MD Fast Forward. Published on March 24, 2010 as DOI: 10.1124/dmd.109,031393
DMD ﬁa&taﬁolemrm RabiopfrichandVtaraie? £n20EDvasi chonsy Gift & 2dbfd mish#680031393

DMD# 31393

Efavirenz primary and secondary metabolism in vitro and in vivo: identification of novel
metabolic pathways and cytochrome P450 (CYP) 2A6 as the principal catalyst of efavirenz

7-hydroxylation.

Evan T. Ogburn, David R. Jones, Andrea R. Masters, Cong Xu, Yingying Guo, Zeruesenay

Desta

Indiana University School of Medicine, Indianapolis, IN, (ETO, DRJ, ARM, CX, ZD)

Drug Disposition Labs and Business Operations Lilly Research Laboratories, Indianapolis, IN
(YG)

Copyright 2010 by the American Society for Pharmacology and Experimental Therapeutics.

20z ‘LT 1udy UoSeUINor 13dSY e BIo'sfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 24, 2010 as DOI: 10.1124/dmd.109.031393
This article has not been copyedited and formatted. The final version may differ from this version.

DMD# 31393

Running Title Page

a) Running title: Novel metabolic pathways of efavirenz and role of CYP2A6.

b) Correspondence:

Zeruesenay Desta, PhD

Associate Professor of Medicine, Pharmacology and Toxicology

Department of Medicine/Division of Clinical Pharmacology

Indiana University School of Medicine

1001 West 10th Street, WD Myers Bldg., W7123 Indianapolis, IN 46202, USA

E-mail: zdesta@iupui.edu; Telephone: (317) 630 8860; Fax: (317) 630 8185

¢) Number of:

text pages: 26

tables: 3

figures: 9

references: 40

words in Abstract: 231
words in Introduction: 744

words in Discussion: 1474

d) Abbreviations:

CYP, Cytochrome P450; HPLC, high performance liquid chromatography; MS, mass
spectrometry; MRM, Multiple Reaction Monitoring; HLM, human liver microsome; K,
Michaelis-Menten constant; Vax, maximum enzyme velocity; ICsp, half maximal inhibitory
concentration, EFV, Efavirenz; 7- and 8-OHEFV, 7- and 8-hydroxyefavirenz; 8,14-diOHEFV,

8,14-dihydroxyefavirenz; diOHEFV, dihydroxylated efavirenz;

20z ‘LT 1udy UoSeUINor 13dSY e BIo'sfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 24, 2010 as DOI: 10.1124/dmd.109.031393
This article has not been copyedited and formatted. The final version may differ from this version.

DMD# 31393

ABSTRACT

Efavirenz primary and secondary metabolism was investigated in vitro and in vivo. In
human liver microsome (HLM) samples, 7- and 8-hydroxyefavirenz accounted for 22.5% and
77.5% of the overall efavirenz metabolism, respectively. Kinetic, inhibition and correlation
analyses in HLM samples and experiments in expressed cytochrome P450 (CYP) show that
CYP2AG is the principal catalyst of efavirenz 7-hydroxylation. While CYP2B6 was the main
enzyme catalyzing efavirenz 8-hydroxylation, CYP2AG6 also seems to contribute. 7- and 8-
hydroxyefavirenz were further oxidized to novel dihydroxylated metabolite(s) primarily by
CYP2B6. These dihydroxylated metabolite(s) were not the same as 8,14-dihydroxyefavirenz, a
metabolite that has been suggested to be directly formed via 14-hydroxylation of 8-
hydroxyefavirenz, because 8,14-dihydroxyefavirenz was not detected in vitro when efavirenz, 7-,
or 8-hydroxyefavirenz were used as substrates. Efavirenz and its primary and secondary
metabolites that were identified in vitro were quantified in plasma samples obtained from
subjects taking a single 600 mg oral dose of efavirenz. 8,14-Dihydroxyefavirenz was detected
and quantified in these plasma samples, suggesting that the glucuronide or the sulfate of 8-
hydroxyefavirenz might undergo 14-hydroxylation in vivo. In conclusion, efavirenz metabolism
is complex involving unique and novel secondary metabolism. While efavirenz 8-hydroxylation
by CYP2B6 remains the major clearance mechanism of efavirenz, CYP2A6-mediated 7-
hydroxylation (and to some extent 8-hydroxylation) may also contribute. Efavirenz may be a
valuable dual phenotyping tool to study CYP2B6 and CYP2A6, and this should be further tested

invivo.
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INTRODUCTION

Efavirenz-based antiretroviral therapy continues to be the preferred initial therapy in the
treatment of naive HIV-1/AIDS patients, but its use is associated with variable treatment
response and adverse effects in most part due to the large differences in pharmacokinetics
(Marzolini et al., 2001; Csajka et al., 2003). Efavirenz is predominantly cleared by hepatic
metabolism (Mutlib et al., 1999b). The metabolites identified in human plasma and urine (almost
exclusively as glucuronide or sulfate conjugates) were 7- and 8-hydroxyefavirenz (primary
metabolites) and 8,14-dihydroxyefavirenz (secondary metabolite). Thus, factors that alter
efavirenz clearance could influence efficacy or toxicity of the drug.

Cytochrome P450 (CYP) 2B6 is the main enzyme catalyzing the major clearance
mechanism of efavirenz, 8-hydroxylation to 8-hydroxyefavirenz, in vitro (Ward et al., 2003;
Desta et al., 2007). Clinical studies in HIV patients have repeatedly shown that CYP2B6 genetic
variants with functional consequences are associated with higher efavirenz exposure and in some
studies with increased risk for adverse CNS effects compared to those without variants (Zanger
et al., 2007). However, not all efavirenz pharmacokinetic variability could be explained by the 8-
hydroxylation pathway or CYP2B6 alone as a large intersubject variability in efavirenz exposure
remains even after accounting for known CYP2B6 genetic variations (Rotger et al., 2007; Arab-
Alameddine et al., 2009). Other CYPs that include expressed CYP3A4/5 and CYP1A2 show
activity towards efavirenz 8-hydroxylation in vitro (Ward et al., 2003), but the in vivo
contribution of these enzymes, if any, appears to be marginal (Mouly et al., 2002; Tsuchiya et al.,
2004; Bristol-Myers Squibb Company 2009). Metabolic pathways other than efavirenz 8-
hydroxylation may also contribute to efavirenz clearance. Efavirenz 7-hydroxylation to 7-

hydroxyefavirenz has been demonstrate in vitro (Ward et al., 2003; Desta et al., 2007) and in
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vivo animal and human studies (Mutlib et al., 1999b), although the contribution of this route to
the overall clearance of efavirenz and the enzymes involved remains poorly defined. Correlation
analysis between the activity of CYP enzymes and formation rates of 7-hydroxyefavirenz in a
small panel of HLMs (Ward et al., 2003) implicated CYP2A6 compared to other CYPs (r=0.45;
p=0.19). A significant correlation between formation rate of 7-hydroxyefavirenz and CYP2A6
protein (Spearman r =0.395, p<0.0001) and activity (r = 0.583, p<0.0001) was observed in a
subsequent study involving a large panel of human liver samples (Desta et al., 2007). However,
it was difficult to ascertain the contribution of this enzyme in efavirenz 7-hydroxylation as a
significant correlation between CYP2A6 protein and activity with CYP2B6 protein and activity
as well as formation rate of 8-hydroxyefavirenz was also observed (Desta et al., 2007). Recent
association studies in HIV patients support the role CYP2A6 may play in efavirenz clearance
(Kwara et al., 2009a, 2009b; di Iulio et al., 2009; Arab-Alameddine et al., 2009). However,
direct evidence linking CYP2A®6 or any other enzyme in efavirenz metabolism is lacking.

On the basis of largely in vitro studies, CYP2B6, which shows highly variable expression
and activity among individuals in part due to genetic variation and exposure to inhibitors or
inducers, metabolizes a growing list of clinically important drugs, environmental chemicals and
endogenous compounds [for reviews, see: (Ekins and Wrighton 1999; Hodgson and Rose 2007;
Zanger et al., 2007; Wang and Tompkins 2008; Mo et al., 2009)]. However, information on the
clinical relevance of this enzyme has been generally limited due to the lack of suitable in vivo
substrate probe. Bupropion 4-hydroxylation has been increasingly used as in vitro and in vivo
probe of activity, but its in vivo utility has important limitations (Kharash et al., 2008). Efavirenz
has been proposed to be an alternative probe of CYP2B6 activity to evaluate the clinical

relevance of this enzyme (Ward et al., 2003; US Food and Drug Administrations, 2006). To
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identify and select appropriate markers (e.g. metabolic ratios) that can best describe CYP2B6
activity in vivo, a comprehensive characterization of the primary and secondary metabolism of
efavirenz and the specific enzymes involved is important.

