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To evaluate the effects of clopidogrel and itraconazole on the disposition of
efavirenz and its hydroxyl metabolites in relation to the CYP2B6*6 genotype and
explore potential phenotyping indices for CYP2B6 activity in vivo using a low
dose of oral efavirenz.

We conducted a randomized three phase crossover study in 17 healthy Korean
subjects pre-genotyped for the CYP2B6*6 allele (CYP2B6*1/*1,n = 6;*1/%6,n = 6;
*6/*6, n = 5). Subjects were pretreated with clopidogrel (75 mg day™' for 4 days),
itraconazole (200 mg day™' for 6 days), or placebo and then given a single dose
of efavirenz (200 mg). The plasma (0-120 h) and urine (0-24 h) concentrations of
efavirenz and its metabolites (7- and 8-hydroxyefavirenz and
8,14-dihydroxyefavirenz) were determined by LC/MS/MS.

This study is the first to delineate quantitatively the full (phase I and II)
metabolic profile of efavirenz and its three hydroxyl metabolites in humans.
Clopidogrel pretreatment markedly decreased AUC(0,48 h), Crax and Ae(0,24 h)
for 8,14-dihydroxyefavirenz, compared with placebo; 95% Cl of the ratios were
0.55,0.73,0.30,0.45 and 0.25, 0.47, respectively. The

8,14-dihydroxyefavirenz : efavirenz AUC(0,120 h) ratio was significantly
correlated with the weight-adjusted CL/F of efavirenz (r* = 0.4, P < 0.05), differed
with CYP2B6*6 genotype and was affected by clopidogrel pretreatment (P <
0.05) but not by itraconazole pretreatment.

CONCLUSIONS

The disposition of 8,14-dihydroxy-EFV appears to be sensitive to CYP2B6 activity
alterations in human subjects. The 8,14-dihydroxyefaviremz : efavirenz
AUC(0,120 h) ratio is attractive as a candidate phenotyping index for CYP2B6

244 |/ Br ) Clin Pharmacol / 75:1 / 244-253

© 2012 The Authors

British Journal of Clinical Pharmacology © 2012 The British Pharmacological Society



Exploration of novel CYP2B6 phenotyping indices in vivo BJCP

Introduction

Research interest in cytochrome P450 (CYP) 2B6 has been
greatly stimulated in recent years. CYP2B6 represents
3-6% of the total hepatic CYP protein content, with wide
inter-individual variability [1-4]. It catalyzes the metabo-
lism of a growing list of clinically important drugs,
including nevirapine, cyclophosphamide, artemisinin,
bupropion, methadone, propofol, selegiline, ketamine and
efavirenz (EFV) [5, 6], a drug used as first line therapy
against HIV. Several factors, including genetic polymor-
phisms and inhibitor and inducer exposure, contribute to
the variable expression and activity of CYP2B6é.

The CYP2B6 gene is highly polymorphic (http://www.
cypalleles.ki.se/cyp2b6.htm). In particular, the CYP2B6%*6
allele is defined by two non-synonymous single nucleotide
polymorphisms, 516G>T (Q172H) and 785A>G (K262R).
This allele is clinically important because its frequency
differs greatly in different populations (from 12% in
Koreans [7] to 62% in Papua New Guineans [8]) and
because it is associated with significantly decreased in vitro
metabolism of EFV and an increase in adverse effects of
EFV in HIV patients [9, 10].

