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Efavirenz is commonly used to treat patients coinfected with human immunodeficiency virus and tuberculosis. Previous clinical
studies have observed paradoxically elevated efavirenz plasma concentrations in patients with the CYP2B6*6/*6 genotype (but
not the CYP2B6*1/*1 genotype) during coadministration with the commonly used four-drug antituberculosis therapy. This
study sought to elucidate the mechanism underlying this genotype-dependent drug-drug interaction. In vitro studies were con-
ducted to determine whether one or more of the antituberculosis drugs (rifampin, isoniazid, pyrazinamide, or ethambutol) po-
tently inhibit efavirenz 8-hydroxylation by CYP2B6 or efavirenz 7-hydroxylation by CYP2A6, the main mechanisms of efavirenz
clearance. Time- and concentration-dependent kinetics of inhibition by the antituberculosis drugs were determined using geno-

typed human liver microsomes (HLMs) and recombinant CYP2A6, CYP2B6.1, and CYP2B6.6 enzymes. Although none of the
antituberculosis drugs evaluated at up to 10 times clinical plasma concentrations were found to inhibit efavirenz 8-hydroxyla-
tion by HLMs, both rifampin (apparent inhibition constant [K;] = 368 uM) and pyrazinamide (K; = 637 pM) showed relatively
weak inhibition of efavirenz 7-hydroxylation. Importantly, isoniazid demonstrated potent time-dependent inhibition of efa-
virenz 7-hydroxylation in both HLMs (inhibitor concentration required for half-maximal inactivation [K;] = 30 M; maximal
rate constant of inactivation [k;,,.] = 0.023 min~") and recombinant CYP2A6 (K; = 15 pM; k;,,,.. = 0.024 min ") and also
formed a metabolite intermediate complex consistent with mechanism-based inhibition. Selective inhibition of the CYP2B6.6
allozyme could not be demonstrated for any of the antituberculosis drugs using either recombinant enzymes or CYP2B6*6 geno-
type HLMs. In conclusion, the results of this study identify isoniazid as the most likely perpetrator of this clinically important
drug-drug interaction through mechanism-based inactivation of CYP2A6.

favirenz is currently the preferred nonnucleoside reverse

transcriptase inhibitor for treatment of human immunodefi-
ciency virus (HIV) in patients who are coinfected with tuberculo-
sis (1, 2). Although highly effective, when used at the standard
adult dose of 600 mg efavirenz per day, there is high interindi-
vidual variability in efavirenz plasma concentrations leading to
adverse clinical effects (3, 4). Furthermore, this variability in
plasma concentrations appears to be enhanced when efavirenz is
coadministered with standard first-line antituberculosis therapy,
thereby greatly complicating rational efavirenz dosing recom-
mendations (5-8).

A combination of rifampin, isoniazid, pyrazinamide, and
ethambutol is typically administered during the initial 2 months
of tuberculosis treatment, followed by 4 months of therapy with
rifampin and isoniazid. Reductions in plasma concentrations of
drugs coadministered with the antituberculosis drugs are fre-
quently observed and are often attributed to the induction of drug
clearance pathways (metabolic enzymes and transporters) by ri-
fampin (9). Increases in drug concentrations can also result from
inhibition of drug clearance by coadministered antituberculosis
drugs. For example, isoniazid has been identified as a mechanism-
based inactivator of the cytochrome P450 (CYP) 1A2, 2A6, 2C9,
2C19, and 3A enzymes (10, 11).

Efavirenz is cleared primarily through metabolism by CYP2B6
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(8-hydroxylation), as well as by CYP2A6 (7-hydroxylation) and
UDP-glucuronosyltransferase (UGT) 2B7 (direct N-glucuronida-
tion) (12-15). There is currently no evidence that efavirenz is
substantially cleared by other mechanisms. A common CYP2B6
variant allele (CYP2B6*6) accounts for a significant proportion
of the observed variability in efavirenz plasma concentrations
in treated patients (15-17). This variant CYP2B6%*6 allele in-
cludes two nonsynonymous single nucleotide polymorphisms
(¢.516G>T and ¢.785A>G), which result in two amino acid
changes (Q172H and K262R) with direct effects on enzyme catal-
ysis (18, 19). The ¢.516G>T polymorphism was also shown to
disrupt normal CYP2B6 gene splicing, resulting in substantial de-
creases in enzyme levels (20).

