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Abstract

The in vitro metabolism of buprenorphine was investigated to explore new metabolic
pathways and identify the cytochrome P450s (P450s) responsiblefor the formation of these
metabolites. The resulting metabolites were identified by liquid chromatography-electrospray
ionization-tandem mass spectrometry. In addition to norbuprenorphine, two hydroxylated
buprenorphine (M1 and M2) and three hydroxylated norbuprenorphine (M3, M4 and M5)
metabolites were produced by human liver microsomes (HLMs), with hydroxylation occurring at
the tert-butyl group (M1 and M 3) and at unspecified site(s) on the ring moieties (M2, M4 and
M5). Time-course and other data suggest: buprenorphineis N-dealkylated to form
norbuprenorphine, followed by hydroxylation to form M3; buprenorphine is hydroxylated to
form M1 and M2, followed by N-dealkylation to form M3 and M4 or M5. The involvement of
selected P450s was investigated using cDNA-expressed P450s coupled with scaling models,
chemical inhibition, monoclonal antibody (MAD) analysis and correlation studies. The major
enzymes involved in buprenorphine eimination and norbuprenorphine and M1 formation were
P450s 3A4, 3A5, 3A7, and 2C8; while 3A4, 3A5 and 3A7 produced M3 and M5. Based on
MADb analysis and chemical inhibition, the contribution of 2C8 was higher in HLM with higher
2C8 activity, while 3A4/5 played a more important role in HLM with higher 3A4/5 activity.
Examination of human urine from subj ects taking buprenorphine showed the presence of M1 and

M3; most of M1 was conjugated while 60-70% of M3 was unconjugated.
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I ntroduction

Buprenorphine, a semi-synthetic derivative of the alkaloid thebaine (Lewis, 1973), isa partial
u-opioid agonist and x-opioid antagonist (Cowan et al., 1977). It wasfirst developed as an
analgesic for moderate to severe pain in the early 1970s, but is currently more widely used asa
replacement therapy for opiate-dependence. Buprenorphine has comparable effects to
methadone in regard to treatment of opiate-dependent patients (Strain et al., 1996; Johnson et al,
2000), but has reduced risk due to the “ceiling effect” associated with its partial p-opioid agonist
properties (Walsh et al., 1994; Walsh, et a., 1995).

Absorption, distribution, metabolism and excretion studies of buprenorphine have been
carried out in humans using gas chromatography-mass spectrometry (Cone et a., 1984), and in
animals using thin-layer chromatography of tritiated-buprenorphine (Brewster et al., 1981,
Pontani et al., 1985). These studies suggested that buprenorphine was mainly metabolized by
N-dealkylation and glucuronidation of both buprenorphine and norbuprenorphine. A tentative
6-O-demethyl norbuprenorphinein free and conjugated form was observed in rat urine (Pontani
et al., 1985) and some unknown polar metabolites were found in rat bile samples (Brewster et al.,
1981). No evidence was given for additional metabolitesin humans (Coneet al., 1984). A
recent study by Picard et a. (2005) using liquid chromatography-tandem mass spectrometry,
however, identified the presence of two hydroxylated metabolites, one of buprenorphine and one
of norbuprenorphine, in human liver microsomes (HLM) and urine samples from patients treated
with buprenorphine. Buprenorphine N-dealkylation is mainly catalyzed by cytochrome P450
(P450) 3A4 (Iribarne et al., 1997; Kobayashi et al., 1998), with involvement of P450 3A5 and
2C8 (Moody et al., 2002; Picard et al., 2005). The involvement of specific P450sin production

of the hydroxylated metabolites was limited to afinding that trace amounts of hydroxy-
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buprenorphine were produced by P450 3A4, 3A5 and 3A7 transfected cdll lines (Picard, et al.,
2005).

In our previous study we observed a higher rate of buprenorphine elimination than
norbuprenorphine formation in HLM, suggesting there might be some other routes for
metabolism of buprenorphine or its metabolites (Chang and Moody, 2005). In this paper we
report a study of the metabolism of buprenorphine in HLM and analysis of human urine from
subjects treated with buprenorphine. The identification of new metabolites was achieved by
liquid chromatography-€l ectrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) and
the involvement of P450sin the formation of new metabolites was clarified usng cDNA-
expressed human P450s and correlations with apanel of HLMs. The contribution of each
enzyme was estimated by inhibitory analysis using monoclonal antibodies (MAbs) and chemical
inhibitors in phenotyped HLMs, and aso predicted by relative activity factor (RAF) and
immunoquantification scaling approaches. Based on our results an extended biotransformation

profileis proposed for buprenorphine.
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Experiment

M aterials. Buprenorphine (for incubation), D-glucose 6-phosphate monosodium salt, glucose
6-phosphate dehydrogenase, B-NADP sodium salt, EDTA disodium salt, MgClo,
B-glucuronidase (from Helix pomatia which also has sulfatase activity), trimethoprim,
8-methoxypsoralen, sulphaphenazole and quinidine were obtained from Sigma/Aldrich Chemical
Corp. (S. Louis, MO). Furafylline was obtained from Synergy House (Manchester, UK).
Buprenorphine (for analysis), ds-buprenorphine, norbuprenorphine and dg-norbuprenorphine
were purchased from Cerilliant (Round Rock, TX). Ketoconazole was obtained from ICN
Biomedicals Inc. (Aurora, OH). 10-Hydroxybuprenorphine, buprenorphine N-oxide and 10-
oxobuprenorphine were provided by Reckitt Benckiser Healthcare Limited (Dansom Lane, UK).
The liver samples were obtained from Tissue Transformation Technologies (Edison, NJ). Insect
cell cDNA-expressed human P450s (Supersomes) and fifteen phenotyped HLM were purchased
from BD-Gentest (Woburn, MA). Inhibitory MAbs to human P450 3A4/5 and 2C8 were
provided by the National Cancer Institute of the National Institutes of Health (Bethesda, MA).
All agueous reagents were prepared in purified water (specific resistance >18.2 mQ/cm)

obtained by a Milli-Q Plus water purification system.