CYP2B6 activity is directly inhibited by numerous com-
pounds [6, 11]. Clopidogrel, one of the most frequently
prescribed medicines in the world, has been identified as a
potent mechanism-based CYP2B6 inhibitor in vitro [12]. It
also decreases CYP2B6-mediated hydroxylation of bupro-
pion in healthy volunteers [13]. However, its inhibitory
effects on the metabolism of other CYP2B6 substrates,
such as EFV, are poorly understood, particularly for the
lower activity CYP2B6 variants.
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An important limitation in in vivo studies assessing
CYP2B6-related drug-drug interactions and/or CYP2B6
genetic effects is the lack of a generally validated pheno-
typing drug. Consequently, none of the existing ‘cocktail’
methods for CYP450 phenotyping has included a CYP2B6
probe. As a well-known CYP2B6 substrate, EFV might serve
as a probe drug if an in vivo phenotyping metric is
identified. In humans, EFV is eliminated primarily through
hepatic metabolism [14], predominantly (~75%) through
8-hydroxylation catalyzed by CYP2B6 (with minor con-
tributions by CYP3A and other enzymes in vitro) to
8-hydroxyefavirenz (8-OH-EFV). 8-OH-EFV appears to
undergo secondary metabolism (catalyzed exclusively
by CYP2B6 in vitro) to 8,14-dihydroxyefavirenz (8,14-
OH-EFV) [15, 16]. Other metabolic routes resulting in
7-hydroxylation (7-OH-EFV) and N-glucuronidation repre-
sent the other 25% of EFV primary metabolism [16]. The
proposed pathway for human metabolism of EFV is sum-
marized in Figure 1.

The initial aim of the present study was to explore
potential phenotyping indices for CYP2B6 in vivo activity
using EFV as the probe drug. In accordance with the previ-
ously summarized validation criteria for phenotyping
metrics (Table S1) [17], we designed a three phase cross-
over clinical trial with healthy subjects that enabled us to
test multiple variables, such as drug-drug interactions and
CYP2B6 genetic effects, in a single study with a low dose of
oral EFV as the testing substrate. We also examined the
pharmacokinetics of EFV and its metabolites to explore the
metabolic metrics, which might reflect CYP2B6 enzyme
activity. Drug-drug interactions were examined by pre-
treating the subjects with a potent CYP2B6 inhibitor
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Proposed pathway for efavirenz (EFV) metabolism in humans. Arrow thickness represents the estimated relative contribution of each pathway to overall EFV
metabolism. Metabolites in square brackets were not detected in our study. EFV(-G), EFV-glucuronide; 7-OH-EFV(-G), 7-hydroxyefavirenz-glucuronide;
8-OH-EFV(-G), 8-hydroxyefavirenz-glucuronide); 8,14-OH-EFV(-G), 8,14-hydroxyefavirenz-glucuronide. °EFV turnover rate (data from [16]).°8-OH-EFV turn-

over rate (data from [15])
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(clopidogrel), a potent CYP3A inhibitor (itraconazole) or
placebo before the EFV pharmacokinetics study. Genetic
effects were examined by pre-genotyping CYP2B6*6 and
recruiting equal numbers of subjects with each of the
three genotypes (CYP2B6*1/*1, *1/*6, *6/*6). We hypoth-
esized that we would find parameters and/or metabolic
ratios derived from EFV disposition that were sensitive to
both CYP2B6 inhibition and CYP2B6*6 genetic polymor-
phism but were not influenced by CYP3A inhibition.

Methods

Subjects

Genomic DNA samples from 374 Korean subjects were
genotyped using the pyrosequencing method described
by Rohrbacher et al.[18] for the two functionally important
non-synonymous SNPs, G516T and A785G, that define the
CYP2B6*9 (G516T), *4 (A785G) and *6 (G516T and A785G)
alleles. Consistent with a previous report on the Korean
population [7], the frequencies of the CYP2B6*9, ¥4, and *6
alleles in the 374 Korean subjects were 0.4%, 7.0% and
16.2%, respectively. The allelic frequencies were in Hardy-
Weinberg equilibrium (x> = 5.16, P = 0.27). Upon further
study, the subjects with both 516GT and 785AG genotypes
were confirmed to be CYP2B6*1/*6 but not *4/*9.From the
374 subjects, a total of 17 subjects (CYP2B6*1/*1, n = 6;
CYP2B6*1/%6,n =6;CYP2B6*6/*6,n = 5) were selected. Since
gender appears to influence CYP2B6 expression in vitro
and EFV disposition in vivo [3, 19], only male subjects were
included.