The main aims of this study were to use human liver cellular fractions, expressed CYPs
and clinical samples collected from efavirenz treated subjects to: a) assess the contribution of
efavirenz 7-hydroxylation in efavirenz elimination and to identify the specific CYP enzyme(s)
catalyzing this reaction; b) characterize the metabolism of efavirenz via the 8-hydroxylation
pathway to further confirm previous findings and use this as a positive control; and c)

characterize more closely efavirenz secondary metabolism and identify the CYPs involved.
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MATERIALS AND METHODS

Chemicals: Efavirenz, 8-hydroxyefavirenz, 7-hydroxyefavirenz, 8,14-
dihydroxyefavirenz and nevirapine were obtained from Toronto Research Chemicals Inc.
(Toronto, Canada). Diethyldithiocarbamate, ketoconazole, furafylline, omeprazole, pilocarpine,
quercetin, quinidine, thioTEPA, ticlopidine, troleandomycin, glucose 6-phosphate, glucose-6-
phosphate dehydrogenase, and NADP" were purchased from Sigma-Aldrich (St. Louis, MO).
Letrozole was purchased from U.S. Pharmacopeia (Rockville, MD). Sulfaphenazole was
obtained from Ultrafine Chemicals (Manchester, UK). 8-Hydroxyefavirenz glucuronide was a
generous gift of Dr. David Christ (DuPont Pharmaceuticals, Wilmington, DE). All other
chemicals were of HPLC grade.

Microsomal preparations: Human liver microsome (HLM) samples were prepared from
human liver tissues that were medically unsuitable for transplantation as described elsewhere
(Jeong, et al., 2009a) or characterized HLM samples were purchased from Cellz Direct (Austin,
TX) and BD Biosciences (San Jose, CA). Baculovirus-insect cell-expressed human CYPs (1A2,
2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4, and 3AS5) (with oxidoreductase) were purchased
from BD Biosciences. HLM samples and CYPs were stored at -80°C until used.

LC/MS/MS assay method: A new selective and sensitive LC/MS/MS method was
developed to detect and quantify efavirenz and its known metabolites in microsomal incubates
because a previously used HPLC method (Ward, et al., 2003) lacked sensitivity to quantify
metabolites produced at low rate. The MS/MS system was an API 2000 MS/MS triple quadruple
system (Applied Biosystems, Foster City, CA) equipped with a turbo ion spray and was coupled
with a Shimadzu HPLC system consisting of a LC-20AB pump and SIL-20A HT autosampler

(Shimadzu Addison, IL), all controlled by Analyst™ 1.4.2 software (Applied Biosystems/MDS
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Sciex) in conjunction with Windows 2000. Separation of compounds was achieved using a
reverse phase chromatography using a Phenomenex Luna C;s column (100 x 2 mm, 3 pm)
(Phenomenex, Torrance, CA) and a mobile phase that consisted of acetonitrile and 0.1% formic
acid (50:50; v/v) (isocratic flow rate 0.15 mL/min).

Stock solutions of efavirenz, 7-hydroxyfefavirenz, 8-hydroxyefavirenz, 8, 14-
dihydroxyefavirenz, and nevirapine (internal standard) were prepared separately in
polypropylene tubes by adding methanol to a concentration of 1 mg/mL. These stock solutions
were stored at -20°C. Serial dilutions were performed from the stock solutions in methanol and
mobile phase for MS/MS optimization experiments. Parent and fragment ions were detected in
multiple-reaction monitoring (MRM) mode. All of the analytes (nevirapine, efavirenz, 7- and 8-
hydroxyefavirenz, and 8,14-dihydroxyefavirenz) were observed under unit resolution for
quadrupoles 1 and 3. Mass spectrometry optimization was performed by adjustments of the
source- and the compound-dependent parameters as listed in supplemental Table 1. Optimal gas
pressures for all of the analytes were: nitrogen nebulizer gas 10 psi, curtain gas 10 psi, collision
gas 3.0 psi, ion source gas (1) 24 psi, source gas (2) 41 psi. Other parameter settings were: ion
spray voltage: -4500 V in negative mode (4200 V in positive mode); and source temperature of
470°C. Efavirenz and its metabolites were measured with the quantifier MRM and confirmed
with the qualifier MRM transition (Supplemental Table 1). The MRM scan was performed in
positive ion mode for the internal standard (nevirapine) and in negative ion mode for efavirenz
and its metabolites. The quantifier and qualifier transitions were selected based on the signal
intensity of the metabolite peaks (Supplemental Table 1). The parent and daughter ions were the
same for 7- and 8-hydroxyefavirenz. Therefore, the two metabolites were quantified after

chromatographic separation.
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Identification/confirmation of efavirenz metabolites: Pilot incubation experiments
were performed as described previously with slight modification (Ward et al., 2003; Desta, et al.,
2007) to identify potentially new metabolites and/or confirm the presence of known efavirenz
primary and secondary metabolites. Efavirenz was used as a substrate to determine primary
metabolites, whereas 7- and 8-hydroxyefavirenz as well as 8-hydroxyefavirenz glucuronide were
used as substrates to assess secondary metabolism. Substrates (in methanol) were added to a tube
and solvent was evaporated. Residue was reconstituted with phosphate reaction buffer (0.2M
Na,HPOj4 titrated with 0.2M NaH,PO, to a pH of 7.4) and a mixture of efavirenz (20 uM) [or 7-
or 8-hydroxyefavirenz, 5 uM; 8-hydroxyefavirenz glucuronide, 50 uM] and HLMs (1 mg/ml)
was allowed to equilibrate for 5 min at 37°C (final volume, 250 pul). The reaction was initiated by
adding a NADPH-generating system (cofactors) (13 mM NADP, 33 mM glucose 6-phosphate,
33 mM MgCl2, and 0.4 U/mL glucose 6-phosphate dehydrogenase) and allowed to proceed for
30 min at 37°C. After terminating the reaction by immediately adding 500 pl of acetonitrile and
placing tubes on ice, nevirapine (20 pL of 5 pg/ml) was added as an internal standard for the
incubation sample of efavirenz and 7- and 8-hydroxyefavirenz. Ritonavir (25 pl of 0.01mg/mL)
was used as an internal standard for incubation consisting of 8-hydroxyefavirenz glucuronide.
All samples were vortex mixed for 30 seconds, and centrifuged at high speed for 5 min in an
Eppendorf model 5415D centrifuge (Brinkmann Instruments, Westbury, NY).

The supernatant was removed, transferred to another tube and extracted with ethyl acetate
under alkaline pH as described previously (Ward, et al., 2003). After centrifugation for 15

minutes at 2500 rpm in a Beckman Coulter - Allegra® 6R Benchtop Centrifuge, the organic

layer was removed, transferred to another tube, and evaporated to dryness. The residue was

reconstituted with 50 pl of mobile phase from which 10 ul was injected onto the LC/MS/MS
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system described below (efavirenz, and 7- and 8-hydroxyefavirenz incubations). For 8-
hydroxyefavirenz glucuronide incubation, the residue was reconstituted in 150 pl of mobile
phase from which 100 pl was injected onto HPLC-UV/Vis system (Ward, et al., 2003) that
consisted of a Zorbax SB-C,scolumn (150 x 4.6 mm, 3.5 um particle size; Phenomenex,
Torrance, CA), a LunaC,;3Guard column (30 x 4.6 mm, 5 pm; Phenomenex), and a mobile phase
composed of 65% 10 mM KH,PO,(adjusted to pH 2.4 with 1% phosphoric acid) and 35% (v/v)
acetonitrile (flow rate, 0.8 mL/min). Negative control incubations consisting of no substrate, no
cofactors, or no microsomes (bovine serum albumin was used instead) were run in parallel and
processed as above.