Recent studies indicate that the effect of 4-drug antituberculo-
sis therapy on efavirenz plasma concentrations depends on the
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CYP2B6 genotype of the patient (6, 21, 22). In a cross-sectional
study of 56 adult Ghanaian patients, we showed that efavirenz
concentrations were significantly higher in homozygous CYP2B6
¢.516TT patients receiving antituberculosis therapy than in those
not receiving this therapy, while there was no effect of the antitu-
berculosis drugs in patients with the ¢.516GG or ¢.516GT geno-
types (6). This result was subsequently confirmed in two different
longitudinal studies, including a study of 32 coinfected South Af-
rican children (21) and a study of 307 coinfected Cambodian
adults (22) that measured efavirenz concentrations during and
following discontinuation of antituberculosis therapy. In both
studies, efavirenz concentrations were significantly higher during
the initial antituberculosis treatment phase in patients with
CYP2B6 slow-metabolizer genotypes (primarily ¢.516TT), but
there was no difference in CYP2B6 intermediate or fast-metabo-
lizer patients. Although it was speculated that this effect might be
the result of inhibition of efavirenz metabolism by isoniazid, the
mechanism underlying this interaction is currently unknown.

In this study, we used genotyped human liver microsomes
(HLMs) and recombinant CYP enzymes to evaluate the potential
for rifampin, isoniazid, pyrazinamide, and/or ethambutol to in-
hibit CYP-mediated efavirenz metabolism. We hypothesized that
the observed CYP2B6 genotype-dependent drug interaction
might result either from inhibition of CYP2A6-mediated 7-hy-
droxylation of efavirenz, which is quantitatively important in in-
dividuals with decreased CYP2B6 activity (23), or from increased
susceptibility of the variant CYP2B6.6 allozyme (H172 and R262)
to antituberculosis drug inhibition.

MATERIALS AND METHODS

Reagents. Efavirenz, 7-hydroxyefavirenz, 7-hydroxyefavirenz-D4, 8-hy-
droxyefavirenz, and 8-hydroxyefavirenz-D4 were purchased from To-
ronto Research Chemicals (Toronto, Canada). Clopidogrel, pyrazin-
amide, rifampin, and isoniazid were from Sigma-Aldrich (St. Louis, MO).
Ethambutol was from MP Biomedicals, LLC (Solon, OH). Pooled HLMs
(all CYP2B6*1/*1; n = 10 from 2 females and 8 males, ages 36 to 74, all
European-Americans) were from the frozen liver bank maintained at
Tufts University, Boston, MA (24). Recombinant CYP2A6, CYP2B6.1,
and CYP2B6.6 containing coexpressed CYP reductase and cytochrome B5
were from BD Biosciences (Woburn, MA). Individual liver microsomes
from white German donors with CYP2B6*1/%1 (n = 7, 4 females and 3
males, ages 37 to 77) and CYP2B6*6/%6 (n = 8, 5 females and 3 males, ages
37to 77) genotypes were from the human liver bank maintained at the Dr.
Margarete Fischer-Bosch Institute of Clinical Pharmacology, Stuttgart,
Germany. All liver donors were also shown not to carry the common
CYP2A6*9b slow-metabolizer allele previously shown to influence efa-
virenz plasma concentrations (16). The use of human liver tissues was
approved by the local ethical committees of Washington State University
(Pullman, WA), the Charité, Humboldt University (Berlin, Germany),
and the University Clinic (Tuebingen, Germany). Written informed con-
sent was obtained from liver donors, and the study was conducted in
accordance with the Declaration of Helsinki.

Efavirenz hydroxylation assays. An assay to measure rates of forma-
tion of 8-hydroxy-efavirenz and 7-hydroxy-efavirenz by HLMs and re-
combinant CYPs was developed based on previously published methods
with some modifications (13, 25). Briefly, 100-pl incubations of enzymes
(HLMs or CYPs), substrate, inhibitor, and NADPH-regenerating system
were performed for the times specified below in a water bath at 37°C. Final
enzyme concentrations were 0.1 mg protein/ml for HLMs and 10 pmol
P450/ml for CYP2A6 and CYP2B6. The reaction was stopped by adding
two volumes of ice-cold acetonitrile containing 10% acetic acid and in-
ternal standards (200 ng 7-hydroxy-D4-efavirenz and 50 ng 8-hydroxy-
D4-efavirenz), vortexed, and centrifuged at 13,000 relative centrifugal
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force (RCF) for 5 min, and the supernatant was analyzed by high-perfor-
mance liquid chromatography (HPLC) with mass spectrometry detec-
tion.