Subjects were assessed using standard physical exami-
nations, medical histories, and laboratory tests. Two weeks
before and until the end of the entire clinical trial, subjects
were required to abstain from all drugs and nutritional
supplements and from tobacco, alcohol, caffeine and
grapefruit juice. The study was approved by the Institu-
tional Review Board of Inje University Busan Paik Hospital,
Korea. Written informed consent was obtained from each
volunteer. The study was conducted at the Clinical Trial
Centre of Busan Paik Hospital.

Study design

The study was a three phase randomized crossover clinical
trial. In the first phase, each subject was asked to take the
pretreatment drug [clopidogrel (75 mg day™' for 4 days),
itraconazole (200 mg day™' for 6 days) or placebo (for 6
days)]. On the last day of pretreatment, after an overnight
fast, the subjects took their final dose of pretreatment drug
at 08.00 h.One hour later, a single 200 mg dose of oral EFV
was administered with 240 ml water.Blood samples (10 ml)
were collected in tubes containing sodium heparin before
andat1,2,3,4,5,6,8,10,12,24,48,72 and 120 h after EFV
administration,and urine samples were collected from 0 to
24 h after EFV administration. For each urine sample, the
volume was recorded and a 15 ml aliquot was saved. The
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plasma and urine samples were stored at —80°C until analy-
sis. After an 8 week washout period, the above procedure
was repeated with another pretreatment for the second
and third phases.

Determination of EFV and EFV metabolite
concentrations in plasma and urine
We determined the plasma and urine concentrations of
EFV and its hydroxyl metabolites in both conjugated (glu-
curonidated) and unconjugated forms by liquid chroma-
tography (LC)-tandem mass spectrometry (MS/MS). The
concentrations of the conjugated forms were determined
as follows. Briefly, 0.2 ml of plasma (or urine) sample was
incubated with 2 ml of 0.2 M sodium acetate solution (pH
5.0) containing 1000U of B-glucuronidase from Helix
pomatia at 37°C for 1 h.The samples were then spiked with
20 ul of simvastatin (5 ug ml™") as an internal standard, alka-
linized with 1 ml of 0.1 M sodium carbonate buffer (pH 9.4)
and extracted with 3 ml of ethyl acetate. After centrifuga-
tion (3000 rev min~', 10 min), the organic phase was evapo-
rated to dryness at ambient temperature in a Speed-Vac
(Savant, Holbrook, NY, USA). The resulting residue was
reconstituted in 0.1 ml of mobile phase [water : acetoni-
trile 2:8 (v/v)] and 80 pl of the solution was injected into
an Agilent LC/MS/MS system (Agilent Technologies, Santa
Clara, USA) equipped with an Agilent 1100 series high per-
formance LC system (Agilent, Wilmington, DE, USA).
Chromatographic separation of the compounds was
accomplished using a Luna C18 column (2.0 x 100 mm,
3 um; Phenomenex, Torrance, CA) and a mobile phase con-
sisting of water and acetonitrile [2:8 (v/v)] delivered at a
flow rate of 0.2 mlmin™'. The MS negative mode was
chosen.For EFV,7-,8-and 8,14-OH-EFV and simvastatin, the
precursor-to-product ion reactions monitored, had mass-
to-charge ratios of 314/244,330/286,331/258,346/262 and
435/319, respectively. The lower limit of quantification
(LLOQ) for EFV was 10 ng ml™" and for the EFV metabolites,
the LLOQ was 5 ng ml™". The inter-assay variation for all of
the samples was less than 20% (except at the lowest con-
centration of 8,14-OH-EFV, for which the variation was
23.5%).Each sample was analyzed in triplicate. The uncon-
jugated compounds were assayed using the same proce-
dure as that for conjugated compounds, except that the
incubation step with B-glucuronidase was omitted.

