steady state concentration and the greater % unbound, HB is likely to contribute most
of the pharmacologic activity of bupropion. The reduction of 50% in HB activity in the
CYP2B6*6 homozygotes is expected to have a substantial impact on the pharmacologic
activity and therapeutic efficacy of bupropion; this may alter drug dosing and/or therapeutic
response more substantially in some populations compared to others as CYP2B6*6
homozygotes range from 3% in Asians to over 25% in Yupik peoples.[14]

A limitation of our kinetic study is that we did not measure enantiomers of bupropion or its
metabolites. Bupropion is marketed as a racemic mixture. [28] After dosing with a racemic
mixture, the blood concentrations of the R- are 3-fold higher than those of S-bupropion[29].
Similarly, HB is enantiomeric, with 2S,3S-HB having greater potency than the 2R,3R- HB
at nicotine receptors, while blood concentrations of the 2R,3R are higher than those of 2S,3S
after a single dose.[3-5]

Racial differences in the prevalence of the CYP2B6*6 allele are known: approximately 25%
of Asians, 45% of Caucasians, 50% of African Americans have at least one CYP2B6%*6
allele.[12, 13, 25] We are aware of no prior research examining the impact of the
CYP2B6%*6 variant on bupropion Kinetics in people of different races. In a multiple
regression analysis, race had no effect on the HB/BUP ratio when genotype was included in
the model, suggesting that the impact of the variant genotypes is similar across races.

Three of our African American subjects had the CYPZ2B6*18 variant. While the number of
subjects is small, in multiple regression analysis this variant was significantly associated
with reduced HB AUC and borderline significantly associated with reduced HB/BUP ratio.
The single nucleotide polymorphism that characterizes the CYP2B6*18 variant causes a
change in amino acid sequence which leads to very low CYP2B6 protein expression in
mammalian and yeast expression systems[21, 30]. This suggests that CYP2B6*18is the
causal variant for pharmacokinetic effects, although we cannot exclude the possibility that
CYPZB6*18has other additional variants in linkage disequilibrium specific to African
ancestry. The impact of this allele appears to be greater than the reduction of function found
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with CYP2B6%*6, although with observations in just three subjects this conclusion remains
tentative. Based on the allele frequencies of *6 and *18 (6% and 35%, respectively)[25],
approximately 16% of African Americans have two copies of either the *6 and/or *18 allele
and 49% of African Americans have one copy of either the *6 or *18 allele. This suggests
that a large proportion of African Americans have reduced metabolism for CYP2B6
substrates.

We measured bupropion and its major metabolites including glucuronide conjugates in a 24
hour urine at steady state. This allowed us to determine the percent recovery of the daily
bupropion dose. Of the daily bupropion dose we could account for only 0.3% as unchanged
bupropion and about 10% as the sum of all of measured metabolites in urine. These findings
are similar to those seen with administration of C14 labeled bupropion.[1] Petsalo has
identified 20 metabolites of bupropion in human urine, with the most abundant being m-
chlorohippuric acid. [26] Thus, most of the metabolites of bupropion excreted in urine are
not the main metabolites measured in plasma.

The most prevalent urine metabolite was TB, followed by HB and EB, with relatively low
concentrations of bupropion. As expected, subjects with the CYP2B6%*6 variant excreted
significantly less HB compared with those without any reduced function variants. Petsalo
identified 8 glucuronide conjugates of bupropion metabolites, including conjugates of HB,
TB and EB. We provide the first human data indicating the glucuronidation is greatest for
HB, less for TB and EB, and minimal or none for bupropion.

The renal clearances of bupropion and its metabolites were all low, much lower than
glomerular filtration rate. The lowest clearances were for bupropion and HB, most likely
related at least in part to a high degree of protein binding (84% and 77%, respectively). [1]
The renal clearance of TB and EB were higher, consistent with a lower extent of plasma
protein binding. Our data on renal clearance of bupropion may have forensic utility,
allowing extrapolation from urine concentrations to plasma concentrations at steady state.