Retention times, precursor ions (Q1) scan data obtained under negative ESI conditions
(M + H] mVz 330 for 7- and 8-hydroxyefavirenz, m/z 314 for efavirenz, and m/z 346 for 8,14-
dihydroxyefavirenz) and product ion scan (Q3) spectral data of the known synthetic metabolite
standards were compared with those metabolite peaks obtained from microsomal incubates to
confirm previously reported efavirenz primary and secondary metabolites (7- and 8-
hydroxyefavirenz, and 8,14-dihydroxyefavirenz). Precursor ions (Q1) scans were also conducted
in both negative and positive ion modes under different MS settings to search for potentially
new, structurally predicted, oxidative metabolites of efavirenz. If any potential metabolite peak
was detected by Q1 scan, then sample and negative control incubations were re-injected in to the
LC/MS/MS and subject to a product ion scan (Q3) range of myz 100 to 400. For the 8-
hydroxyefavirenz glucuronide incubations, the analysis was made using HPLC with UV
detection as LC/MS/MS analysis did not yield useful information.

Linear conditions for metabolite formation with respect to protein and time were assessed

prior to the subsequent studies. A final protein concentration of 0.25 mg/ml and 10-min

10
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incubation represented linear conditions and were used. In addition, these incubation conditions
were selected to minimize sequential metabolism while ensuring assay sensitivity. The same
conditions were used for determination of efavirenz sequential metabolism.

Kinetic analyses: Rates of efavirenz metabolism to 7- and 8-hydroxyefavirenz was
determined by incubating a range of efavirenz concentrations (1-150 uM) in duplicate for 10 min
at 37°C with characterized HLM samples (n=7; 0.25 mg protein/ml) and cofactors. The reaction
was terminated and processed as described above.

Correlation analyses: Correlation between formation rates of efavirenz metabolism to 7-
and 8-hydroxyefavirenz and the activity of specific isoforms was tested by incubating efavirenz
(10 uM) with a panel of 15 characterized HLM samples (0.25 mg/ml) and cofactors in duplicate
for 10 min at 37°C. The activity of each CYP isoform in each HLM sample, determined by
isoform-specific reaction markers, was as provided by the supplier (BD Bioscience, San Jose,

CA,; http://www.bdbiosciences.com/ptDatabaseList.jsp).

Inhibition analyses: Efavirenz (10 pM) was incubated with HLMs (0.25 mg/ml) and the
NADPH-generating system at 37°C for 10 min in the absence (control) and presence of the
following known isoform-specific inhibitors: pilocarpine (50uM) and letrozole (50uM) for
CYP2AG6, quercetin (50uM) for CYP2CS, sulfaphenazole (25 pM) for CYP2C9, ticlopidine (5
uM) for CYP2C19 and CYP2B6, quinidine (1 uM) for CYP2D6, and ketoconazole (1uM) for
CYP3A. Inhibition by furafylline (20 uM) for CYP1A2, thioTEPA (50 uM) for CYP2B6,
diethyldithiocarbamate (50 uM) for CYP2E1 and troleandomycin (50 uM) for CYP3A has been
shown to be time-dependent. Therefore, a preincubation protocol was implemented in which the
inhibitor was first incubated with HLM sample (0.25 mg protein/ml) and cofactors for 15 min at

37°C before the reaction was initiated by addition of the respective selective substrate probe. The

11

20z ‘LT 1udy UoSeUINor 13dSY e BIo'sfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 24, 2010 as DOI: 10.1124/dmd.109.031393
This article has not been copyedited and formatted. The final version may differ from this version.

DMD# 31393

specific conditions for use of these inhibitors have been described in detail in previous
publications (Newton et al., 1995; Bourrie et al., 1996; Rae et al., 2002; Ward et al., 2003; Jeong
et al., 2009a; 2009b). Sample processing was as described above. The percent formation rate
remaining after inhibition relative to the uninhibited controls (without inhibitors or vehicle
controls) was calculated.

Additional experiments were performed to evaluate the role CYP2A6 and CYP2B6 plays
in catalyzing efavirenz 7- and 8-hydroxylation and to assess the relative selectivity of pilocarpine
and thioTEPA towards these enzymes. Efavirenz (10uM) was incubated for 10 min at 37°C with
HLM samples (0.25 mg/ml) and cofactors in the absence (control) and presence of an inhibitor.
A single concentration of thioTEPA (50 uM) or pilocarpine (50 uM), or multiple concentrations
of thiocTEPA (0-100 uM) or pilocarpine (0-100 uM) were used in these inhibition experiments.

Efavirenz primary and secondary metabolism by expressed CYP isoforms:
Efavirenz (10 and 100 uM) was incubated with expressed CYP 1A2, 2A6, 2B6,2C8, 2C9, 2C19,
2D6, 2E1, 3A4, or 3AS5 (13-26 pmol) and cofactors (same composition as above) at 37°C for 10
min. The lower concentration of efavirenz is close to the Km values while the higher
concentration represents concentration at saturation (Vmax in Michaelis-Menten curve). For those
isoforms that showed substantial activity towards efavirenz metabolism, namely expressed
CYP2A6 and CYP2B6, full kinetic analyses were performed by incubating efavirenz (1 to 150
uM) with cofactors and expressed CYP2A6 (26 pmol) or CYP2B6 (13 pmol) for 10 min. In
addition, inhibition of expressed CYP2A6 and CYP2B6 by thioTEPA and pilocarpine were
tested by incubating efavirenz (10uM) with expressed CYP2A6 (26 pmol) or CYP2B6 (13 pmol)
in the absence (control) and presence of thiocTEPA (0-100 uM) or pilocarpine (0-100 uM).

Further processing of incubate was as described above.

12
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Efavirenz sequential metabolism by expressed CYPs was determined by incubating 7-
hydroxyefavirenz (5uM), 8-hydroxyefavirenz (5SuM) and 8-hydroxyefavirenz glucuronide
(50uM) for 10 min with 13-26 pmol CYP and cofactors (30 min incubation was used for the
glucuronide). The kinetics for the metabolism of 7- or 8-hydroxyefavirenz (1 to 150 pM) was
determined in expressed CYP2B6 (13 pmol). HPLC with UV detection (Ward, et al., 2003)
and/or LC/MS/MS as described above were used to monitor metabolites formed.

I n vivo studies: To determine efavirenz metabolism and pharmacokinetics in vivo,
efavirenz and its metabolites were measured in plasma samples obtained from healthy volunteers
who participated in a clinical trial and received a single 600 mg oral dose of efavirenz. The
clinical trial was approved by the Institutional Review Board (IRB) of the Indiana University
School of Medicine. Eligible subjects participated in the trial after signing a written informed
consent. Plasma samples were collected at baseline and 0.5 to 72 hours after efavirenz dosing.

A pilot study has shown that nearly all efavirenz metabolites exist predominantly as
conjugates, consistent with in vivo evidence (Mutlib et al., 1999b). Therefore, plasma samples
were analyzed after enzymatic hydrolysis (deconjugation by incubating overnight with 3
glucuronidase). Plasma samples (200 pL) were incubated with 2 mL of 0.2 M sodium acetate
buffer (pH 5.0) and 100uL of 10,000 unit B-glucuronidase at 37°C for 17 hours. After adding the
internal standard (20 pL of 5 pg/mL ritonavir), the samples were extracted with 5 mL ethyl
acetate under alkaline pH (0.1M sodium carbonate buffer, pH 9.4). The organic layer was
evaporated to dryness in SpeedVac. Residue was reconstituted in 100 pL mobile phase and
analyzed by the LC/MS/MS system described below.