Pharmacokinetics analysis

The maximum plasma concentration (Cnax) Was derived
directly from the plasma concentration vs. time data. The
area under the concentration-time curve (AUC), half-life
(t12) and apparent oral clearance (CL/F) were estimated
using the non-compartmental method of Winnonlin soft-
ware (version 4.1, Pharsight, Mountain View, CA, USA).

Metabolic ratios
All possible combinations of metabolic ratios (e.g. metabo-
lite : EFV) in plasma and urine were calculated using the
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AUC or concentration value (e.g.concentration at 48 h, Css).
A molar ratio was used to calculate (8-OH-EFV + 8,14-OH-
EFV): EFV.

Statistical analysis

Gene-dose effects among the three genotypes in the
same phase were tested using the Jonckheere-Terpstra
test. Pharmacokinetic parameters were compared among
the three genotypes in the same phase using the Kruskal-
Wallis test and were compared between the two pretreat-
ments in all subjects using the Wilcoxon signed-rank test.
The Pearson correlation and r? value were used to describe
the degree of association of the two variables. SPSS
(version 17.0, SPSS Inc, USA) software was used for the
statistical analysis. Differences were considered statistically
significant at P < 0.05.

Results

Determination of EFV, its hydroxyl metabolites
and the conjugated forms in plasma

In the absence of the deconjugation procedure, EFV and
8-OH-EFV were detected but 7-OH-EFV and 8,14-OH-EFV
were not.Deconjugation allowed detection of all four com-
pounds. The EFV concentration was similar with and
without deconjugation and the 8-OH-EFV concentration
was near or below the LLOQ without deconjugation. Upon
visual inspection, the concentration-time curves for all
metabolites were in parallel with EFV (Figure 2). In the clo-
pidogrel phase, the 8,14-OH-EFV concentration-time

1000

100

o

Plasma concentration (ng mi™")

0 20 40 60 80 100 120
Time (h)

Figure 2

Plasma concentration-time curves for unconjugated EFV (—(O—), total
(unconjugated + conjugated) EFV (—@—), unconjugated 8-hydroxy- EFV
(1), total 8-hydroxy-EFV (—j), 8,14-dihydroxy-EFV (—A—) and
7-hydroxy-EFV (—@—) after administration of a single 200 mg dose of oral
efavirenz in 17 healthy subjects in the placebo phase. Data points repre-
sent mean = SD

curves for all subjects had two peaks, with the second peak
appearing ~48 h after EFV administration.

Effects of clopidogrel and itraconazole
pretreatment and CYP2B6*6 genotype on the
pharmacokinetics of EFV and its hydroxyl
metabolites

Subject characteristics were similar among the three geno-
types (Table S2). Three subjects (two in the placebo and
one in the clopidogrel phase, two CYP2B6*6 and one
CYP2B6*1/*1), complained of minor headache and dizzi-
ness. No subjects dropped out of the study due to adverse
effects.

The pharmacokinetic parameters of EFV and its
metabolites are displayed in Tables TA and B.The systemic
exposure parameters (AUC and Cp.y) of EFV and 7-OH-EFV
and the AUC of 8-OH-EFV were significantly higher in the
clopidogrel phase than in the placebo phase (n =17,P <
0.05). On the other hand, the Cun., AUC(0,120 h) and
AUC(0,48 h) of 8,14-OH-EFV were significantly lower in the
clopidogrel phase than in the placebo phase. The placeb-
o:clopidogrel phase ratio for Cn., AUC(0,120h) and
AUC(0,48 h) of 8,14-OH-EFV were [shown as means (95%
C] 0.37 (0.30, 0.45), 0.80 (0.71, 0.90) and 0.60 (0.55, 0.73),
respectively (Table 1A, Figure 3).In the itraconazole phase,
the only significant difference in the pharmacokinetic
parameters for any of the compounds, relative to placebo,
was a slight increase in the AUC(0,120 h) of 8-OH-EFV (P <
0.05, Table 1B).