The HPLC-mass spectrometry system consisted of an Agilent 1100
pump (Agilent Technologies, Santa Clara, CA), a CTC-PAL autosampler
(Leap Technologies, Carrboro, NC), and an API 4000 mass spectrometer
(Applied Biosystems, Framingham, MA). An isocratic mobile phase of
56% acetonitrile with 44% 20 mM ammonium formate (pH 4.75) was
pumped at 0.35 ml per minute through a Synergi Hydro-RP 150- by
2-mm column (Phenomenex, Torrance, CA) to achieve separation of
8-hydroxy-efavirenz and 7-hydroxy-efavirenz peaks. Mass spectrometer
settings included a source temperature of 450°C and a source voltage of
1.5 kV. Negative ion transitions monitored were /2 330 — 258 for 7- and
8-hydroxy-efavirenz and m/z 334 — 258 for D4-labeled 7- and 8-hy-
droxy-efavirenz. The amount of metabolite formed per minute per milli-
gram of HLMs (or per pmol of CYP) was calculated using a standard curve
generated using samples with known concentrations of 7- and 8-hydroxy-
efavirenz and internal standards dissolved in a blank matrix.

Inhibition screening assays with and without preincubation. For
assays with inhibitor preincubation, 250-pl (final volume) incubations
were prepared in 1.5 ml polypropylene containing inhibitor (no sub-
strate), NADPH-regenerating mixture, and HLMs and incubated for 20
min at 37°C, and 100 pl was transferred to each of two new incubation
tubes containing efavirenz (30 wM final concentration, dried down from
a methanolic solution). After a further 20 min, the reaction was stopped
with internal standard in solvent and processed as described above for 7-
and 8-hydroxyefavirenz concentration measurements. For assays without
inhibitor preincubation, the inhibitor was added directly to a tube con-
taining efavirenz. Positive-control inhibitors included clopidogrel ata 0.5
M concentration for CYP2B6 and 8-methoxypsoralen at a 0.5 WM con-
centration for CYP2AG6.

Time- and concentration-dependent inactivation kinetics. Polypro-
pylene tubes containing enzyme (HLMs at 1 mg protein/ml or CYP2A6 at
100 pmol P450/ml), isoniazid (10 to 250 uM; 1.4 to 34 mg/liter),
NADPH-regenerating mixture, and phosphate buffer to a total volume of
150 pl were prepared and incubated at 37°C. After specified intervals,
10-pl aliquots were diluted 10-fold by transferring to tubes containing 90
pl of efavirenz (100 wM final concentration) in NADPH-regenerating
mixture and incubated at 37°C for a further 20 min. The reaction was
stopped by adding internal standard in solvent, and hydroxy-efavirenz
concentrations were measured. The maximal rate constant of inactivation
(kinace) and the inhibitor concentration required for half-maximal inacti-
vation (K;) were estimated from Kitz-Wilson plots of inactivation half-life
compared to the reciprocal of isoniazid concentration using linear regres-
sion as previously described (26).

Metabolite intermediate complex formation. Pooled HLMs,
CYP2A6, CYP2B6.1, and CYP2B6.6 were diluted in 50 mM phosphate
buffer (pH 7.4) with an NADPH-regenerating mixture and isoniazid (250
M final concentration), and 200 pl was added to each well of a 96-well
flat-bottomed clear polystyrene plate on ice. HLM concentration was 0.5
mg protein/ml, while CYP concentration was 25 pmol P450/ml. Matched
control reactions lacked the NADPH-regenerating mixture. UV absor-
bance spectra were measured over the range of 400 to 500 nm before and
after incubation for 15 min at 37°C in a plate reader (SpectraMax i3;
Molecular Devices, Sunnyvale, CA).

Rifampin and pyrazinamide inhibition kinetics. Polypropylene
tubes were prepared containing NADPH-regenerating mixture, efavirenz
(10 to 100 wM; 3.2 to 32 mg/liter), and either rifampin (1 to 250 wM; 0.8
to 200 mg/liter) or pyrazinamide (25 to 5,000 wM; 3.1 to 625 mg/liter).
The reaction was started by adding HLMs (0.1 mg protein/ml final con-
centration) and incubated for 20 min at 37°C, and 7- and 8-hydroxyefa-
virenz concentrations were measured. Nonlinear regression using the
mixed competitive-noncompetitive inhibition model was used as de-
scribed previously (25) to estimate the apparent inhibition constant (K;),
Michaelis-Menten constant (K,,,), maximum velocity (V,,..), and alpha
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(a) values. The value of o was used to indicate the relative “mix” of
noncompetitive (o = 1.0) compared to competitive (e = infinity) inhi-
bition (25).