The LC/MS/MS assay described in vitro was modified to measure plasma concentrations

of efavirenz and its metabolites in clinical samples. Chromatographic analysis was performed
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using an Agilent 1100 series HPLC (Agilent Technologies, Santa Clara, CA) and a LEAP
Technologies model HTS PAL autosampler (Carrboro, NC) coupled with an Applied Biosystems
API 3200 triple-quadrupole mass spectrometer (Applied Biosystems, Foster City, CA) equipped
with a turbo ion spray in positive ionization mode and controlled by Analyst software Version
1.4.1 in conjunction with Windows 2000. The separation column used was the same as that
described for in vitro studies. A gradient elution profile was used: initial mobile phase, 99% of
0.01% formic acid in water and 1% of methanol (v/v); and the secondary mobile phase consisted
0f 99% methanol and 1% of 0.01% formic acid in water. The secondary mobile phase was
increased from 50% to 90% linearly between 0 to 16 min; the initial mobile phase conditions
were resumed after 16 min and remained constant for an additional 4 min, allowing the column
to equilibrate. The eluate was introduced, without splitting, at 0.800mL/min to the turbo ion
source. Mass spectrometry optimization was achieved via adjustments of both the compound-
dependent and compound-independent parameters for efavirenz, 8-hydroxyefavirenz, 7-
hydroxyefavirenz and 8,14-dihydroxyefavirenz. The analytes were optimized at a source
temperature of 400° C, under unit resolution for quadrupoles 1 and 3, and were given a dwell
time of 100 msec and a settling time of 75 msec. Optimal gas pressures for all five analytes,
including the internal standard, were: collision gas 6 psi, curtain gas 10 psi, ion source gas (1) 30
psi, ion source gas (2) 25 psi. The compound-independent mass spectrometer parameters, as well
as, the parent and fragment ions that were used in multiple-reaction monitoring (MRM) mode for
detection are listed in Supplemental Table 2. The limit of quantification of efavirenz and its
metabolites in the in vitro and in vivo LC/MS/MS method was 3 ng/mL. The standard curve was

linear over the range of 3 ng/ml to 10000 ng/ml. The day to day and within day coefticient of
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variation was less than 21% at the lowest (5 ng/mL) and highest (5000 ng/ml) quality control
concentrations used.

Data analysis: Apparent kinetic constants (Vax and K,,) were estimated by fitting
formation rates of metabolites versus substrate concentrations to appropriate kinetic equations by
nonlinear regression analysis using GraphPad Prism version 5.00 for Windows, GraphPad

Software (San Diego, CA; www.graphpad.com). In vitro intrinsic clearances (CLiy) represent

Vimax/Km. 1Cso values were determined by analysis of the plot of the logarithm of the inhibitor
concentration versus the percentage of activity remaining after inhibition using GraphPad.
Correlation analysis was performed by a nonparametric test (Spearman's rank correlation test)
using GraphPad. p < 0.05 was considered statistically significant. Data are presented as mean +

S.D or as averages of duplicate experiments.
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RESULTS

A. Primary metabolism of efavirenzin vitro. Two metabolites (Figure 1) that were
consistent with monohydroxyefavirenz were positively identified as 7- and 8-hydroxyefavirenz
based on comparison of their retention times, precursor ion scan data (molecular mass of 331)
and MS/MS fragmentation patterns with synthetic metabolite standards.

Kinetic analyses: The kinetics for the formation of 7- and 8-hydroxyefavirenz from
efavirenz was determined in several HLM samples. Representative Michaelis-Menten kinetic
and Eadie-Hofstee plots in a HLM sample are depicted in Figure 2 and the kinetic parameters of
7 HLM samples are summarized in Table 1. The average K, values for the formation of 7- and
8-hydroxyefavirenz were comparable (average: 14.7 uM versus 12.7 uM respectively). The in
vitro intrinsic clearances, CLiy (Vmax/Ki), show high variability among HLMs (~35- and ~13-
fold for 7- and 8-hydroxyefavirenz formation respectively) (Table 1). As there was no marked
difference in K, between the HLM samples tested, the interindividual difference in CLijy 1s
largely driven from differences in Vmax. The CL;y for formation of 8-hydroxyefavirenz was on
average 3.2-fold higher than that for 7-hydroxyefavirenz. Assuming that sequential metabolism
1s minimal (present study) and that the contributions of other elimination pathways such as
nonhepatic clearance (Mutlib et al., 1999b) and efavirenz N-glucuronidation (Belanger, et al.,
2009) to overall elimination of efavirenz are minimal, 7- and 8-hydroxylation appears to account
for 22.5% (range: 9.8-38.5%) and 77.5% (range: 61.5-90.2%) of the overall efavirenz
metabolism in vitro, respectively. In the limited number of HLMs, CLjy values of 8-
hydroxyefavirenz correlated significantly with CLiy values of 7-hydroxyefavirenz (Spearman r =
0.86; p=0.024), and this correlation appears to be mainly derived from V,x values (r=0.71,

p=0.088) rather than K, values (r=0.21; p=0.66).

16

20z ‘LT 1udy UoSeUINor 13dSY e BIo'sfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 24, 2010 as DOI: 10.1124/dmd.109.031393
This article has not been copyedited and formatted. The final version may differ from this version.

DMD# 31393

Correlation analyses: The metabolism of efavirenz to 7- and 8-hydroxyefavirenz was
tested in a panel of characterized HLM samples (n=15). Rates of formation 7- and 8-
hydroxyefavirenz varied widely among the HLMs [formation rate of 7-hydroxyefavirenz:
16.9+9.7 (range: 3.2 to 32.2) pmol/min/mg protein, 10-fold difference; and formation rate of 8-
hydroxyefavirenz: 122.1+103.6 (range: 13.7 to 419.2) pmol/min/mg protein, 31-fold difference]
(Figure 3). The average formation rates (pmol/min/mg protein) of efavirenz metabolism to 8-
hydroxyefavirenz at 10uM efavirenz was 7.7-fold higher (range: 1.8- to 20.5-fold difference)
than the formation rates of 7-hydroxyefavirenz. Comparing the rates of metabolite formation
from efavirenz (10 uM), Efavirenz 7-hydroxylation accounts for 15.6 £8.7% (range: 4.7 to
35.9%) while the remaining is accounted by efavirenz 8-hydroxylation (84.5+8.7%, range: 64.1
t0 93.5%). These results are consistent with the CL;,; data in Table 1.

Correlations between rates of efavirenz metabolism and the activities of CYP isoforms in
the HLMs are summarized in Table 2. A highly significant correlation between formation rates
of 8-hydroxyefavirenz and CYP2B6 activity and between formation rates of 7-hydroxyefavirenz
and CYP2A6 was observed. The activities of certain other isoforms showed modest but
significant correlation (p<0.05) with formation rates of 7-hydroxyefavirenz (CYP2B6, CYP2CS8
and CYP3A) and formation rates of 8-hydroxyefavirenz (CYP1A2, CYP2A6 and CYP2CS)
(Table 2). Formation rates of 7- hydroxyefavirenz correlated weakly but significantly with
formation rates of 8-hydroxyefavirenz (Spearman r = 0.54; p=0.038) (Table 2), consistent with
the CLiy data described above, which may reflect the significant correlation between CYP2A6
and CYP2B6 activity in the panel of HLMs studied (r = 0.76; p=0.0011).

Efavirenz metabolism by a panel of expressed enzymes: To obtain qualitative

information as to which isoforms might catalyze efavirenz primary metabolism, the ability of 10
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expressed CYP enzymes to catalyze 7- and 8-hydroxylation of efavirenz (10uM and 100uM)
was tested. The lower concentration of efavirenz is close to the Km values while the higher
concentration represents concentration at saturation (Vmax in Michaelis-Menten curve). Efavirenz
7-hydroxylation was solely catalyzed by expressed CYP2A6 at both 10 and 100 uM efavirenz
(Figure 4A). None of the other isoforms tested showed any detectable 7-hydroxylase activity. As
expected, CYP2B6 catalyzed efavirenz 8-hydroxylation at the highest rate at both concentrations
(Figure 4B). Other isoforms (CYP1A2, CYP3AS5, CYP2A6, CYP3A4, CYP2C19 and CYP2D6)
also showed activity towards this reaction. Kinetic studies with expressed CP2B6 and CYP2A6
revealed that CYP2B6 did not produce 7-hydroxyefavirenz at any of the concentrations tested
(Table 1), confirming that this enzyme is not involved in efavirenz 7-hydroxylation, while
CYP2A6 was involved in catalyzing 7- and 8-hydroxylation of efavirenz, with similar K, but
slightly higher V. for 7-hydroxylation (Table 1). CL;y for CYP2A6-catalyzed 8-hydroxylation
was lower than that of CYP2A6-catalyzed efavirenz 7-hydroxylation (by 1.5-fold) and CYP2B6-
catalyzed efavirez 8-hydroxylation (by 3.2-fold).