CYP2B6*6 gene-dose effects were seen for EFV
AUC(0,) in all phases and for EFV AUC(0,120 h) in pretreat-
ment phases, but not for any of the other parameters (P <
0.05, Tables 1A and B). Comparisons among the three
genotypes revealed no statistically significant differences
among genotypes in the placebo phase, significant differ-
ences in AUC(0,120 h) and AUC(0,.0) among genotypes in
the clopidogrel phase (P < 0.05) and a marginal difference
in AUC(0,e) among genotypes in the itraconazole phase (P
=0.06).

Effects of clopidogrel and itraconazole on 24 h
urinary excretion of EFV and its hydroxyl
metabolites

The concentrations of EFV and its conjugated form in 24 h
urine samples were below the LLOQ (10 ng ml™) in all
phases. The three EFV metabolites were present at negli-
gible concentrations in the absence of deconjugation but
were several hundred times more abundant after decon-
jugation. In the placebo phase, the total amount of the
three metabolites in the 24 h urine samples accounted for
~5% of the 200 mg dose of EFV (data not shown).The clo-
pidogrel : placebo phase ratio for 8,14-OH-EFV in 24 h
urine samples was only 0.34 (95% Cl 0.25, 0.47), but the
corresponding phase ratios for 7- and 8-OH-EFV were near

Br | Clin Pharmacol / 75:1 /| 247
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Figure 3

Comparison of concentration-time curves for conjugated 8,14-
dihydroxy- EFV (8,14-OH-EFV) in the placebo (—O—), clopidogrel (—A—)
and itraconazole (—jll—) phases in 17 subjects after administration of a
single 200 mg dose of oral efavirenz. Data points represent mean =+ SD.*P
< 0.01, ** P < 0.001 compared with the placebo phase, as determined
using the Wilcoxon signed-rank test

unity (Table TA). Pretreatment with itraconazole had no
impact on 24h urinary excretion of the metabolites
(Table 1B).

EFV metabolic ratios and their relation to
CYP2B6*6 genotypes, pretreatments and EFV
weight-adjusted CL/F

Metabolic ratios that differed significantly among the
genotypes or with pretreatment or that correlated with
the weight-adjusted CL/F for EFV are shown in Table 2.The
8,14-OH-EFV : 8-OH-EFV AUC(0,120 h) ratio and the 8,14-
OH-EFV : EFV AUC(0,120 h) and Cug ratios decreased sig-
nificantly with clopidogrel pretreatment (P < 0.001 vs.
placebo) but not with itraconazole pretreatment. The
8-OH-EFV : EFV, (8-OH-EFV + 8,14-OH-EFV) : EFV and 8,14-
OH-EFV:EFV AUC(0,120 h) ratios and the 8,14-OH-
EFV: EFV C4 ratio differed significantly among the three
genotypes in a gene-dose-dependent manner in all
phases (P < 0.05), with one exception: the 8-OH-EFV : EFV
AUC(0,120 h) ratio did not differ significantly among geno-
types in the placebo phase (P = 0.08). These three
AUC(0,120 h) ratios were also significantly correlated with
the EFV weight-adjusted CL/F in each phase, with r?
ranging from 0.22-0.51 (P < 0.05), with the exception of the
8-OH-EFV : EFV ratio in the itraconazole phase (P = 0.07).

Discussion

In this study, we presumed that a careful analysis of the
overall metabolic profile of a CYP substrate under various

250 / 75:1 / Br ) Clin Pharmacol

pre-established conditions that influence CYP activity,
such as inactivating mutations or drug-induced inhibition,
might yield metabolic metrics sensitive to CYP enzyme
alterations. Our findings suggest that EFV may be a suit-
able phenotypic probe drug for CYP2B6 activity.