Statistical analyses. Effects of inhibitor preincubation and the
CYP2B6 genotype on HLM activities were evaluated by analysis of vari-
ance with multiple-comparison testing using the Student-Newman-Keuls
test (Sigmaplot v.12; Systat Software, San Jose, CA). A P value of less than
0.05 was considered statistically significant.

RESULTS

Antituberculosis drugs are inhibitors of 7- but not 8-hydroxye-
favirenz formation in HLMs. Ethambutol (100 wM), pyrazin-
amide (1,000 wM), rifampin (100 wM), isoniazid (100 uM), and
their combination were evaluated for inhibition of 7- and 8-hy-
droxylation of efavirenz (30 wM) in pooled HLMs (Fig. 1). Assays
were conducted both with and without preincubation of putative
inhibitors for 20 min in the presence of microsomes and an
NADPH-regenerating system. Results were compared with posi-
tive-control mechanism-based inhibitors of the major CYPs
mediating efavirenz hydroxylation in human liver, including
clopidogrel (CYP2B6-selective inhibitor) and 8-methoxypsoralen
(CYP2A6-selective inhibitor).

As shown in Fig. 1A, none of the antituberculosis drugs or their
combination decreased 8-hydroxyefavirenz formation by more
than 50%, while the CYP2B6 inhibitor (clopidogrel) decreased
8-hydroxyefavirenz formation by 51% = 3% (mean * standard
deviation [SD]) without inhibitor preincubation and even further
with inhibitor preincubation by 62% * 4% (P = 0.02 for the effect
of preincubation). However, as shown in Fig. 1B, three of the four
antituberculosis drugs individually decreased 7-hydroxyefavirenz
formation by at least 50%, including rifampin (62% = 1%), pyr-
azinamide (64% * 2%), and isoniazid (71% % 2%), while the
mixture of all antituberculosis drugs decreased formation by
84% = 2%. Preincubation significantly enhanced the extent of
inhibition by isoniazid to 86% = 2% (P < 0.001) but had no effect
on inhibition by pyrazinamide and decreased inhibition by rifam-
pin. As expected, the CYP2A6 inhibitor (8-methoxypsoralen)
substantially decreased 7-hydroxyefavirenz formation by 89% *+
3% without preincubation, and the extent of inhibition was en-
hanced further by preincubation to 96% * 1% (P = 0.03).

Isoniazid is a mechanism-based inhibitor of CYP2A6 but not
of CYP2B6.1 or CYP2B6.6. Since there was significant enhance-
ment of inhibition of efavirenz 7-hydroxylation in HLMs from
preincubation with isoniazid, a more detailed analysis of the ef-
fects of time and isoniazid concentration was conducted using
HLMs and recombinant CYP2A6, including derivation of kinetic
parameters for enzyme inactivation (Fig. 2). Both HLMs (Fig. 2A)
and CYP2AG6 (Fig. 2B) showed saturable inhibition of 7-hydroxye-
favirenz formation with increasing preincubation time, consistent
with mechanism-based inhibition. Kitz-Wilson plots of these data
(Fig. 2C and D) revealed k; ., values of 0.023 and 0.024 min~ " and
K; values of 31 and 15 pM for 7-hydroxyefavirenz formation by
HLMs and CYP2AG, respectively. Isoniazid also inhibited 8-hy-
droxyefavirenz formation by recombinant CYP2A6 in a time-de-
pendent manner, although with a somewhat slower k;,,, value of
0.015min"" and a K; of 10 wM. However, isoniazid did not inhibit
8-hydroxyefavirenz formation by HLMs at concentrations up to
250 wM or with preincubation times up to 30 min.