In vitro incubations of buprenor phinewith HLM. Microsomes were prepared from human
liver by differential centrifugation as described by Nelson et al. (2001). Thefirst centrifugation
was at 9,000 g, the homogenization buffer contained 0.25 M sucrose, and 10 strokes of
homogenization were used. HLM prepared in our lab are not thoroughly phenotyped; to enhance
the probability of having a representative amount of different P450 enzymes, pooled HLM (n=5)

were used for initial metabolites identification studies. The incubation mixture (final volume
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500 wl) contained incubation buffer (0.1 M phosphate buffer pH 7.4 with 1.0 mM EDTA and 5.0
mM MgCl;), aNADPH generating system (NADPH GS) composed of 10 mM glucose-6-
phosphate, 1.2 mM NADP, and 1.2 units of gluscose-6-phosphate, 0.5 mg/ml microsomal
protein, and 10 uM buprenorphine or norbuprenorphine. The reaction was initiated by adding
the NADPH GS, and incubated at 37°C in a shaking water bath for the specified times. For
qualitative studies, following a 30-min incubation the mixture was adjusted to pH>10 with 50 pl
1N NaOH followed by extraction with a mixture of n-butyl chloride and acetonitrile (4:1, v/v).
For guantitative studies, the reaction was terminated by the addition of 200 ul ice-cold methanol

and the samples were stored at -75°C until analysis.

In vitro incubations of buprenor phine with recombinant human P450s. The metabolism of
buprenorphine and norbuprenorphine was evaluated in microsomes prepared from insect cells
transfected with cDNAs encoding for human P450 1A2, 2A6, 2B6, 2C8, 2C9+«1, 2C18, 2C19,
2D6x1, 2E1, 3A4, 3A5 and 3A7. Supersomes that co-expressed cytochrome bs were used where
available, this was not the case for 1A2, 2C18 and 3A5. Buprenorphine or norbuprenorphine (10
uM) was incubated at 37°C for 20 min with 25 pmol P450 in incubation buffer described above.
Control insect cell microsomes were used at the mean protein concentration averaged over all of
the supersomes. All reactionswere initiated by addition of the NADPH GS and stopped by the

addition of 200 ul ice-cold methanol after which the samples were stored at -75°C until analysis.

Inhibition of buprenor phine metabolism using MAbs. The role of P450 3A4/5 and 2C8 was
measured by the addition of the P450 target specific MAD, either alone or in combination, to the

reaction mixture using the procedure proposed by Yang et al. (1999). The recommended

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


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 28, 2005 as DOI: 10.1124/dmd.105.006148
This article has not been copyedited and formatted. The final version may differ from this version.

Chang et al. DMD #6148

volumes (10 ul) of MAbs specific for P450 3A4/5 or 2C8 were mixed with phenotyped HLMsin
0.5 ml of incubation buffer and preincubated for 5 min at 37°C. Tubes were then placed on ice,
buprenorphine was added (final concentration 10 uM) and the reaction was initiated by addition
of the NADPH GS. The reaction continued for specified times at 37°C and terminated with 200

ul ice-cold methanol. Ten microliters of egg lysozyme was used as a control.

Chemical inhibition studies. The effect of the selective P450 inhibitors on buprenorphine

metabolism was first studied in pooled HLM. Subsequently more extensive studies were
performed in phenotyped HLMs using the selective P450 3A4/5 inhibitor ketoconazole 2 uM
(Newton et al., 1995; Sai et al., 2000) and the selective P450 2C8 inhibitor trimethoprim 100 uM
(Wen et a., 2002). Theinhibitor and buprenorphine (final concentration 10 uM) were added to
the reaction mixture and the reaction was initiated by the addition of the NADPH GSin a37°C
shaking water bath. The reaction continued for specified times and was terminated by the

addition of 200 ul methanol. The incubation sample with no inhibitor served as control.

Correlation studies. HLM from 15 individual donors along with data for P450 specific enzyme
activities, provided by BD-Gentest, were used to study the relationship between the metabolism
of buprenorphine and the metabolism of selective P450 substrates. The ability of HLM from
each donor to metabolize buprenorphine was correlated with the PA50-specific enzyme activities
for each sample. The assay was performed with 10 uM buprenorphine and incubated for the

specified times.
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In vivo metabolism of buprenor phine. Twenty four-hour postdose urine samples were
collected from seven subjects who had been maintained on adaily sublingual dose of 16 mg
buprenorphine for at least 21 days. A 1-ml aliquot of each urine sample was adjusted to pH 5
with sodium acetate buffer (0.1 M) and treated with 5,000 units of 3-glucuronidase (containing
sulfatase). The mixture was incubated at 50°C for 16 hours. Another aiquot of the urines was
analyzed without hydrolysis. Blank urine samples also underwent hydrolysis to control for

interference arising from endogenous materials.

LC-ESI-MSM S analysis. The quantification of buprenorphine and norbuprenorphine (or semi-
guantification of hydroxylated metabolites) in incubation samples and urine samples was
performed using a modification of our previously described LC-ESI-M SM S method (M oody et
al., 2002). Theincubation samples were made basic (pH>10) by the addition of 50 ul of 1 N
NaOH and extracted with a 4-ml mixture of n-butyl chloride and acetonitrile (4:1, v/v); the
organic layer was dried under N,. Thefinal residue was reconstituted to avolume of 75 ul using
initial mobile phase and 20 ul wasinjected into the LC.

Mass spectrometric analysis was performed on a TSQ 7000 or TSQ Quantum (Thermo
Finnigan, San Jose, CA) equipped with atriple-quadrupole MS and an ESI source operated at 4.5
kV. The MSwas set to scan for positiveions. Quantification was performed by selected

reaction monitoring (SRM) transitions m/z 468 to m/z 396 (buprenorphine), m/z414 to m/z101
(for TSQ 7000) (norbuprenorphine), Mz 472 to Mz 400 (ds-buprenorphine) and m/z 423 to

m/z 110 (dg-norbuprenorphine). The semi-quantification of hydroxylated metabolites by SRM is
described in detail in the results section. MSM S conditions used were 3.0 mTorr argon collision

gas and 45 eV collision potential. When the Quantum was used, we found that
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norbuprenorphine had better sensitivity when the survivor molecular ion was monitored (i.e. 22
eV collision potential withm/z414 to m/z414) (Huang et a., in press). Theliquid
chromatograph was a Hewl ett-Packard Series 1100 HPLC (Agilent Technologies, Palo Alto,
CA). The chromatographic separations were conducted on a3 uM YMC ODS-AQ™ column
(2.0 x 50 mm cartridge) (Waters, Milford, MA). The mobile phase was MilliQ H,O (A) and
CH3CN (B), both containing 0.1% formic acid. The gradient elution went from 97% A at 1 min
to 80% A at 3 min, holding for 5 min, then decreased to 20% A at 10 min, holding for 2 min.
Qualitative studies were performed on an Inertsil C18 column (250 x 2.1 mmi.d.), packed
with 3-uM particles (Bellefonte, PA). Isocratic elution was performed at 81% A with aflow-rate
of 0.25 ml/min. The screening of metabolites by mass spectrometry was based on full scan,
selected ion monitoring (SIM), constant neutral 10ss scan, precursor ion scan and product ion
scan. The constant neutral |oss scan of 54 u was used to detect the metabolites that undergo a
loss of cyclopropylmethyl group. The precursor ion scans of m/z 396 and vz 101 were used to
detect the metabolites that can produce typical fragment ions at m/z 396 and my/z 101 under the
collision-induced dissociation (CID) conditions. The product ion scan was used to identify the

metabolites.