We first evaluated the relative contributions of phase |
and phase Il enzymes in EFV metabolism in vivo by mea-
suring both the total and unconjugated concentrations of
EFV and its hydroxyl metabolites.The difference in the con-
centrations of unconjugated and total EFV was negligible,
indicating that nearly all of the EFV was unconjugated,
whereas the hydroxyl metabolites were found predomi-
nantly in their conjugated forms, consistent with previous
studies [14, 20, 21]. These findings suggest that although
the conventional measurement of unconjugated EFV
appears sufficient in clinical practice, the concentration of
the conjugated EFV metabolites must be measured if the
phase | metabolism of EFV is to be accurately studied,
because the unconjugated metabolites alone cannot
reflect the actual rate-limiting phase | metabolism.

Clopidogrel pretreatment only modestly increased the
exposure parameters (AUC and Cpn.x) for EFV and 7-OH-EFV
(P < 0.05, n = 17). One likely reason for this less than
expected inhibition of EFV metabolism is that the pre-
inactivated CYP2B6 recovered its activity during the long
(120 h) sampling time. This recovery probably would not
occur if the inhibition was maintained throughout the trial
[22]. Interestingly, the 8,14-OH-EFV concentration-time
curve in the clopidogrel phase developed a second peak at
~48 h after EFV administration in all subjects, possibly due
to the recovery of CYP2B6 activity. This phenomenon
would be similar to that described previously for CYP3A4
[22]. In addition, not all EFV is metabolized through
8-hydroxylation.Therefore, the increase in 7-OH-EFV in our
study might reflect a shift toward 7-hydroxylation (by
CYP2A6) induced by inhibition of 8-hydroxylation, as pre-
viously suggested [23].This shift would keep EFV metabo-
lism from decreasing dramatically in the presence of
inhibitors of 8-hydroxylation.

Both the formation of 8-OH-EFV via 8-hydroxylation
and its elimination via 14-hydroxylation are mediated
by CYP2B6. However, other enzymes appear to be able
to mediate the 8-hydroxylation step (but not the
14-hydroxylation step) [14, 15].If the latter step were thus
more susceptible to clopidogrel inhibition, the 8-OH-EFV
AUC would increase with clopidogrel, as seen in our study.
Interestingly, clopidogrel dramatically decreased the sys-
temic exposure to 8,14-OH-EFV, as reflected by plasma and
24 h urine samples, probably because the effects of 8- and
14-hydroxylation were synergistic. The inhibition of con-
secutive steps in a metabolic pathway can lead to a near-
complete disruption of the pathway [24]. On the other
hand, itraconazole, a potent inhibitor of CYP3A and
P-glycoprotein, did not alter the concentrations of EFV
or its metabolites. Although a recent study identified
itraconazole as a CYP2B6 inhibitor in vitro, any clinically
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Table 2

Comparison of metabolic ratios of efavirenzamong three CYP2B6 genotypes after each pretreatment, or between different pretreatments in all 17 subjects,

and their correlations with efavirenz CL/F after each pretreatment

CYP2B6 *1/*1

Total (n = 17) (n = 6) (n =6)

CYP2B6 *1/*6

AUC(0,120 h) 8,14-OH : 8-OH

Placebo 0.45 = 0.09 0.45 = 0.10 0.44 = 0.06
Clopidogrel 0.29 = 0.07** 0.29 = 0.06 0.28 = 0.04
Itraconazole 0.40 = 0.08 0.39 = 0.06 0.41 = 0.07
AUC(0,120 h) 8-OH : EFV

Placebo 0.35 = 0.10 0.41 = 0.1 0.37 = 0.08
Clopidogrel 0.38 = 0.13 0.48 = 0.12 0.40 = 0.07
Itraconazole 0.41 = 0.12 0.49 = 0.12 0.45 = 0.09
AUC(0,120 h) (8-OH + 8,14-OH) : EFV

Placebo 0.47 = 0.13 0.55 = 0.13 0.50 = 0.09
Clopidogrel 0.45 = 0.15 0.58 = 0.13 0.45 = 0.08
Itraconazole 0.52 = 0.15 0.63 = 0.15 0.55 = 0.07
AUC(0,120 h) 8,14-OH : EFV