Although we observed no significant inhibition of 8-hydroxye-
favirenz formation by isoniazid in pooled HLMs regardless of pre-
incubation time, all liver donors in that pool were CYP2B6*1/*1
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FIG 1 The effect of antituberculosis drugs on 8-hydroxyefavirenz (A) and
7-hydroxyefavirenz (B) formation in human liver microsomes (n = 10

pooled). Antituberculosis drugs evaluated included ethambutol (100 wM),
pyrazinamide (1,000 pM) rifampin (100 wM), isoniazid (100 wM), and their
combination (EMB+PZA+RIF+INH). Clopidogrel (0.5 wM) and 8-me-
thoxypsoralen (0.5 pM) were included as positive-control selective inhibitors
of CYP2B6 and CYP2AG6, respectively. Efavirenz concentration was 30 wM.
Inhibitors were either preincubated for 20 min with microsomes and NADPH
and transferred to a tube containing efavirenz or added directly to a tube
containing efavirenz. Results are the means and standard deviations from trip-
licate determinations of pooled microsomes and are expressed as a percentage
of control reactions performed without any inhibitor. Also shown are the P
values for pairwise comparisons (analysis of variance [ANOVA] with Student-
Newman-Keuls test) evaluating effects of preincubation for all inhibitors that
decreased activity by more than 50%.

genotype, and so it is possible that the variant CYP2B6.6 enzyme
containing 2 amino acid substitutions is more susceptible to inhi-
bition by isoniazid than the common CYP2B6.1 enzyme. Conse-
quently, we evaluated the effects of isoniazid with or without 20
min of preincubation on 8-hydroxyefavirenz formation by re-
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FIG 2 Time- and concentration-dependent kinetics for inhibition by isoniazid (10 to 250 uM) of the 7-hydroxylation of efavirenz (100 uM) in pooled (n = 10)
human liver microsomes (A) and recombinant CYP2A6 (B). Kitz-Wilson plots of these data are shown in panels C and D. Inactivation half-life values were
obtained by linear regression of the log-linear plots (see fitted curves in panels A and B) and plotted against the reciprocal of inhibitor concentration in panels C
and D. Estimates of the maximal rate constant of inactivation (k;,,.) and the inhibitor concentration required for half-maximal inactivation (K;) were derived

by linear regression of Kitz-Wilson plot data.

combinant CYP2B6.1 and CYP2B6.6. However, as shown in Fig.
3, isoniazid concentrations up to 250 wM failed to inhibit enzyme
activity by more than 50%.

The ability of isoniazid to form a spectrally detectable meta-
bolic complex was next evaluated using pooled HLMs, CYP2A6,
CYP2B6.1, and CYP2B6.6 (Fig. 4). Both HLMs (Fig. 4A) and
CYP2A6 (Fig. 4B) showed evidence for spectral complex forma-
tion after 15 min of incubation, with a UV differential absorbance
peak spanning 450 to 490 nm. Neither CYP2B6.1 nor CYP2B6.6
showed evidence for metabolite intermediate complex formation
with isoniazid, consistent with the lack of effect of isoniazid on
efavirenz hydroxylation by CYP2B6.1 and CYP2B6.6.

Rifampin and pyrazinamide are relatively weak inhibitors of
7-hydroxyefavirenz formation. We next determined the type of
inhibition and K; values for inhibition of efavirenz hydroxylation
in pooled HLMs by rifampin and pyrazinamide. Rifampin showed
relatively weak noncompetitive inhibition of 7-hydroxyefavirenz
formation with a K; of 368 .M, while pyrazinamide showed some-
what weaker mixed competitive-noncompetitive inhibition of
7-hydroxyefavirenz formation with a K; of 637 M. Neither com-
pound inhibited 8-hydroxyefavirenz formation by more than
50% using rifampin concentrations up to 250 wM or pyrazin-
amide concentrations up to 2,500 WM.
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NADPH and 15 min of incubation on metabolite intermediate complex forma-
tion of isoniazid (250 wM) with pooled (7 = 10) human liver microsomes (A),
recombinant CYP2A6 (B), and recombinant CYP2B6.1 and CYP2B6.6 (C).