10
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Results

In our previous studies on in vitro metabolism of buprenorphine, we focused on use of
substrate concentrations that approached therapeutic plasma concentrations (Moody et al., 2002;
Chang and Moody, 2005). Asthe purpose of this study was to identify new metabolites, we have
used a higher concentration, 10 uM, for in vitro experiments to enhance our ability to detect
what might be minor metabolites. This concentration, which is less than reported K, for
buprenorphine metabolism (Kobayashi et al., 1998), still meets criterion suggested by Bjornsson
et a., (2003) for P450 phenotyping studies. Thein vivo relevance will be shown from studiesin

human urine.

Buprenor phine elimination and nor buprenor phine formation in HLM. When
buprenorphine (10 uM) was incubated with pooled HLM (n=5), norbuprenorphine formation
only accounts for 46% and 37% of buprenorphine elimination at 20 min and 60 min incubation
time, respectively (data not shown). Higher buprenorphine elimination compared to
norbuprenorphine formation suggested that other biotransformation pathways for buprenorphine

or its metabolites exist in HLM.

M ass spectrometric analysis of buprenor phine. Under the CID-MS/MS conditions, the
characterized product ions generated from protonated molecular ions of buprenorphine (nv/z 468)
were at m'z 414, m/z 396 and m/z 101 (Moody et al., 2002). A [M-54]" peak at m/z 414 (referred
to as the amoiety) showed the removal of a cyclopropylmethyl group. The peak at m/z 396

(referred to as the b-moiety) was formed by combination of the loss of a methyl group and

11
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cleavage of atert-butyl group instead of loss of cyclopropylmethyl group and a water molecule,
which was confirmed by the presence of a high abundant product ion at myz 400 produced from
ds-buprenorphine (m/z 472) (data not shown). This assignment was consistent with previous
work reported by Polettini and Huestis (2001). At the low mass range, afragment ion at m/z 101
(referred to as the c-moiety) was assigned to the alkyl side-chain HOC(CH3)C(CHa)s" at C-7 and
it can lose a water molecule to form the fragment ion at m/z83. Another fragment ion at m/z 55

corresponds to the cyclopropylmethyl group.

I dentification of in vitro phase | metabolites of buprenorphine. In HLM, the major
metabolite, norbuprenorphine, formed by N-dealkylation of buprenorphine has been studied in
great detail. In the current study, different scan modes of the triple quadrupole MS were used to
screen for unknown metabolites. Constant neutral 1oss scan of 54 u and precursor ion scan of
m/z 396 and nYz 101 showed the presence of hydroxylated buprenorphine and norbuprenorphine.
In initial experiments norbuprenorphine was found to readily form an adduct ion with
acetonitrile (plus 41 u) which shows better response on the mass spectrometer used than the
protonated molecular ion. As such, the acetonitrile adduct ion was used to determine
norbuprenorphine structurally related metabolites. The nVz 484 and myz 471 ions correspond to
the hydroxylated buprenorphine protonated molecular ion and hydroxylated norbuprenorphine
adduct ion with acetonitrile. There are four peaksin the SIM chromatogram at m/z 484 and three
peaksat m/z471 (Fig. 1). At retention times 9.83 min (M1) and 12.13 min (M2) (Fig. 1A), and
retention times 6.34 min (M3), 7.87 min (M4) and 9.96 min (M5) (Fig. 1B), the peaks are absent
in the chromatograms of the corresponding blank control samples. Peaks at retention times

14.90 min (I11) and 16.62 min (12) in the SIM chromatogram of m/z 484 were also present in the

12
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control samplesincubated with heat-inactivated microsomes, and their amounts did not change
with changes in incubation time suggesting these two peaks are probably inert impurities.

When HLM were incubated with buprenorphine, the microsomal protein precipitated with
methanol and the supernatant directly injected into the LC-MSM S, the same, and no additional
metabolites were observed. Selected ion monitoring of other possible metabolites, such as
O-demethyl, N-oxide, and di-hydroxyl metabolites, showed negative results. The oxidative
degradation compounds of buprenorphine found in sublingual tablets, i.e.,
10-hydroxybuprenorphine, buprenorphine N-oxide and 10-oxobuprenorphine were not detected
in microsomal samples using comparisons with the reference compounds. 6-O-Demethyl
norbuprenorphine, which was tentatively identified in rat bile (Pontani et al., 1985), was not
identified in HLM.

The structure of the metabolites has been proposed by interpreting their product ion mass
spectra and comparison with that of parent drug. The CID product ion mass spectrum of M1
(Fig. 2A) presented the strongest peak at m/z 396 suggesting that the b-moiety isintact. The m/z
414 ionin the CID product ion scan of buprenorphine shifted by 16 for M1 and meanwhile the
m/z 55 ion was present indicating that the cyclopropylmethyl group was intact and hydroxylation
had occurred at the a=moiety. The absence of nVz 101 ion confirmed that the addition of a
hydroxyl group was on the c-moiety. In consideration of the spatial hindrance and molecular
stability, the hydroxylation occurred at the tert-butyl group.

CID-MS/M S spectrum of M2 presents characteristic product ions at m/z 430 and m/z 412, and
astrong fragment ion at m/z 101 (Fig. 2B). The presence of m/z 430 and myz 101 ions suggests
that cyclopropylmethyl group and alkyl side-chain at C-7 position are intact, the addition of a

hydroxyl group might occur at one of the ring moieties.

13
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Three peaks were observed in the SIM chromatogram of m/z471 (Fig. 1B). The characteristic
fragment ion m/z 101 corresponding to the alkyl side-chain at C-7 was absent in the product ion
scan of M3 (Fig. 3A), while present in the product ion scan of M4 (Fig. 3B) and M5 (Fig. 3C). It
suggests that the hydroxylation of M3 issimilar to M1 and the addition of oxygen is on the tert-
butyl group. The hydroxylation of M4 and M5 issimilar to M2 and the hydroxyl group is on one

of the ring moieties, but the exact hydroxyl position could not be determined.