Placebo 0.15 = 0.04 0.18 = 0.04 0.16 = 0.02
Clopidogrel 0.11 = 0.04** 0.14 = 0.03 0.11 = 0.01
Itraconazole 0.16 = 0.05 0.19 = 0.05 0.17 = 0.02
Cag 8,14-OH : EFV

Placebo 0.16 = 0.05 0.18 = 0.06 0.18 = 0.03
Clopidogrel 0.11 = 0.04** 0.12 = 0.04 0.13 = 0.04
Itraconazole 0.17 = 0.06 0.21 = 0.05 0.17 = 0.05

CYP2B6 *6/*6 Correlation

(n =5) r

0.47 £ 0.11 0.89 0.75 0.01 0.91
0.29 = 0.11 0.70 0.37 0.10 0.28
0.39 = 0.10 0.70 0.71 0.05 0.22
0.26 = 0.07 0.08 0.04 0.30 0.04
0.25 = 0.09 0.01 0.01 0.49 0.01
0.29 = 0.06 0.02 0.01 0.22 0.07
0.35 = 0.08 0.02 0.01 0.35 0.02
0.31 £ 0.09 0.01 0.01 0.51 0.01
0.37 = 0.07 0.01 0.01 0.30 0.03
0.12 = 0.02 0.01 0.01 0.39 0.01
0.07 £ 0.02 0.01 0.01 0.33 0.03
0.11 = 0.02 0.01 0.01 0.43 0.01
0.11 = 0.02 0.03 0.03 0.08 0.29
0.08 = 0.02 0.04 0.03 0.22 0.08
0.11 = 0.03 0.02 0.01 0.37 0.02

Data are presented as means * SD. 2P value for significance of differences among genotypes, obtained by Kruskal-Wallis test. °P value for significance of gene-dose effect, obtained
by Jonckheere—Terpstra test. °P value for significance of correlation with weight-adjusted CL/F of efavirenz, obtained by Pearson correlation test. AUC(0,120 h), area under the curve
from 0 to 120 h after efavirenz administration; Cas, plasma concentration at 48 h after efavirenz administration; EFV, efavirenz; 8-OH, 8-hydroxyefavirenz; 8,14-OH, 8,14-

dihydroxyefavirenz. **P < 0.01 compared with placebo phase (Wilcoxon signed-rank test).

meaningful CYP2B6 drug interaction was excluded by its
relatively high Ki value and its low free portal concentration
(11 [25].

A CYP2B6*6 gene-dose effect was seen for EFV
AUC(0,00) in all phases and for EFV AUC(0,120 h) in the pre-
treatment phases (P < 0.05), but the pharmacokinetic
parameters did not differ significantly among the geno-
types in the placebo phase. A previously reported single-
dose study in which 600 mg EFV was administered to 121
Ugandans showed similar results [26]. The results of both
that study and the present study suggest that the essential
CYP2B6*6 genetic effect is modest.In contrast,in a multiple
dose study, EFV systemic exposure was at least three times
as high in CYP2B6*6/%6 subjects as in CYP2B6*1/¥1 subjects
[9,27].The administration of multiple doses of EFV induces
EFV metabolism and this auto-induction is more pro-
nounced in CYP2B6*1/*1 patients [28].Thus, genetic effects
are heightened in multiple dose regimens. We recently
found that CYP2B6*6 is more susceptible than CYP2B6*1 to
inhibition by clopidogrel or voriconazole in vitro [29]. This
finding is consistent with our present results demonstrat-
ing more significant genetic effects in the clopidogrel (P <
0.05) and itraconazole (marginally significant, P = 0.06)
phases than in the placebo phase.