Inhibition of efavirenz metabolism by CYP-isoform specific inhibitors in HLM
samples. As shown in Figure 5A, pilocarpine was the most potent inhibitor of efavirenz 7-
hydroxylation (by 94%) followed by thioTEPA (by 50.3%), while ticlopidine increased
formation of 7-hydroxyefavirenz (by 64%). In addition, formation of 7-hydroxyefavirenz was
potently inhibited by letrozole (by 98.1%) (Figure 5A), consistent with a recent findings that
letrozole is a relatively selective inhibitor of CYP2A6 (Jeong, et al., 2009b). As expected,
thioTEPA and ticlopidine inhibited formation of 8-hydroxyefavirenz by over 70% (Figure 5B).
Pilocarpine also inhibited formation of 8-hydroxyefavirenz by more than 60%, ketoconazole by

21% and letrozole by 27% (Figure 5B).
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CYP-selective chemical inhibitors are often used to dissect the contribution of the
corresponding CYP to drug metabolism. Thus, thioTEPA and pilocarpine have been considered
selective inhibitors of CYP2B6 (Rae, et al., 2002) and CYP2A6 (Bourrie, et al., 1996),
respectively. Although not specific, ticlopidine is also a potent inhibitor of CYP2B6 (Richter, et
al., 2004). Additional inhibition experiments in HLM samples and expressed enzymes (CYP2A6
and CYP2B6) were performed to test whether inhibition of CYP2A6 by thioTEPA and of
CYP2B6 by pilocarpine represents lack of selectivity of these inhibitors or involvement of both
enzymes in the pathways studied, and to test whether ticlopine’s effect may involve activation of
CYP2AG6. The inhibition data are summarized in Table 3. ThioTEPA inhibited formation of 8-
hydroxyefavirenz by 68% and 55% in HLMs (ICsp, 9.8 uM) and expressed CYP2B6,
respectively (ICsy 6.6 uM); of 7-hydroxylefavirenz by 45% in HLMs (ICso, 31.7 uM) and by
83% in expressed CYP2A6; and of 8-hydroxyefavirenz by 83% in expressed CYP2A6 (ICs, 6.9
uM) (Table 3). Pilocarpine potently inhibited 7-hydroxylation of efavirenz (by over 94%) in
HLM samples (ICsg, 2.3 uM) and expressed CYP2A6; and of 8-hydroxylation in HLMs,
expressed CYP2A6, and CYP2B6 by 67.3% (ICso, 29.5 uM), 93.8%, and 24.4% (ICso, 49.2 uM)
respectively (Table 3). The potency of inhibition by pilocarpine of 8-hydroxylation in HLMs was
approximately 2.8-fold higher than that observed with expressed CYP2B6 (Table 3). As shown
in Table 3, ticlopidine increased formation of 7-hydroxyefavirenz (to 151%) in samples.
However, when expressed CYP2A6-catalyzed 7- and 8-hydroxylation was assessed, no increase
in formation of 7-hydroxyefavirenz was observed; instead, this reaction was slightly inhibited by
ticlopidine (by <23%) (Table 3). No metabolite of ticlopidine that coelute with 7-
hydroxefavirenz was noted when ticlopidine was incubated alone with HLM samples and

cofactors. As expected, ticlopidine potently inhibited efavirenz 8-hydroxylation (81.9% and 73%
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respectively) in HLM samples and CYP2B6 (Table 3). Since ticlopidine minimally inhibited
CYP2AG6 in expressed enzyme, it is possible that there is a metabolic shift towards 7-
hydroxylation in HLM samples.

B. Secondary (sequential) metabolism of efavirenz. The data presented in this section
(section B) should be viewed as preliminary findings because the precise structural identities of
the metabolites were not unequivocally established.

Metabolite identification in HLM samples. Beside the two monohydroxylated
metabolites of efavirenz (7- and 8-hydroxyefavirenz), a third metabolite peak that was consistent
with a dihydroxyefavirenz (molecular mass of 347 (with [M-H]™ at m/z 346) was identified when
efavirenz was incubated with HLMs and cofactors (but not in negative controls) (Figure 1).
Since previous studies have suggested that 8-hydroxyefavirenz is 14-hydroxylated to form 8,14-
dihydroxyefavirenz (Mutlib, et al., 1999b; Ward, et al., 2003), the possibility that the
dihydroxylated metabolite of efavirenz might be 8,14-dihydroxyefavirenz was explored. The
major fragment ions of synthetic 8, 14-dihydroxyefavirenz standard, determined by infusing a
standard solution onto the MS/MS system set in the quantitative optimization mode, were 238
and 210 (Supplemental Table 1). The major MS/MS fragment ions of the metabolite peak
observed in efavirenz HLM sample incubation was determined by injecting an aliquot of an
efavirenz (20 uM) incubation mixture onto the LC/MS/MS system/ using the product ion mode,
the signal generated by the parent ion mass m/z 346 produced fragmentation product ions of 238
and 210, consistent with those of synthetic 8,14-dihydroxyefavirenz (Supplemental Fig. 1).
When the retention times of the metabolite peak produced in efavirenz incubates was compared
with that of synthetic standard of 8,14-dihydroxyefavirenz, marked difference was observed in

the LC/MS/MS (Supplemental Fig. 1) [and HPLC with UV detection (data not shown)]. 8,14-
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dihydroxyefavirenz. Therefore, as the secondary metabolite observed in efavirenz microsomal
incubates appears to be different from 8,14-dihydroxyefavirenz, the unknown metabolite is

designated as only dihydroxylated efavirenz.

To test whether this dihydroxylated metabolite was also formed from the primary

metabolites of efavirenz (7- or 8-hydroxyefavirenz), each metabolite was incubated with HLM

samples and cofactors. Incubation of 7- (Figure 6A) and 8-hydroxyefavirenz (Figure 6B) resulted

in the appearance of a peak that coeluted chromatographically with the dihydroxylated efavirenz.
This peak was not observed in the negative control experiments. Again, the precursor and
product ion scans of the metabolite formed from these substrates were the same as those from
synthetic 8,14-dihydroxyefavirenz standard, but the retention time (6.8 min) of the
dihydroxylated efavirenz was markedly different from that of 8,14-dihydroxyefavirenz (4.66
min) (Figure 6C).

Secondary metabolism in expressed CYPs. To identify the CYP isoforms involved in
efavirenz sequential metabolism, 7- and 8-hydroxyefavirenz were incubated with a panel of
expressed CYP enzymes. As the MS/MS characteristics of the dihydroxylated metabolite were
the same as those of 8,14-dihydroxyefavirenz, quantification of the dihydroxyefavirenz was
made using standard curves of §,14-dihydroxyefavirenz. CYP2B6 catalyzed formation of
dihydroxyefavirenz from 7- and 8-hydroxyefavirenz at the highest rate compared to other CYPs
(Figure 7A). Kinetics for the metabolism of 8-hydroxyefavirenz in expressed CYP2B6 (Figure
7B) was characterized by substrate inhibition kinetic model (Vax, 4.21 pmol/min/pmol P450;
K, 23.2 uM; and K, 23.4 uM), while that of 7-hydroxyefavirenz was best described by

Michaelis-Menten equation (Vmax of 1.3 pmol/min/pmol P450 and a K, of 62.4 uM). At lower
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substrate concentrations, 8-hydroxyefavirenz was more efficiently oxidized by CYP2B6 than 7-
hydroxyefavirenz.

As described above, 8,14-dihydroxyefavirenz was not detected in vitro when efavirenz
and 8-hydroxyefavirenz were used as substrates. However, this metabolite was detected and
quantified in plasma samples obtained from subjects taking a single 600 mg oral dose of
efavirenz (see below). In vivo, 8-hydroxyefavirenz is rapidly conjugated (glucuronidated or
sulfated) (Mutlib, et al., 1999b). The possibility that 8-hydroxyefavirenz glucuronide might
undergo 14-hydroxylation was tested by incubating 8-hydroxyefavirenz glucuronide with HLM
samples and cofactors. A unique peak was noted (this was not observed in negative control
experiments) at a retention time of 8.6 min in this incubation (data not shown). This peak was
consistent with involvement of CYP-mediated reaction. In a panel of expressed CYPs, 8-
hydroxyefavirenz glucuronide was converted to a metabolite peak mainly by expressed CYP2A6
(2.29 pmol/min/pmol P450) and to some extent by CYP1A2 (1.19 pmol/min/pmol P450) >
CYP2B6 (0.21 pmol/min/pmol P450) (Supplemental Fig. 2). This metabolite is likely to be 14-
hydroxylated of 8-hydroxyefavirenz glucuronide. However, attempts to confirm this suggestion
through treatment of the microsomal incubates with B-glucuronidase and assay the metabolite
hydrolyzed did not provide useful information, probably due to the fact that its formation in vitro
was low.