Thetime-cour se of hydroxylated metabolites formation in HLM. After incubation of 10 uM
buprenorphine with HLM, the amount of M1, M2, M3, M4 and M5 was determined by SRM of
Mz 484 to 396 (M1), m/z 484 to miz 101 (M2), m'z 471 to 202 (M3), and m/z 471 to 101 (M4
and M5) trangitions, respectively. The amount was expressed as peak arearatio in comparison
with internal standard ds-buprenorphine since no standard compound was available. The rate of
formation of M1 was greater than M3 and M5, asindicated by the slope of the curves at earlier
incubation times. The amount of M1 decreased after 10 min, suggesting that it might undergo
further metabolism (Fig. 4A). Only M3 was detected in HLM incubated with 10 uM
norbuprenorphine and it increased linearly up to 60 min (Fig. 4B). The metabolitesM2 and M4

were not detected by SRM.

Screening of 12 cDNA-expressed human P450sin the metabolism of buprenor phine.
Consistent with our previous study using 21 nM buprenorphine (Moody et al, 2002), incubation
of 10 uM buprenorphine with 12 human baculovirus insect cell-expressed P450 isoenzymes (25
pmol) showed that the 3A family and 2C8 were the major enzymes involved in buprenorphine

elimination and norbuprenorphine formation (data not shown). The most efficient enzyme for
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M1 formation was P450 3A5, followed by 2C8, 3A4 and 3A7. The formation of M3 and M5
was mediated by P450 3A4, with a smaller contribution of 3A7 and 3A5. No metabolism was
observed with other P450s and control insect microsomes (Fig. 5A). Incubation of 10 uM
norbuprenorphine with P450s only produced M3, which was mainly mediated by 3A4 and to a

much lesser extent by 3A5 (Fig. 5B).

The contribution of individual P450sto buprenor phine metabolismin HLM. MAbs analysis
and chemical inhibition. Based on our P450s screening data together with previously reported
results (Moody et al., 2002; Picards et al., 2005), P450 3A4, 3A5, 3A7 and 2C8 are the major
enzymes involved in the elimination of buprenorphine. In addition, a preliminary experiment in
pooled HLM using other selective P450 inhibitors: 5 pM furafylline (1A2), 5 uM 8-
methoxypsoralen (2A6), 20 uM sulphaphenazole (2C9) and 10 uM quinidine (2D6) did not show
any significant inhibition on buprenorphine metabolism. Therefore, the study on the contribution
of individual P450 focused on 3A4/5 and 2C8. The individual contribution of 3A4/5 and 2C8
was determined by measuring metabolite(s) formation and buprenorphine elimination in
phenotyped HLMs following the addition of MAbs (see Yang et al., 1999; Krausz et al., 2001 for
specificity of MAbs) or chemical inhibitors. Based on time-course results, norbuprenorphine and
M1 formation were evaluated at 10 min; all others at 30 min. The percentage of inhibition
observed with the addition of aMADb or chemical inhibitor determined its contribution to the
total metabolism (Table 1). In the current study two phenotyped HLMs with different relative
activities of 3A4/5 and 2C8 were used. HLM 452013 had higher 2C8 and lower 3A4/5 activity
while HLM 452164 had higher 3A4/5 and lower 2C8 activity. In HLM 452013, the

contributions of 2C8 to the elimination of buprenorphine, and the formation of norbuprenorphine
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and M1 were 4.8-11.9 times higher than 3A4/5 according to MAbs analysis, and 1.6-3.5 times
higher based on chemical inhibition. In HLM 452164, the data are the same for MAb analysis
and chemical inhibition, and the contribution of 3A4/5 was higher than that of 2C8. In both
HLMs, the contribution of 3A4/5 was higher than 2C8 for the formation of M3 and M5. No

significant difference was observed by increasing the amount of MAbs from 10 pl to 20 pl.

Scaling of cDNA-expressed P450 activities. RAFs were determined using the average of the
enzyme activities for the 15 phenotyped HLM used in this study divided by the enzyme activities
provided by BD Gentest for the cDNA-expressed P450s (Crespi, 1995; Venkatakrishnan, 2000).
The immunoquantification abundances were from another previously described (Neff and
Moody, 2001) BD Gentest data-bank of 7 HLM; the abundance of 2C8, which was not provided,
was estimated from 2C9 abundance and the finding of Lapple et al. (2003) that the average
content of 2C8 is 64.2% of 2C9. The predicted contributions of individual P450s are shown in
Table 2. Using RAFs P450 3A contributed the most to buprenorphine elimination (78.1%) and
norbuprenorphine formation (48.4%) followed by 2C8, with contribution of 14.5% and 36.4%,
respectively. For the formation of M1, 2C8 was predicted to contribute most (70.2%) followed
by 3A (29.2%). The estimated contribution of 3A increased and 2C8 decreased when the

immunoquantitative data were used (Table 2).

Correlation study. Therates of formation of metabolites and buprenorphine elimination were
determined in 15 individual HLMs and the data were correlated with the P450 phenotyped
activities provided by the vendor. The results for correlations with 3A and 2C8 activities are

shown in Table 3. Significant correlations (p<0.05) between testosterone 63-hydroxylation
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catalyzed by P450 3A were observed with buprenorphine elimination and the formation of each
metabolite. For the formation of M1 and M5, the significant correlations were only observed by
excluding three HLM s with highest 3A activities. The only significant correlation with
paclitaxel 6o-hydroxylation, catalyzed by 2C8, was with norbuprenorphine formation. The
power of these correlation experiments depends, in part, on the extent of the inter-HLM variation
in activity; the greater the range within aliver bank the more power it hasto establish a
significant correlation. It should be noted that the range of 3A activity (highest activity
HLM/lowest activity HLM) in the 15 HLM was 15.8; that of 2C8 activity was only 5.4.
Correlations with other P450 activities (activity range in parentheses) 1A2 (15.3), 2A6 (14.3),
2B6 (20), 2C9 (4.9), 2C19 (171), 2D6 (7.9), 2E1 (3.2) and 4A11(37.7) were also investigated
(data not shown). The only other significant correlations observed were M 1 formation with 2E1

activity, chlorzoxazone 6-hydroxylation (R=0.550).