We next examined EFV plasma and urine metabolic
ratios as potential phenotyping indices for CYP2B6 activity.
A phenotyping index that accurately reflects in vivo
enzyme activity will correlate well with the enzyme intrin-

sic clearance, or more practically, with the oral clearance of
a drug that is extensively and predominantly metabolized
by that enzyme [30].The drug frequently used as a CYP2B6
phenotyping probe, bupropion, is imperfect since the
CYP2B6-mediated hydroxylation of bupropion represents
a minor pathway and, thus, does not accurately reflect
CYP2B6 activity alterations [31, 32]. In several in vivo
studies, the concentration ratio of 8-OH-EFV : EFV has been
used to evaluate EFV treatment or its auto-induction [28,
33]. This ratio was found inappropriate for our study. The
AUC(0,120 h) ratios of 8-OH-EFV : EFV and 8,14-OH-EFV : 8-
OH-EFV did not meet the index criteria either. Apparently,
ratios including 8-OH-EFV, the intermediate metabolite, are
less suitable because the effect of CYP2B6 activity alter-
ation on 8-OH-EFV remains uncertain. Thus, we rejected
these ratios as candidate indices.

Our results suggest that the more suitable biomarker
for CYP2B6 activity in humans in vivo is 8,14-OH-EFV, a
little-researched secondary metabolite of EFV. The 8,14-
OH-EFV : EFV AUC(0,120 h) ratio meets the validation crite-
ria for phenotyping metrics, as it is markedly affected by
CYP2B6*6 genotype in a gene-dosage-dependent manner
and by the CYP2B6 inhibitor clopidogrel, but not by the
CYP3A inhibitor itraconazole. Moreover, we observed a sig-
nificant correlation between this ratio and the EFV weight-
adjusted CL/F, although the r* value (~0.4) was relatively
low, possibly because of the small sample size. However,
use of this metabolic ratio requires multiple samplings
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over 120 h, and thus it might be impractical for use in
population studies. Nonetheless, it remains an attractive
candidate phenotyping index for clinical trials with small
sample sizes. Two other ratios, the (8-OH-EFV + 8,14-OH-
EFV) : EFV AUC(0,120 h) ratio and the 8,14-OH-EFV : EFV Cys
ratio, are good potential candidates but need further
validation. In particular, a single time—-concentration ratio
data point would provide a much simpler phenotyping
procedure.

Notably, the reliability, safety and utility criteria for a
phenotyping drug are met by EFV. Since the CL/F of a
single dose EFV is dose- or time-independent (Sustiva®
package insert), we consider it to be reliable. The low EFV
dose used was well tolerated among the subjects. Besides,
decreasing the dose might increase the selectivity toward
CYP2B6, as CYP2B6 often acts as a high affinity, low
capacity enzyme in drug metabolism [15]. Recently,
7-hydroxylation of EFV was proposed as an in vivo probe
for CYP2A6 [16].Therefore, EFV might serve as a dual probe
for CYP2B6 and CYP2A6 activity once validated in future
studies.

There are several limitations in this study: (1) the small
sample size required a limited number of variables to be
included. Thus, female gender and other CYP2B6 genetic
polymorphisms were not tested, (2) the inhibitory effects
probably declined throughout the 120 h sampling time.
Therefore, the EFV CL/F we obtained from the inhibition
phases should be regarded as a general estimate that does
not reflect the actual CL/F at any particular time point and
(3) as CYP2B6 is known for its substrate specificity, EFV
might not be useful as an indicator of CYP2B6 activity
towards other substrates.

In this first reported study of the quantitative disposi-
tion of EFV in humans, 8,14-OH-EFV was identified as a
more sensitive indicator of CYP2B6 activity than either EFV
or 8-OH-EFV. The 8,14-OH-EFV:EFV AUC(0,120 h) meta-
bolic ratio is an attractive candidate phenotyping index for
CYP2B6 in vivo activity. Further studies are needed to
confirm this finding in different populations with larger
sample sizes, to test other co-medication regimens and to
compare EFV with other CYP2B6 substrates.
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