C. I dentification and quantification of efavirenz metabolitesin vivo:

Efavirenz and its metabolites were analyzed in plasma samples obtained from healthy
volunteers administered a single 600 mg oral dose of efavirenz. In Figure 8, MRM trace
chromatograms of extracted blank plasma samples (Figure 8A) and of extracted plasma samples

3 hours after efavirenz dosing (Figure 8B) are shown. All the primary (7- and 8-
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hydroxyefavirenz) and secondary (dihydroxylated efavirenz) metabolites that were characterized
invitro were detected in the clinical samples (Figure 8B). Efavirenz and metabolites were not
detected in (blank) plasma samples obtained from same subjects before efavirenz administration
(data not shown). A metabolite that had the same retention time and MS/MS characteristics to
those of synthetic standard 8,14-dihydroxyefavirenz was identified in vivo (Figure 8). This
metabolite was not formed (detected) in vitro from any of the substrates tested (efavirenz, 7- or
8-hydroxyefavirenz).

The concentrations versus time curves of efavirenz and it metabolites in healthy
volunteers (n=5) administered a single 600 mg oral dose of efavirenz are shown in Figure 9A.
The pharmacokinetic data provided are total concentrations (free + conjugated) of efavirenz and
its metabolites quantified after incubation of the samples with B-glucuronidase
(“deconjugation”). The B-glucuronidase that was used also contained sulfatase and thus could
not reliably distinguish between glucuronide and sulfate conjugates. Although it is likely that
these conjugates are mostly glucuronides (Mutlib, et al., 1999b), conjugates are used in this
manuscript to reflect nonselectivity of the enzymatic hydrolysis used. The plasma area under the
plasma concentrations time curves (AUC.7;) of efavirenz and metabolites are provided in Figure
9B. Based on the AUC,.7; in plasma, efavirenz was the most abundant followed by 8-

hydroxyefavirenz>7-hydroxyefavirenz>8,14-dihydroxyefavirenz>dihydroxylated efavirenz.
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DISCUSSION:

The major new findings of the present study were the demonstration that: CYP2A6-
mediated efavirenz 7-hydroxylation accounts for ~23% of efavirenz metabolism; CYP2A6 is a
partial contributor towards efavirenz 8-hydroxylation; efavirenz is metabolized sequentially to
novel dihydroxylated metabolite(s), via CYP2B6-mediated 7- and 8-hydroxyefavirenz
hydroxylation as intermediary; and 8,14-dihydroxyefavirenz is formed in vivo but not in vitro,
suggesting novel metabolic reactions and challenging previous notion that it is formed through
direct 14-hydroxylation of 8-hydroxyefavirenz (Mutlib, et al., 1999b; Ward, et al., 2003). The
identification and quantification of all efavirenz primary (7- and 8-hydroxyefavirenz) and
secondary (8,14-dihydroxyefavirenz and a dihydroxylated) metabolites and the first
demonstration of their full pharmacokinetics in plasma of healthy subject taking a single 600 mg
oral dose of efavirenz confirm clinical relevance of the in vitro findings. Finally, the role
CYP2BG6 plays in efavirenz 8-hydroxylation, a metabolic route accounting for ~77% of efavirenz
clearance, was further confirmed (Ward, et al., 2003). These data should help to predict
determinants of efavirenz metabolism and response. They should also form the scientific basis
with which to select the most appropriate pharmacokinetic parameters when efavirenz is used to
assess the activity of CYP2B6 (and possibly CYP2A6) in Vivo.

The in vitro data reported here show that 7- and 8-hydroxyefavirenz are the primary
metabolites of efavirenz and concur with previous reports (Mutlib, et al., 1999b; Ward, et al.,
2003; Desta, et al., 2007). On the basis of the in vitro CLi, in HLM samples, 7- and 8-
hydroxylation on the average account for ~22.5% and ~77.5% of efavirenz overall metabolism

(Table 1). Provided the contribution of other elimination routes [e.g. efavirenz N-glucuronidation
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(Belanger, et al., 2009); and nonhepatic clearance (Mutlib, et al., 1999b)] are minimal, 7- and 8-
hydroxylation represent minor and major clearance mechanisms of efavirenz.

The identification of new and novel dihydroxylated efavirenz in microsomal incubates of
efavirenz, 7- and 8-hydroxyefavirenz suggests that efavirenz is sequentially oxidized, with
monohydroxylated efavirenz as intermediary. Efavirenz secondary metabolism via 8-
hydroxyefavirenz to 8,14-dihydroxyefavirenz has been previously proposed in vitro (Ward, et
al., 2003) and in vivo (Mutlib, et al., 1999b). However, 14-hydroxylation of 8-hydroxyefavirenz
was not observed in the present in vitro study as the dihydroxylated metabolite(s) formed was
not consistent with 8,14-dihydroxyefavirenz. In addition, efavirenz secondary metabolism can
undergo via 7-hydroxyefavirenz to dihydroxylated efavirenz. The precise structural identity of
the dihydroxylated metabolite(s) remains unknown. It is possible that the secondary
hydroxylation site may occur at C-15 or C-16 portion of the cyclopropyl part of the molecule,
resulting in MS/MS properties indistinguishable with those of 8,14-dihydroxyefavirenz. It is also
unclear whether the metabolite formed from 7-hydroxyefavirenz is the same as that formed from
8-hydroxyefavirenz. As attempts to separate the metabolites formed from 7- and 8-
hydroxyefavirenz chromatographically did not yield useful information, the metabolites formed
may have similar physico-chemical characteristics. Theoretically, 7- and 8-hydroxyefavirenz can
undergo 8-hydroxylation and 7-hydroxyefavirenz, respectively, resulting in the formation of 7,8-
dihydroxyefavirenz. This possibility cannot be ruled out but may be questionable by the fact that
the most abundant MS/MS fragments of the dihydroxylated metabolite were similar to those
from 8,14-dihydroxyefavirenz.

The in vivo relevance of the in vitro findings is shown by the fact that all the primary and

secondary metabolites of efavirenz that were identified in vitro were confirmed in plasma
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samples of healthy volunteers after deconjugation. These data represent the first comprehensive
description of efavirenz metabolite pharmacokinetics and mirrors the relative differences in the
in vitro intrinsic clearances of 7- and 8-hydroxyefavirenz, providing support to the in vivo
relevance of the in vitro findings. Interestingly, 8,14-dihydroxyefavirenz, a metabolite that was
not detected in vitro, was positively identified and quantified in the clinical samples treated with
B-glucuronidase. The reason for the lack of in vitro and in vivo correlation is not clear. In vivo, 8-
hydroxyefavirenz is rapidly conjugated (glucuronidated and/or sulfated) by phase Il enzymes
(Mutlib et al., 1999b). It is possible that the conjugated 8-hydroxyefavirenz undergoes 14-
hydroxylation in vivo, from which 8,14-dihydroxyefavirenz could be released upon treatment of
efavirenz plasma samples with -glucuronidase as observed in our study. Consistent with this
suggestion, Mutlib et al., reported a glucuronide (C14)-sulfate (C8) diconjugate of
dihydroxylated efavirenz in urine and bile of rats administered efavirenz, 8-hydroxyefavirenz or
8-hydroxyefavirenz sulfate (Mutlib, et al., 1999a). Other examples show that sulfate or
glucuronide metabolites can undergo oxidation by CYPs [(Mutlib, et al., 1999a; Delaforge, et al.,
2005) and references therein]. Preliminary proof of concept in support of oxidation of a
conjugated 8-hydroxyefavirenz was obtained in the present study where a metabolite peak that
was consistent with involvement of CYPs (CYP2A6, CYP1A2 and CYP2B6) was noted when 8-
hydroxyefavirenz glucuronide was incubated with HLM samples and cofactors. Together, these
data begin to provide a mechanistic understanding by revealing novel metabolic reactions of
efavirenz.