In-vivo studies. Human urine samples with or without hydrolysis by -glucuronidase
(containing sulfatase) were analyzed by LC-ESI-MSMS. The product ion mass spectrum and
the retention time on the LC when compared to that in HLM incubations demonstrated that
buprenorphine can be metabolized to form M1 and M3 in vivo (data not shown). Semi-
guantitation of M1 and M3 was determined from peak arearatios of metabolite to
d4-buprenorphine, and those determined in hydrolyzed urine compared to those determined in
non-hydrolyzed urine (Table 4). The negligible amount of M1 in non-hydrolyzed urine sample
in comparison to hydrolyzed samples suggests that M1 is significantly conjugated with
glucuronide in vivo. The smaller difference between hydrolyzed M3 and non-hydrolyzed M3

(mean=68.5%, range 53-100% of unconjugated) suggests that it is excreted, for the most part, as
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the unconjugated form (Table 4). Non-hydrolyzed urine was also extracted by solid-phase
(Huang et al., in press) in order to directly examine the conjugated buprenorphine and
metabolites. Neutral loss scans of 176 (glucuronide conjugates) and 80 (sulfonate conjugates)
and SRM (transition of molecular ion of interest to —176 and —80) were performed. Glucuronide
conjugates were identified for buprenorphine, norbuprenorphine, M1 and M3. Only
norbuprenorphine showed evidence for a sulfonate conjugate at approximately 1% of its

glucuronide conjugate (data not shown).
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Discussion

Here, for the first time, we demonstrated the presence of five new phase | metabolites of
buprenorphine using HLM, as identified by LC-ESI-MS/MS. No other metabolites were found,
even with different extraction and LC separation methods. The results are different from the
study by Picard et al. (2005), in which a single hydroxylated buprenorphine and a single
hydroxylated norbuprenorphine were found in HLM and the hydroxylation was proposed to

occur on the phenyl-ring. As the mass fragmentations they presented did not extend below m/z

300, it isdifficult to assign the two metabolites they identified to ones we identified in this study.

The time-course of M1 formation decreased after 10 min of incubation, suggesting that M1
was a transient metabolite that underwent further metabolism. Thiswas further confirmed from
the inhibition experiments. When P450 3A activity was blocked by anti-3A4/5 or ketoconazole,
more M1 was present at 30 minutes than in the control samples. M3 was formed by HLM
incubated with buprenorphine as well as norbuprenorphine suggesting that M3 was formed from
buprenorphine N-dealkylation followed by hydroxylation; buprenorphine hydroxylation
followed by N-dealkylation isaso possible, but can only be established by addition of M1 to
HLM, which is currently not possible. M5 was produced in incubations with buprenorphine but
not with norbuprenorphine suggesting that M5 was formed by buprenorphine hydroxylation
followed by N-dealkylation. Dueto lack of metabolite reference standards the quantity of

metabolites could not be determined. Neither M2 nor M4 were identified in HLM or urine

examined by SRM, suggesting they are minor metabolites. M5 seenin HLM was not determined

in urine, which suggestsit is either aminor metabolite or eliminated by other routes, such as
biliary excretion. The extended biotransformation profile of buprenorphinein HLM is

summarized in Scheme 1.
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In the current work, we used recombinant P450s and correlation studies to study the
involvement of P450s in buprenorphine metabolism, the individual contribution of each P450
was estimated using M Ab-based inhibitory analysis, chemical inhibition, RAF and
immunoquantification scaling approaches. In previous studies, MAbs have not been used, and
scaling and correlation studies have been limited to the involvement of P450 3A (Kobayashi et
al., 1998; Picard et al., 2005).

Based on the MADb inhibition analyses, the contribution of 3A4/5 and 2C8 to the
buprenorphine N-dealkylation was significantly different in HLMs from different donors. In
HLM 452013 with higher 2C8 activity, the 2C8 enzyme played an important role for the
elimination of buprenorphine (77%) and the formation of norbuprenorphine (83%). Chemical
inhibition confirmed the minor role of 3A4/5 in this source of HLM, but could only ascribe
~30% of activity to 2C8. In HLM 452164 with higher 3A4/5 activity, the results obtained from
MADs analyses and chemical inhibition were the same and they were consistent with the
previous finding that the most active enzyme was 3A4/5 for buprenorphine N-dealkylation. The
significant correlations between 3A activities and buprenorphine eimination (R=0.896) and
norbuprenorphine formation (R=0.776) in 15 HLMs, together with the predicted contribution
using RAF and immunoquantification approaches supported this finding in the HLM with higher
3A4/5 activity.

Other oxidative metabolites of buprenorpine or of norbuprenorphine have only recently been
described; first by Picard et al. (2005) and now in thisstudy. The involvement of specific P450
enzymes in the formation of these new metabolites was previoudy limited; Picard et al. (2005)
only mentioned the formation of trace amounts of hydroxy-buprenorphine by expressed P450s

3A4, 3A5 and 3A7. Inthe current study, the formation of the 5 new metabolites was examined
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using 12 cDNA-expressed human P450s. The activities of P450s involved in M1 formation are
in the order of 3A5>2C8>3A4>3A7. Based on the MAbs analysis, in HLM with higher 2C8
activity, the contribution of 2C8 (67%) was higher than 3A4/5 (14%); in HLM with higher
3A4/5 activity, 3A4/5 (48%) showed higher contribution than 2C8 (18%). Significant
correlation (R=0.683) between M1 and testosterone 6B-hydroxylation catalyzed by 3A suggested
that generally 3A played an important role in the formation of M1. The relative activities of
P450sinvolved in M3 and M5 formation were ranked as 3A4>3A7>3A5 (M3) and 3A4>3A5
(M5), respectively. (Note: the contribution of P450 3A5 may be an underestimate, as it was not
available with co-expressed cytochrome bs. Cytochrome bs enhances some of 3A5 activities,
much asit does 3A4 (Yamaori et a., 2003)). The strongest correlation between metabolite
formation and testosterone 6B-hydroxylation was noted for M3 (R=0.963) and M5 (R=0.921),
which confirmed that 3A was the most important enzyme responsible for their formation in
HLM. In conclusion, the 3A family has been shown to be the most important enzyme(s)
involved in the metabolism of buprenorphine. P450 2C8, relative to itsliver content was
involved in the formation of norbuprenorphine and M1, as well as buprenorphine elimination.
In correlation studies, significant correlations for the formation of M1 and M5 with 3A were
only observed after excluding three HLMs with highest activity. Possible explanationsinclude:
at higher 3A activity the formation of M1 and M5 will not increase linearly with the increase of
3A content; another consideration may be that high 3A activity could result from higher 3A5
content. A significant correlation for M1 formation with 2E1 activity was incons stent with the
cDNA-expressed P450 studies; 2E1 activity only varied 3.2-fold in our 15 HLMs, which
demonstrated the limitation of correlation studies for this P450 using our current phenotyped