Inhibition by isoniazid is similar in CYP2B6*6 HLMs and
CYP2B6*1 HLMs. Next, donor gender-, age-, and race/ethnicity-
matched HLMs with either CYP2B6*1/*1 (n = 7) or CYP2B6*6/*6
(n = 8) genotype were used to evaluate genotype-dependent
inhibitor effects (Fig. 5). As shown in Fig. 5A, none of the
antituberculosis drugs inhibited 8-hydroxyefavirenz forma-
tion in CYP2B6*1 or CYP2B6*6 HLMs by more than 50%, except
for isoniazid in CYP2B6*6 HLMs at the highest concentration
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FIG 5 The effect of antituberculosis drugs on 8-hydroxyefavirenz (A) and
7-hydroxyefavirenz (B) formation in human liver microsomes with either
CYP2B6*1/*1 (n = 7 individuals) or CYP2B6*6/*6 (n = 8 individuals) geno-
types. Clopidogrel (1 wM) and 8-methoxypsoralen (0.5 wM) were included as
positive-control selective inhibitors of CYP2B6 and CYP2A6, respectively.
Efavirenz concentration was 30 M. Results are the means and standard devi-
ations from activities determined for individual liver microsomes expressed as
a percentage of control reactions performed without any inhibitor. Also shown
are the P values for pairwise comparisons (ANOVA with Student-Newman-
Keuls test) evaluating effects of the CYP2B6 genotype for all inhibitors that
decreased activity by more than 50%.

(500 wM). However, the greater inhibition by 500 M isoniazid in
CYP2B6*6 HLMs (53% = 5% decrease) than in CYP2B6*1 HLMs
(42% = 12% decrease) did not achieve statistical significance (P>
0.05). Interestingly, there was significantly less inhibition of 8-hy-
droxyefavirenz formation by the CYP2B6 inhibitor (clopidogrel)
in CYP2B6*6 HLMs (41% = 6% decrease) compared to that in
CYP2B6*1 (57% * 7% decrease) HLMs (P = 0.006).
Pyrazinamide (at 5 mM), isoniazid (at 500 wM), and the
CYP2A6 inhibitor (8-methoxypsoralen) inhibited 7-hydroxyefa-
virenz formation in both CYP2B6*1 and CYP2B6*6 HLMs by at
least 50% (Fig. 5B). However, there were no differences in the
extent of inhibition by pyrazinamide, isoniazid, or 8-methoxypso-
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ralen in CYP2B6*6 HLMs compared with thatin CYP2B6*1 HLMs
(P>0.05).

Finally, time- and isoniazid concentration-dependent inhibi-
tion studies of efavirenz hydroxylation were also conducted using
pooled HLMs from 7 donors with CYP2B6*1/*1 and from 8 do-
nors with CYP2B6*6/*6 genotypes. ki, and K; values (from 3
independent measurements) for inhibition of 7-hydroxyefavirenz
formation were similar (P > 0.05) in CYP2B6*6 HLMs (0.016 =+
0.004 min~' and 31 = 7 wM, respectively) and CYP2B6*1 HLMs
(0.012 * 0.001 min~ "' and 21 * 2 M, respectively). ;... and K;
values for the inhibition of 8-hydroxyefavirenz formation by iso-
niazid could not be estimated.

DISCUSSION

The results of this study indicate that paradoxical increases in
efavirenz concentrations in CYP2B6*6/%6 genotype patients being
treated with 4-drug first-line antituberculosis therapy are most
likely a consequence of mechanism-based inactivation of CYP2A6
by isoniazid. The main evidence supporting this includes time-
and isoniazid concentration-dependent inhibition of 7-hydroxye-
favirenz formation in both HLMs and recombinant CYP2A6
coincident with formation of a spectrally detectable metabolite
intermediate complex and a lack of significant inhibition of 8-hy-
doxyefavirenz formation by HLMs by any of the studied antitu-
berculosis drugs, including isoniazid. Inactivation by isoniazid
also appears to be relatively potent with inhibitor concentration at
half-maximal rate of inactivation (K;) values for both HLMs and
CYP2A6, ranging from 15 to 31 M, which are lower than average
peak plasma isoniazid concentrations, reported to range from 36
to 79 uM (5 to 11 mg/liter) (27-29).

Isoniazid also inhibited 8-hydroxyefavirenz formation by re-
combinant CYP2A6 in a time-dependent manner, although with a
somewhat lower k;, .. value than for inhibition of 7-hydroxyefa-
virenz formation. However, there was no clear evidence for signif-
icant inhibition of 8-hydroxyefavirenz formation by isoniazid (or
8-methoxypsoralen) in HLMs except at the highest isoniazid con-
centration tested (500 wM) in CYP2B6%6/*6 genotype HLMs. This
suggests that CYP2A6 probably contributes only a minor propor-
tion of the observed efavirenz 8-hydroxylation activity in HLMs,
as reported previously (13), except perhaps in CYP2B6*6 slow
metabolizers.