Comprehensive set of in vitro experiments were conducted to identify the CYPs involved
in efavirenz primary and secondary metabolism. Formation rate of 7-hydroxyefavirenz was:

substantially inhibited by selective CYP2A6 inhibitors pilocarpine (Bourrie, et al., 1996) and
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letrozole CYP2AG6 inhibitor (Jeong, et al., 2009b) (Figure 5); correlated significantly with
CYP2AG6 activity (Table 2); and catalyzed exclusively by expressed CYP2A6 (Figure 4). The
Ky, values derived from HLM samples and expressed CYP2A6 (Table 1) were very close
suggesting that the enzyme catalyzing 7-hydroxylation of efavirenz in HLM samples is
CYP2AG6. Efavirenz 7-hydroxylation in HLM samples was inhibited by thioTEPA (Table 3). It is
likely that this is mediated by the ability of thioTEPA to inhibit CYP2AG6 rather than
involvement of CYP2B6 in this reaction because expressed CYP2B6 was not found to be
capable of efavirenz 7- hydroxylation (see below). ThioTEPA potently inhibits CYP2B6 (Rae, et
al., 2002; Ward, et al., 2003; Harleton, et al., 2004; Richter, et al., 2005), but its selectivity has
been questioned recently by other authors (Turpeinen, et al., 2004; Obach, et al., 2006; Walsky
and Obach, 2007). The present data provide additional support that thiocTEPA may inhibit
CYP2AG6 in addition to CYP2B6.

The kinetic, inhibition and correlation analyses in HLM samples and data from expressed
CYPs confirm previous findings that CYP2B6 is the principal catalyst of efavirenz 8-
hydroxylation (Ward, et al., 2003; Desta, et al., 2007). However, these data also implicate for the
time that CYP2A®6 in catalyzing efavirenz 8-hydroxylation. First, pilocarpine inhibited efavirenz
8-hydroxylation in HLMs and expressed CYP2B6. Clearly, pilocarpine is frequently used
as selective inhibitor of CYP2AG6 in vitro, but its selectivity has been poorly validated. Its ability
to inhibited CYP2B6-catalyzed reaction (present data) and previous report showing its inhibitory
effect on CYP2C9 (Bourrie, et al., 1996) suggest that pilocarpine may not be highly selective
towards CYP2A6. However, all the effects of pilocarpine on efavirenz 8-hydroxylation might not
be explained by nonselectivity alone. The involvement of CYP2AG6 in efavirenz 8-hydroxylation

is supported by the fact that: pilocarpine inhibited 8-hydroxylation of efavirenz more in HLM

27

20z ‘LT 1udy UoSeUINor 13dSY e BIo'sfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 24, 2010 as DOI: 10.1124/dmd.109.031393
This article has not been copyedited and formatted. The final version may differ from this version.

DMD# 31393

samples than in expressed CYP2B6 (Table 3); letrozole modestly inhibited efavirenz 8-
hydroxylation (by 27%) (Figure 5); expressed CYP2AG6 catalyzes efavirenz 8-hydroxylation
(Figure 4); and CYPAG activity is significantly correlated with formation rate of 8-
hydroxyefavirenz (Table 2). Therefore, CYP2A6 appears to contribute to the overall clearance of
efavirenz by being the sole catalyst of efavirenz 7-hydroxylation, a pathways that accounts on
the average for ~23% of efavirenz metabolism with large interindividual variability, and by
participating (~20-30%) in efavirenz 8-hydroxylation.

Efavirenz has been recently described as a preferred marker of CYP2B6 activity in vitro
and in vivo (Ward, et al., 2003; US Food and Drug Administration, 2006). The present data also
support that it may serve as CYP2A6 probe. While the primary and secondary metabolites of
efavirenz are pharmacologically inactive, identifying CYPs that catalyze them is important to
select the most appropriate metabolic ratios that best describes CYP2B6 and CYP2AG6 activities
in vivo. That CYP2B6 was found to be the primary catalyst of 7- and 8-hydroxyefavirenz to the
respective dihydroxylated metabolite (Figure 7B) provides important information in this respect.
Moreover, the data show that monohydroxylated efavirenz metabolites, as with efavirenz, are
efficient substrates of CYP2B6 irrespective of the site of hydroxylation. This information may
help to model and better understand the active site of CYP2B6.

The findings presented here may have important implications. First, they suggest that
CYP2B6 and CYP2AG6 activity may influence efavirenz exposure and response. That CYP2B6
metabolic status is key determinant of efavirenz exposure and probably response in HIV patients
has bee established [e.g. (Tsuchiya, et al., 2004; Haas, et al., 2004; Rotger, et al., 2007; Zanger,
et al., 2007)]. CYP2AG6 activity exhibits large interindividual variation (Pelkonen, et al., 2000;

Di, et al., 2009), mostly due to CYP2A6 gene polymorphisms, but also as a result of exposure to
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inducers and inhibitors of the enzyme (Nakajima, et al., 2006; Mwenifumbo and Tyndale, 2009;
Di, et al., 2009). Recently, CYP2AG6 genetic variation has been shown to influences efavirenz
exposure in HIV patients (di Iulio, et al., 2009; Arab-Alameddine, et al., 2009; Kwara, et al.,
2009a, 2009b). Second, efavirenz may serve as an effective probe of CYP2B6 and CYP2A6
activity in vitro and in vivo. The identification of novel metabolic pathways and CYPs involved
in efavirenz primary and secondary metabolism should facilitate identification of efavirenz
pharmacokinetic parameters that best reflect CYP2B6 and CYP2A6 activities in vivo. Clinical
studies are ongoing to clarify the precise contribution of CYP2A6 and CYP2B6 in efavirenz

metabolism using genetics and drug interactions as markers.
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Legend to Figures

Figure 1. Multiple reaction monitoring (MRM) trace chromatograms of efavirenz (EFV) in
human liver microsomal incubates. Efavirenz (20uM) was incubated with HLM samples and
cofactors. Subsequent sample processing and LC/MS/MS conditions were as described in the
Methods section. Metabolites that were consistent with monohydroxylated (7- and 8-
hydroxyEFV) and secondary metabolite (dihydroxylated EFV) were identified in the microsomal

incubates. Nevirapine was used as an internal standard.

Figure 2. Representative kinetics for the metabolism of efavirenz (EFV) to 7-hydroxyEFV
and 8-hydroxyEFYV in human liver samples (IU42). Increasing concentrations of EFV (5-150
uM) was incubated with HLM samples (0.25 mg/ml) and cofactors for 10 min at 37°C.
Formation rates of metabolites (pmol/min/mg protein) versus EFV concentration (uM) were best

fit to a one site hyperbolic Michaelis-Menten equation (A) (see Data Analysis). The

corresponding Eadie-Hofstee plots are shown (B). Each point represents the average of duplicate
incubations. Kinetic parameters derived from these and other six HLM samples are listed in

Table 1.

Figure 3. Efavirenz (EFV) metabolism in a panel of 15 characterized HLMs. EFV (10 uM)
was incubated with microsomes from different human livers (0.25 mg/ml) and cofactors for 15
min at 37°C. Formation rates (pmol of product/min/mg protein) of 7-hydroxyEFV (7-OHEFV)
(A) and of 8-hydroxyEFV (8-OHEFV) (B) are shown. Rates represent average of duplicate
incubation measurements. Correlations between formation rates of 7-OHEFV or §-OHEFV and

the activity of CYP enzymes are illustrated in Table 2.
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Figure 4. Efavirenz (EFV) metabolism by a panel of CYP enzymes. EFV (10 uM or 100uM)
was incubated with expressed CYPs (13 or 26 pmol P450) and cofactors for 10 min at 37°C.
Rates (pmol of product/min/pmol of P450) of 7-hydroxyEFV (7-OHEFV) (A) and 8-
hydroxyEFV (8-OHEFV) (B) are presented. Each point is an average of duplicate incubation

measurements.

Figure 5. Inhibition of efavirenz (EFV) metabolism in HLM samples. EFV (10uM) was
incubated with HLMs (0.25 mg/ml) and cofactors for 10 min at 37°C in the absence (control) and
presences of CYP isoform specific inhibitor (See Methods Section for details). Data (% activity
remaining after inhibition relative to the vehicle control) represent mean+SD of three duplicate
measurements or 3 different HLMs. Abbreviations: ticlopidine (TICL), quercetin (QUER),
troleandomycin (TAO), ketoconazole (KETO), pilocarpine (PILO), diethyldithiocarbamate
(DEDTC), sulfaphenazole (SULF), furafylline (FURAF), letrozole (LTR) and quinidine (QUIN).
The final concentrations of these inhibitors used are indicated in bracket. A preincubation

protocol was used for FURAF, TAO, thioTEPA and DEDTC (see Methods section).