liver bank.
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In someindividuals, P450 3A5 can make up to 50% of total 3A in human liver (Kuehl et al.,
2001). Determination of the contribution of 3A5 versus 3A4 in metabolism of adrugis
complicated by the lack of specificity of antibodies and inhibitors for these two members of the
3A family. The cDNA-expressed P450s offer one opportunity to discriminate between the two,
but scaling requires some idea of relative abundance. Astheimmunoquantitation of 3A5 varies
extensively, it would not be prudent to just insert a mean content into the immunquantitation
approach used in Table 2. To provide some estimate of the contribution of 3A5 to
buprenorphine eimination and norbuprenorphine and M1 formation, we have used RAF
analysis. This, however, also requires some assumptions. While the activity of the probe
substrate in cONA-expressed P450s is known, the amount of the activity due to 3A4 and 3A5in
HLM cannot yet be ascertained. We have therefore made estimations with the assumptions that
either 3A4 and 3A5 have equal activity for testosterone 6-hydroxylation in HLM (Fig.6A- C), or
that 3A5 in HLM, aswas found in cDNA-expressed P450s, has one-tenth of the testosterone
6-hydroxylation in HLM (Fig. 6D-F). Using these assumptions one can then make calculations
with increasing amounts of 3A5. When thisis done with 10% increments, the results seen in Fig.
6 were achieved. The greater the activity of P450 3A5 for a substrate (M1 > norbuprenrophine >
buprenorphine elimination), the less it needs to be present to exert a mgjor influence, and
diminish the contribution of other P450 enzymes. Thisisless so when 3A5 activity towards the
probe was assumed to be one-tenth of 3A4. Activity probably lies somewhere in between.

The results of this current study provide more information on the in vitro and in vivo
metabolism of buprenorphine and ensuing metabolites. Identification of new metabolic
pathways of adrug is of importance for its overall ADME, potential for drug-drug interactions

and safety. The clinical relevance of the current study in this regard is hampered by two main
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limitations. First, it can be argued that the use of concentrations well above therapeutic (10 uM)
aswe used in thein vitro studies may compromise conclusions in regard to involvement of the
PA450s. A recent pharmaceutical perspective on the conduct of in vitro and in vivo drug
interactions studies (Bjornsson et a., 2003), however, suggested that as long as the concentration
used is less than the Ky, useful phenotyping information can be obtained. Reported Kq.s for
buprenorphine metabolism range from 30.1 to 48.5 uM (Kobayashi et al., 1998). Secondly, due
to lack of reference material, neither Picard et al., (2005) nor we have been able to quantitate the
abundance of the newly identified metabolites. At thistime, we can only point to the
discrepancy in buprenorphine elimination versus norbuprenorphine formation to suggest that
other metabolic pathways have some importance in the intrinsic clearance of buprenorphine.
This may be through routes of direct metabolism of buprenorphine (M1 and M2 formation),
which could be of importance in drug-drug interactions and safety issues, or through further
metabolism of norbuprenorphine (M3, and M4 and M5 formation), which could also impact
safety issues, but would only have drug-drug interaction importance if norbuprenorphineisan
active metabolite (a contested issue, see Huang, et al. 2001; Ohtani, et a. 1995). In short,
additional pathways of buprenorphine metabolism have been identified. The role of P450 2C8,
aswell as 3A4 and 3A5, in buprenorphine metabolism has been extended; the importance of

their individual contributions depend in part on individual contents of each P450.

23

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


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 28, 2005 as DOI: 10.1124/dmd.105.006148
This article has not been copyedited and formatted. The final version may differ from this version.

Chang et al. DMD #6148

Reference

Bjornsson TD, Callaghan JT, Einolf HJ, Fischer V, Gan L, Grimm S, Kao J, King SP, Miwa G,
Ni L, Kumar G, Mcleod J, Obach RS, Roberts S, Roe A, Shah A, Snikeris F, Sullivan JT,
Tweedie D, Vega JM, Walsh Jand Wrighton SA. (2003) Perspective: the conduct of in vitro
and in vivo drug-drug interaction studies. a pharmaceutical research and manufacturers of
America (PhRMA) perspective. Drug Metab Dispos 31: 815-832.

Brewster D, Humphrey MJ and McLeavy MA (1981) Biliary excretion, metabolism and
enterohepatic circulation of buprenorphine. Xenobiotica 11: 189-196.

Chang Y and Moody DE (2005) Effect of benzodiazepines on the metabolism of buprenorphine
in human liver microsomes. Eur J Clin Pharmacol 60: 875-881.

Cone EJ, Gorodetzky CW, Y ousefnegjad D, Buchwald WF and Johnson RE (1984) The

metabolism and excretion of buprenorphine in humans. Drug Metab Dispos 12: 577-581.

Cowan A, Lewis JW and Macfarlane IR (1977) Agonist and antagonist properties of
buprenorphine, a new antinociceptive agent. Br J Pharmacol 60:537-545.

Crespi CL (1995) Xenobiotic-metabolizing human cells as tools for pharmacological and
toxicological research. Adv Drug Res 26: 180-235.

Huang P, Kehner GB, Cowan A and Liu-Chen L-Y (2001) Comparison of pharmacological
activities of buprenorphine and norbuprenorphine: norbuprenorphine is a potent opioid
agonist. J Pharmacol Exp Ther 297: 688-695.

Huang W, Moody DE, McCance-Katz EF (in press) The in vivo glucuronidation of
buprenorphine and norbuprenorphine determined by liquid chromatography-el ectrospray

ionization-tandem mass spectrometry. Ther Drug Monit

24

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


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 28, 2005 as DOI: 10.1124/dmd.105.006148
This article has not been copyedited and formatted. The final version may differ from this version.

Chang et al. DMD #6148

Iribarne C, Picart D, Dreano Y, Bail JP and Berthou F (1997) Involvement of cytochrome P450
3A4 in N-dealkylation of buprenorphine in human liver microsomes. Life Sci 60:1953-1964.

Johnson RE, Chutuape MA, Strain EC, Walsh SL, Stitzer ML and Bigelow GE (2000) A
comparison of levomethadyl acetate, buprenorphine and methadone for opioid dependence. N
Engl J Med 343:1290-1297.