With respect to using genotyping to personalize treatment, our data indicate that people who
have CYPZB6*6and CYPZB6*18 variants have reduced concentrations of HB and would
be expected to have reduced pharmacologic activity from a given dose of bupropion.
Consistent with this idea, Zhu et al recently reported that when bupropion is used for
smoking cessation in African American smokers, the quit rates were associated with plasma
HB but not bupropion concentrations.[25] As expected the HB concentrations were lower in
smokers who have reduced function CYPZB6 variants. It was speculated that smokers with
reduced HB formation might need higher doses of bupropion to achieve the same smoking
cessation effect, and possibly for its antidepressant effects, compared to those who are
normal metabolizers.

Our paper focuses on the effects of the CYP2B6 genotype on bupropion metabolism.
CYP2BS6 is also involved in the metabolism of other drugs, such as efavirenz,
cyclophosphamide, artemisinin, ketamine, propofol, methadone and selegeline. Studies with
efavirenz have shown that the CYP2B6%*6 variant is associated with higher concentrations of
parent drug and increased toxicity.[31] This finding of reduced enzymatic activity is
consistent with our finding that the CYP2B6*6 variant is associated with reduced generation
of the bupropion metabolite, HB. Whether a person with a CYP2B6*6 allele requires dose
reduction (efavirenz) or dose escalation (possibly bupropion) depends on the extent to which
the parent drug vs metabolite mediates pharmacologic activity.

In conclusion we demonstrate for CYP2B6%*6 and provide strong evidence for CYP2B6*18
that these gene variants are associated with reduced concentrations of the active metabolite
HB at steady state, with no effect of concentrations of bupropion or other metabolites. The
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effect of the gene variants appears to be independent of race. Our data provide quantitative
estimates of gene variant effects, with our model including sex accounting for 50% of the
variation in HB concentrations. There is wide variability in HB concentrations within any
particular genotype, likely due to additional untested alleles, potential impact of CYP2B6
inducers, and the known impact of sex. Therapeutic drug monitoring should be evaluated as
a way to optimize therapeutic dosing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Panel A: Plasma concentrations of bupropion (BUP) and its metabolites hydroxybupropion
(HB), threohydrobupropion (TB) and erythrohydrobupropion (EB) over 24 hours. Mean +
SD

Panel B: Area under the 24 hour plasma concentration-time curve for bupropion and
metabolites.
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Figure2.

Area under the 24 hour hydroxybupropion (HB) concentration-time curve in individuals
with different CYP2B6 genotypes, shown by sex and race.
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Table 1
Demographics and Genotype Distribution
White African American Asians
(N=21) (N=14) (N=7)
Sex (% male) 61.9 50 85.7
Aged (y) 29.2 (19,51) 33.1(22,64) 37.0 (22,60)
Weight (kg) 72.0(659,78.1)  75.6(66.8,844)  80.8 (56.2,105.4)
BMI (kg/m?) 241(22.3259)  256(23227.9)  29.1(18.7,39.5)
CYP2B6 Genotype
*1/*1 6 (29%) 3 (21%) 2 (29%)
*1/*4 - - 2 (29%)
*1/*5 2 (10%) 1 (7%) -
*1/%6 6 (28%) 5 (36%) 3 (43%)
*5/*6 or *1/*7 3 (14%) - -
*6/*6 4 (19%) 2 (14%) -
*1/*18 - 2 (14%) -
*6/*18 - 1 (7%) -

a
mean and range

bmen (95% C.1.)
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Table 4
Regression Analysis of Predictors
Hydr oxybupropion AUCY R2 = 0.50 (p < 0.001)
Predictor B B 95% CI P
CYP2B6%*6 (per # alleles) -3049 -056 -4411,1-687 0.001
CYP2B6*18 (per # alleles) -5095 -0.34 -9018,-1171 0.012
Sex (female) 2287 037 917, 4856 0.005
Race (Asian) -2071  -0.2 -4734,592  0.123
Race (African American) -1667 -0.21  -3893,559  0.138
Hydroxybupr opion/Bupropion R2 = 0.32 (p = 0.01)
Predictor B B 95% ClI P
CYP2B6%6 (per #alleles)  -4.22 -051 -6.60,-1.83  0.001
CYP2B6*18 (per # alleles)  -6.69 -0.30 -13.56,0.18 0.056
Sex (female) 188 0.16 -1.57,5.33  0.277
Race (Asian) -4.00 -0.26 -8.66,0.66  0.090
Race (African American) -0.25 -0.02 -415,365 0.897

’tAUC in hr*ng/mL

The B and B provided refers to the variables listed in parentheses beside each categorical predictor.
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