Figure 6: Multiple reaction monitoring (MRM) trace chromatograms of 7-
hydroxyefavirenz (7-OHEFV) and 8-hydroxyefavirenz (8-OHEFYV) in human liver
microsomal incubates. Each substrate (5 uM) was incubated in HLM samples and cofactors for
10 min at 37°C. A metabolite peak that was consistent with dihydroxylated efavirenz was formed
in microsomal incubations of 7-OHEFV (A) and 8-OHEFV (B). Synthetic 8,14-

dihydroxyefavirenz (8,14-diOHEFV) standard was directly injected (C).

Figure 7. Secondary metabolism of efavirenz (EFV) by a panel of expressed CYPs.

Sequential metabolism was tested using 7-hydroxyEFV (7-OHEFV) and 8-hydroxyEFV (8-
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OHEFV) as substrates. 7-OHEFV (5uM) and 8-OHEFV (5uM) were incubated with expressed
CYPs (13 or 26 pmol P450) and cofactors for 10 min at 37°C and the formation of a
dihydroxylated efavirenz was monitored (A). Kinetics for the metabolism of 7-OHEFV and 8-
OHEFV to dihydroxylated efavirenz was determined by incubating each substrate (1 uM to 150
uM) with 13 pmol CYP2B6 and cofactors for 10 min at 37°C (B). Kinetic analysis was
performed by fitting to a one site hyperbolc Michaelis Menten equation (7-OHEFV metabolism)
or using substrate inhibition equation (8-OHEFV) (see Data Analysis). Each point represents

average pmol of product/min/pmol of CYP2B6 of duplicate incubation measurements.

Figure 8. Representative MRM trace chromatograms of efavirenz (EFV) and its
monohydroxylated (7- and 8-hydroxyefavirenz) and secondary metabolites (8,14-
dihydroxyefavirenz and dihydroxyefavirenz) in plasma samples obtained from subjects
administered a single 600 mg oral dose of efavirenz. Extracted blank samples spiked with
authentic standards of efavirenz and its metabolites (A); and extracted plasma sample obtained 3
hours after administration of a single 600 mg oral dose of efavirenz to healthy volunteers (B).
Plasma samples were treated with B-glucuronidase and the peaks represent total (free +

conjugated).

Figure 9. Pharmacokinetics of efavirenz (EFV) and its primary and secondary metabolites
in healthy volunteer subjects (n=5) administered a single 600 mg oral dose of EFV. Plasma
concentrations versus time curves (A) and area under the concentration-time curve (AUCy.72) (B)
of efavirenz and metabolites are shown. (8-OHEFV, 8-hydroxyEFV; 7-OHEFV, 7-

hydroxyEFV; 8,14-diOHEFV, 8,14-dihydroxyefavirenz; diOHEFV, dihydroxylated EFV.
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Table 1. Kinetic parameters for the formation of 8-hydroxyefavirenz and 7-

hydroxyefavirenz from efavirenz in 7 different HLM samples and expressed CYP2A6 and

CYP2B6.
HLMs 8-hydroxyefavirenz 7-hydroxyefavirenz
V max Kn Cl1 int % of total Vmax Kn Cl int % of total
(Vmar'Km) Cline (Vmax'Km) Cline
1U6 84 4 19.4 4.37 62.7 48.7 18.8 2.60 37.3
IU31 51 8 7.6 6.86 83.4 10.7 7.8 1.37 16.6
1U42 17 9 7.1 2.52 89.0 7.5 23.9 0.31 11.0
1US59 30 9 7.9 3.90 79.0 8.6 8.3 1.04 21.0
IUS8 28725 2 1.14 90.2 2. 2 17.5 0.12 9.8
1U65 24 8 12.4 2.00 61.5 16.8 13.4 1.25 38.5
HLT 13 96 95 14.75 77.1 57.0 13.0 4.38 22.9
Mean 54 .0 12.7 5.10 77.5 21.6 14.7 1.58 22.5
SD 43 9 7.0 4.66 11.6 21.9 5.8 1.47 11.6
Expressed
CYPs
CYP2B6 1.49. 0 0.16
CYP2A6 0.6 7. 7 0.08 0.4 7.6 0.05

Abbreviations: Vi, pmol/min/mg protein or pmol/min/pmol P450; K, uM; CLiy, (tl/min/mg protein
or ul/min/pmol P450).
Increasing concentrations of efavirenz (1-150uM) were incubated with HLM samples (0.25 mg/ml) and

cofactors at 37°C (see Methods section). Kinetic parameters for the formation of 8-hydroxyefavirenz and 7-
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hydroxyefavirenz were estimated by fitting the velocity vs. substrate concentrations to Michaelis-Menten
equation as described in the Data Analysis section. Kinetic parameters in the individual HLM samples (standard
errors of parameter estimates) are presented. In vitro intrinsic clearance (CL;,) was calculated. Percent
contribution to the overall clearance was estimated as follows CLj, (metab)*100/Cl;,(total). CL;y (total) is the
sum of CL;; of 7- and 8-hydroxyefavirenz. Assumptions: 1) these two pathways are the main clearance
mechanisms; 2) efavirenz N-glucuronidation is minor; 3) under the incubation conditions, sequential

metabolism is minimal.
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Table 2: Correlation of formation rates of 8-hydroxyefavirenz and 7-hydroxyefavirenz

from efavirenz (10uM) with the activities of different CYP enzymes in HLM samples

(n=15).
CYP Efavirenz metabolites
isoforms
7-OHEFV 8 -OHEFV

Spearman r P value Spearman r P value
CYP1A20. 31 0.26 0.53 0.044
CYP2A6 0.800 .0003 0. 62 0.014
CYP2B6 0. 57 0.03 0.810 .0003
CYP2C8 0.58 0. 02 0.58 0. 03
CYP2C9 0.30 0. 27 0.370. 17
CYP2C19 0.28 0. 32 0.03 0. 93
CYP2D6 - 0.20 0.48 0.08 0.79
CYP2EI1 0.01 0. 98 0.22 0. 43
CYP3A (T) 0.610. 015 0.37 0.18
CYP4All 0.25 0.36 0.004 0.99
FMO 0.210. 45 0.06 0. 84

Efavirenz (10 pM) was incubated with microsomes from different human livers (0.25 mg/ml) and a NADPH-
generating system for 15 min at 37°C. Data were analyzed using the nonparametric correlation test (Spearman
r). The activity of each isoform was determined using the respective specific substrate probe reaction (see
Materials and Methods). CYP3 A was assayed using testosterone (T). p < 0.05 is considered statistically

significant.
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Table 3. Inhibition of efavirenz 7- and 8-hydroxylation by thiocTEPA, pilocarpine and

ticlopidine in HLM samples and expressed CYP2A6 and CYP2B6.

Inhibitor Microsomes 7-hydroxylation 8-Hydroxylation
% activity  1Cso (uM) % activity ICsp (uM)
remaining remaining
ThiocTEPA
HLMs 55.0+1.4 31.7 32.3+4.309. 8
CYP2A6 17.440.6 6.6 17.5+1.4 6. 9
CYP2B6 - - 44.940.2 - -

Pilocarpine

HLMs 4.3£1.9 2. 3 32.7+0.8 29.5

CYP2A6 5.840.5 - - 6.2+0.4 --

CYP2B6 -- 75.6£4.2 135.6
Ticlopidine

HLMs 150.8+11.1 - - 18.1+0.6 --

CYP2A6 77.5£6.4 - - 77.8+6.2 --

CYP2B6 - - 27.0£0.5 - -

Efavirenz (10uM) was incubated for 10 min at 37°C in duplicate with HLM samples (0.25
mg/ml) (or 26 pmol CYP2AG6 or 13 pmol CYP2B6) and cofactors in the absence (control) and
presence of an inhibitor. For determination of % activity remaining, a single concentration of
thiocTHEPA (50 uM), pilocarpine (50 uM) or ticlopidine (5 uM) was used. To determine the ICs

values, multiple concentrations of thiocTEPA (0-100 uM) or pilocarpine (0-100 uM) were used.
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