Kobayashi K, Yamamoto T, ChibaK, Tani M, Shimada N, Ishizaki T and Kuroiwa'Y (1998)
Human buprenorphine N-dealkylation is catalyzed by cytochrome P450 3A4. Drug Metab
Dispos 26: 818-821.

Krausz KW, Goldfarb I, Buters JTM, Yang TJ, Gonzalez FJ and Gelboin HV (2001) Monoclonal
antibodies specific and inhibitory to human cytochromes P450 2C8, 2C9, and 2C19. Drug
Metab Dispos 29: 1410-1423.

Kuehl P, Zhang J, Lin Y, Lamba J, Assem M, Schuetz J, Watkins PB, Daly A, Wrighton SA,
Hall SD, Maurd P, Relling M, Brimer C, Yasuda K, Venkataramanan R, Strom S, Thummel
K, Boguski MS and Schuetz E (2001) Sequence diversity in CY P3A promoters and
characterization of the genetic basis of polymorphic CYP3A5 expression. Nat Genet 27: 383-
391

Lapple F, von Richter O, Fromm MF, Richter T, Thon KP, Wisser H, Griese EU, Eichelbaum M,
and Kivisto KT (2003) Differential expression and function of CY P2C isoforms in human
intestine and liver. Pharmacogenetics 13: 565-575.

Lewis JW (1973) Ring C-bridged derivatives of thebaine and oripavine. Adv Biochem
Psychopharmacol 8:123-136.

Moody DE, Slawson MH, Strain EC, Laycock JD, Spanbauer AC, Foltz RL (2002) A liquid

chromatographi c-electrospray ionization-tandem mass spectrometric method for

25

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


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 28, 2005 as DOI: 10.1124/dmd.105.006148
This article has not been copyedited and formatted. The final version may differ from this version.

Chang et al. DMD #6148

determination of buprenorphine, its metabolites, norbuprenorphine, and a coformulant,

naloxone, that is suitable for in vivo and in vitro metabolism studies. Anal Biochem 306: 31-

39.

Neff JA and Moody DE (2001) Differential N-demethylation of |-o-acetylmethadol (LAAM)
and norLAAM by cytochrome P450s 2B6, 2C18, and 3A4. Biochem Biophys Res Commun
284: 751-756.

Nelson AC, Huang W and Moody DE (2001) Variables in human liver microsome preparation:
impact on the kinetics of L-o-Acetylmethadol (LAAM) N-demethylation and
dextromethorphan O-demethylation. Drug Metab Dispos. 29: 319-325.

Newton DJ, Wang RW and Lu AYH (1995) Cytochrome P450 inhibitors: evaluation of
specificities in the in vitro metabolism of therapeutic agents by human liver microsomes.
Drug Metab Digpos. 23: 154-158.

Ohtani M, Kotaki H, SawadaY and Iga T (1995) Comparative analysis of buprenorphine- and
norbuprenorphine-induced analgesic effects based on pharmacokineti c-pharmacodynamic
modeling. J Pharmacol Exp Ther 272: 505-510.

Picard N, Crestell T, Djebli N and Marquet P (2005) In vitro metabolism study of
buprenorphine: evidence for new metabolic pathways. Drug Metab Dispos 33: 689-695.

Polettini A and Huestis MA (2001) Simultaneous determination of buprenorphine,

norbuprenorphine, and buprenorphine-glucuronide in plasma by liquid chromatography-
tandem mass spectrometry. J Chromatogr B 754: 447-459.
Pontani RB, Vadlamani NL and Misra AL (1985) Disposition in therat of buprenorphine

administered parenterally and as a subcutaneous implant. Xenobiotica 15: 287-297.

26

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


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 28, 2005 as DOI: 10.1124/dmd.105.006148
This article has not been copyedited and formatted. The final version may differ from this version.

Chang et al. DMD #6148

Sal Y, Da R, Yang TJ, Krausz KW, Gonzalez FJ, Gelboin HV and Shou M (2000) Assessment
of specificity of eight chemical inhibitors using cDNA-expressed cytochromes P450.
Xenobiotica 30: 327-343.

Strain EC, Stitzer ML, Liebson IA, Bigelow GE (1996) Buprenorphine versus methadone in the
treatment of opioid dependence: sdlf-reports, urinalysis, and addiction severity index. J Clin
Psychopharmacol 16: 58-67.

Venkatakrishnan K, Moltke LLV, Court MH, Harmatz JS, Crespi CL and Greenblatt DJ (2000)
Comparison between cytochrome P450 (CY P) content and relative activity approaches to
scaling from cDNA-expressed CY Ps to human liver microsomes: ratios of accessory proteins
as sources of discrepancies between the approaches. Drug Metab Dispos 28: 1493-1504.

Walsh SL, Preston KL, Stitzer ML, Cone EJ, and Bigelow GE (1994) Clinical pharmacology of
buprenorphine: ceiling effects at high doses. Clin Pharmacol Ther 55: 569-580.

Walsh SL, Preston KL, Bigelow GE and Stitzer ML (1995) Acute administration of
buprenorphine in humans: Partial agonist and blockade effects. J Pharmacol Exp Ther 274:
361-372.

Wen X, Wang JS, Backman JT, Laitila Jand Neuvonen PJ (2002) Trimethoprim and
sulfamethoxazole are selective inhibitors of CYP2C8 and CY P2C9, respectively. Drug Metab
Dispos 30: 631-635.

Yamaori S, Yamazaki H, Suzuki A, Yamada A., Tani H, Kamidate T, FujitaK, Kamataki T
(2003) Effects of cytochrome bs on drug oxidation activites of human cytochrome (CY P) 3As:

similarity of CYP3A5 with CYP3A4 but not CYP3A7. Biochem Pharmacol 66: 2333-2340.

27

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


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 28, 2005 as DOI: 10.1124/dmd.105.006148
This article has not been copyedited and formatted. The final version may differ from this version.

Chang et al. DMD #6148

Yang TJ, Krausz KW, Sai Y, Gonzalez FJ and Gelboin HV (1999) Eight inhibitory monoclonal
antibodies define the role of individual P-450s in human liver microsomal diazepam, 7-

ethoxycoumarin, and imipramine metabolism. Drug Metab Dispos 27: 102-109.

28

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


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 28, 2005 as DOI: 10.1124/dmd.105.006148
This article has not been copyedited and formatted. The final version may differ from this version.