Our results are supported by a recent pharmacogenetic study
of treated coinfected Cambodian patients, among whom CYP2B6
516TT patients who also carried slow-metabolizer N-acetyltrans-
ferase 2 (NAT2) genotypes showed even higher efavirenz levels
than those without these NAT2 variants (22). N-Acetylation by
NAT?2 is the main mechanism for clearance of isoniazid, and al-
though plasma concentrations of isoniazid were not measured, it
was speculated that patients with slow-metabolizer NAT2 geno-
types had increased isoniazid concentrations with resultant in-
creased inhibition of efavirenz clearance.

Pyrazinamide and rifampin could potentially contribute to the
observed antituberculosis drug interaction through inhibition of
efavirenz 7-hydroxylation. A relatively high dose of pyrazinamide
is normally used (1.5 to 2 g per day) for tuberculosis treatment,
and the average expected peak plasma concentrations of 252 to
746 pM (31 to 92 mg/liter) (28, 29) are close to the K; value
determined here (637 wM). Consequently, inhibition by pyrazin-
amide is possible, particularly if higher doses are used. On the
other hand, rifampin is a relatively weak inhibitor of efavirenz
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7-hydroxylation with a K; value (368 wM) that is 9 to 50 times
higher than the expected average peak plasma concentrations of 7
to 40 uM (6 to 33 mg/liter) (29-31). Regardless, none of the pu-
tative inhibitors other than isoniazid showed evidence for mech-
anism-based inactivation, which presents the greatest concern for
eliciting clinically important drug-drug interactions (32). How-
ever, because of the known limitations of these in vitro models,
controlled pharmacokinetic drug-drug interaction studies in
healthy human volunteers or patients would be needed to com-
pletely exclude pyrazinamide and/or rifampin as inhibitors of efa-
virenz metabolism.

We found no evidence that the Q172H and K262R amino acid
substitutions associated with the CYP2B6*6 allele enhance suscep-
tibility to inhibition by isoniazid or any of the other antitubercu-
losis drugs tested (our alternate hypothesis). Three prior studies
have shown altered susceptibility of the expressed CYP2B6.6 allo-
zyme to inhibition by various drugs, including clopidogrel, sertra-
line, clotrimazole, itraconazole, raloxifene, ticlopidine, and phen-
cyclidine (33-35). However, in all those studies, the amino acid
changes resulted in reduced susceptibility to inhibition rather
than increased susceptibility to inhibition that would be needed to
explain the clinical data. In good agreement with those studies, we
also found decreased inhibition of efavirenz 8-hydroxylation by
clopidogrel in CYP2B6*6/*6 genotype HLMs compared with that
of CYP2B6*1/%1 HLMs. However, this finding contrasts with
the results of a recent study that showed increased potency
of inhibition of 8-hydroxyefavirenz formation by clopidogrel
in CYP2B6*6/%6 genotype HLMs compared with that in
CYP2B6*1/*1 HLMs (36). The reason for this discrepancy may be
a consequence of differences in inhibition assay. Specifically, in
that study (36), clopidogrel was not preincubated with HLMs and
NADPH, while preincubation of clopidogrel was performed in
this study in order to maximize the inhibitory effect, since clopi-
dogrel is a known mechanism-based inhibitor of CYP2B6 (37).
Substantiating this, we observed enhancement of inhibition by
clopidogrel of efavirenz 8-hydroxylation in HLMs with inhibitor
preincubation, consistent with mechanism-based inhibition.

There are several limitations to the current study. Autoinduc-
tion is a well-known feature of continued efavirenz therapy, in
large part because of increased expression of CYP2B6 (38, 39). As
far as we are aware, none of the donors of the HLMs used in this
study had been exposed to efavirenz (or other inducers, such as
rifampin), and so it is possible that our results could be different if
we had studied microsomes from efavirenz-exposed livers. Efa-
virenz is also metabolized by direct N-glucuronidation (40),
which could be quantitatively important in CYP2B6*6/%6 slow-
metabolizer individuals. Consequently, we cannot rule out an ad-
ditional contribution to the observed drug-drug interaction from
inhibition of efavirenz glucuronidation by one or more of the
antituberculosis drugs.

In conclusion, the results of this study provide a rational mech-
anistic explanation for a clinically important genotype-dependent
drug-drug interaction. This information should be of consider-
able value for developing future guidelines for the individualized
treatment of patients with HIV-tuberculosis coinfection.
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