Chang et al. DMD #6148

Footnotes:

This study was supported by NIDA grant RO1 DA10100, RO1 DA 13004 (EMK), KO2
DA00478 (EMK), and the General Clinical Research Center at Virginia Commonwealth
University (MO1RR00065 NCRR/NIH).

Send reprint requests to: David E. Moody, Ph.D.

University of Utah, Center for Human Toxicology, 417 Wakara Way, Suite 2111

Salt Lake City, UT 84108

phone 801-581-5117 fax 801-581-5034

e-mail: dmoody@alanine.pharm.utah.edu

29

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


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 28, 2005 as DOI: 10.1124/dmd.105.006148
This article has not been copyedited and formatted. The final version may differ from this version.

Chang et al. DMD #6148

Legends for figures:

Figure 1. The SIM chromatograms of the hydroxylated buprenorphine metabolitesM 1 and M2
(A) and the hydroxylated norbuprenorphine metabolites M3, M4 and M5 (B) following
incubation of 10 uM buprenorphine for 30 min with HLM at 1.0 mg protein/ml. The dashed line

is the control sample incubated with heat-inactivated HLM.

Figure 2. CID product ion mass spectraof M1 (A) and M2 (B) and deduced structures.

Figure 3. CID product ion mass spectra of M3 (A), M4 (B) and M5 (C), and deduced structures.

Figure4. Thetime-courseof M1 (¢ ), M3 (l )and M5 (® ) formationinHLM incubated
with 10 uM of buprenorphine (A), and time-course of M3 formation in HLM incubated with 10
uM norbuprenorphine (B). The microsomal protein content is 0.5 mg/ml. The amount of
metabolites was expressed as peak arearatio of metabolites to internal standard

ds-buprenorphine. Each point is the mean of duplicate experiments.

Figure5. Metabolism in cDNA-expressed human P450s. The formation of M1, M3, and M5
incubated with 10 uM buprenorphine (A); and the formation of M3 incubated with 10 uM
norbuprenorphine (B). The incubation time was 20 min and cDNA-expressed P450 content was
25 pmol. Data represent the mean of duplicate incubations. Since nmol P450 added and
incubation times were constant, results for new metabolite formation are just given as peak area
ratios. Control insect cell microsomes were used at the mean protein concentration averaged

over all of the supersomes.
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Figure 6. An estimate of the impact of percent P450 3A that is 3A5 has on contribution of
P450s to the elimination of buprenorphine (A and D) and the formation of norbuprenorphine (B
and E) and M1 (C and F). RAF scaling was performed with the percentage of total 3A being
3A5 increased and 3A4 decreased in 10%-increments. For Figures A-C it was assumed that 3A5
activity towards the probe substrate was equal to that of 3A4. For Figures D-E it was assumed
that 3A5 activity is one-tenth that of 3A4 asisfound in cDNA-expressed P450s. Note: 3A5
participation is adjacent to 3A4, the area between 3A5 and the top of the graph represents

participation of other P450s.

Scheme 1. The proposed phase | metabolic pathways of buprenorphinein HLM.
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Table 1. The effect of immuno- and chemical inhibition on the metabolism of buprenorphine

Elimination of Formation of

Inhibitor Bup Nor M1 M3 M5

(% Inhibition)

A) HLM 452013: higher 2C8, lower 3A4/5

Anti-3A4/5 12 7 14 74 87
Anti-2C8 77 83 67 14 12
Ketoconazole 18 14 4 89 100
Trimethoprim 28 32 14 38 0

B) HLM 452164: lower 2C8, higher 3A4/5

Anti-3A4/5 76 60 48 95 94
Anti-2C8 3 18 18 0 0
Ketoconazole 77 59 48 95 90
Trimethoprim 7 13 16 38 7

Note: The testosterone 6L hydroxylase activities (3A4/5) of HLMs 452013 and 452164 are 890
and 4100, respectively; the paclitaxel 6[1-hydroxylase activities (2C8) are 380 and 78,
respectively. The activities expressed as pmol product per (mg proteinxminute).

The recommended volumes (10 [ 1) of MAbs specific for P450 3A4/5 or 2C8 was used. The
concentrations of ketoconazole and trimethoprim were 2 uM and 100 pM, respectively.
Results are the mean of duplicate incubations. Formation of norbuprenorphine and M1 were

determined after 10 minute incubations; all others after 30 minute incubations.
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Table 2. Relative activity factor (RAF) versus immunoquantitation scaling of cDNA-expressed

P450 activity for buprenorphine (Bup) utilization and formation of norbuprenorphine (Nor) and

M1
RAF |mmunoquantitation
PA50 Bup Nor M1 Bup Nor M1
(Percent contribution)
1A2 2.1 0.3 0.4 11 0.2 0.3
2A6 4.8 0.0 0.0 1.3 0.0 0.0
2B6 0.0 0.0 0.1 0.0 0.0 0.3
2C8 14.5 36.4 70.2 6.4 21.9 475
2C9 0.0 51 0.0 0.0 1.0 0.0
2C19 0.1 0.1 0.1 0.3 04 0.5
2D6 0.4 0.0 0.0 0.3 0.0 0.0
2E1 0.0 9.7 0.0 0.0 0.8 0.0
3A 78.1 48.4 20.2 90.5 75.6 514
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Table 3 Correlations between buprenorphine metabolism and P450 3A and 2C8 activities

Reaction Correlation Coefficient (R)
Testosterone 63-hydroxylation  Paclitaxel 6ai-hydroxylation
(3A) (2C8)
Buprenorphine elimination 0.896* 0.381
Norbuprenorphine formation 0.776* 0.598*
M1 formation 0.683*" - 0.261
M3 formation 0.963* 0.316
M5 formation 0.921*" -0.212

The experiment was performed with 10 uM of buprenorphinein apand of 15 human liver

microsomes. The incubation time was 10 min (30 min for M5). Data are the means of duplicate

experiments.

* Significant correlation, p<0.05.

" Data were obtained by excluding three HLMs with highest 3A activity.
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Table4 The relative amount of M1 and M3 in hydrolyzed (*) and non-hydrolyzed human urine

samples from seven subjects.

Metabolites Subjects
1 2 3 4 5 6 7
Peak arearatio
M1 0 0.025 0.005 0.014 0 0.007 0.008
M1* 0.192 3.997 0.247 0.402 0.084 0.838 1.469
M3 0.335 0.531 0.714 0.419 0.185 0.517 0.145
M3* 0.563 0.921 0.928 0.788 0.178 0.870 0.211
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