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ABSTRACT:

In vitro studies were conducted to identify the hepatic cytochrome
P450 (CYP) protein(s) involved in the oxidative metabolism of
[**C]clarithromycin (CLAR) in the presence of native human liver
microsomes. The identity of the two major CLAR metabolites
present in microsome incubates, 14-(R)-hydroxy-CLAR and N-des-
methyl-CLAR, was confirmed by MS. Over the CLAR concentration
range of 1.0-140 uM, the rate of CLAR 14-(R)-hydroxylation (K, =
48.7 = 17.7 pM; V., = 206 *= 76 pmol/min/mg protein; V,,../K,, =
4.2 + 0.21 pl/min/mg; mean + SD, N = 3 livers) and N-demethyla-
tion (K, = 59.1 £+ 24.0 uM; V,,.,, = 189 = 52.0 pmol/min/mg protein;
Vax/Km = 3.3 £ 0.53 pl/min/mg) conformed to monophasic (sat-
urable) Michaelis-Menten kinetics and was highly correlated (r =
0.90-0.92; p < 0.001; N = 11) with CYP3A-selective erythromycin
N-demethylase activity. Ketoconazole ( 2.0 uM) or troleandomy-

cin, CYP3A-selective inhibitors, markedly decreased ( 99%) the
formation of both metabolites, whereas inhibitors selective of
other CYP forms were relatively ineffective ( 10% inhibition). In
agreement with chemical inhibitor studies, CLAR metabolism was
only detectable with human B-lymphoblastoid microsomes con-
taining cDNA-expressed CYP3A4 (vs. CYP2C19, CYP2C9, CYP2D6,
CYP1A2, CYP2E1, or CYP2AG6). Furthermore, the apparent K, char-
acterizing the 14-(R)-hydroxylation and N-demethylation of CLAR
in the presence of insect cell microsomes containing cDNA-ex-
pressed CYP3A4 (K,, = 18-63 nM) was similar to that obtained with
native human liver microsomes. Based on the results of this study,
it is concluded that the 14-(R)-hydroxylation and N-demethylation
of CLAR is primarily mediated by one or more members of the
human liver CYP3A subfamily.

CLAR? (Abbott-56268; Biaxif), a 14-membered macrolide, haspharyngitis, sinusitis, acute bronchitis, community-acquired pneumo-
been shown to exhibit a brodd vitro antibacterial spectrum that nia, and otitis media) (1, 2). Moreover, CLAR is also effective in the
includes staphylococci, streptococtiegionella, Haemophilis influ- erradication of MAC in patients with AIDS (1). In combination with
enzae, Neisseria gonorrhoeae, Chlamydiad anaerobes (1, 2). Al-a H",K"-ATPase inhibitor, such as omeprazole, the drug is also
though several studies have provided evidence that CLAR is effectinelicated for the treatment dilelicobacter pyloriassociated gastric

in the treatment of dermal and urogenital tract infections, it had duodenal ulcers (3,4).

primarily been used in the treatment of respiratory tract infections andCLAR differs structurally from ERN only in the substitution of an
infections located in the oromaxillofacial and ophthalmic areag.( O-methyl group for the hydroxy group at position 6 of the lactone

' Abbreviations used are: CLAR, clarithromycin; MAC, Mycobacterium avium
complex; AIDS, acquired immune deficiency syndrome; ERN, erythromycin; CYP,
cytochrome P450; MI, metabolic intermediate; N-desmethyl-CLAR, N-desmethyl-
clarithromycin; 14-(R)-HC, 14-(R)-hydroxy-clarithromycin; 14-(S)-HC, 14-(S)-hy-
droxy-clarithromycin; QND, quinidine; COU, coumarin; TAO, troleandomycin;
4-MP, 4-methylpyrazole; KTZ, ketoconazole; FURA, furafylline, SLF, sulfa-
phenazole; RIT, ritonavir; IIAM, Institute for the Advancement of Medicine; K,,,
apparent Michaelis constant; V.., apparent maximal initial reaction velocity;
ERODase, 7-ethoxyresorufin O-deethylase; COHase, coumarin hydroxylase;
TOLase, tolbutamide methyl hydroxylase; DEXase, [O-methyl-'*C]dextrometh-
orphan O-demethylase; DMNase, N,N-dimethylnitrosamine N-demethylase;
ERNDase, erythromycin N-demethylase; MEPHase, (S)-(+)-mephenytoin 4'-hy-
droxylase; MEPH, (S)-(+)-mephenytoin; K;, inhibition constant; i, fractional inhi-
bition; [/], inhibitor concentration; TEA, triethylamine; [S], substrate concentration;
Crnax» Maximal concentration of drug in plasma; AUC, area under the plasma
concentration-time curve. AUC,, area under the plasma concentration vs. time
curve in the absence of inhibitor; AUC,, area under the plasma concentration vs.
time curve in the presence of inhibitor.

Send reprint requests to: Dr. A. David Rodrigues, Drug Metabolism I, Merck
Research Laboratories, Sumneytown Pike, P.O. Box 4, WP26A 2044, West Point,
PA 19486-0004.
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ring, and is superior to ERN as a result of reduced acid lability and a
favorable gastrointestinal side-effect profile (1, 2). However, both
drugs are considered to be clinically relevant inhibitors of CYP3A, as
a result of their effects on the pharmacokinetics of drugs such as
terfenadine, cyclosporin, carbamazepine, and omeprazole (5-9). Inhi-
bition of CYP may be a direct consequence of the formation of a
NADPH-dependent ferrous CYP3A-MI complex (10—12). Formation
of this complex is thought to be initiated by CYP-dependbht
demethylation, in effect causing ERN and CLAR to behave as quasi-
irreversible mechanism-based inhibitors (11, 12).

The pharmacokinetics and metabolism of CLAR in humans are
relatively well documented (2, 13-15). For instance, a number of
metabolites have been detected in the urine and feces of subjects
receiving low (250 mg) and high (1200 mg) doses of CLAR. These
have includedN-desmethyl-CLAR, 14R)-HC, 14-©)-HC, 14-R)-
hydroxyN-desmethyl-CLAR, 14§)-hydroxyN-desmethyl-CLAR,
descladinosyl-CLAR, and\,N-didesmethyl-CLAR (13). However,
N-desmethyl-CLAR and 14R)-HC are considered to be the major
metabolites, and cladinose ring hydrolysis occurs nonenzymatically
(fig. 1). The metabolic profile of CLAR is unique, because no other
14-membered macrolide has been shown to undergo 14-hydroxylation
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Fic. 1. Proposed major J*CJCLAR oxidative pathways.

Asteriskindicates the position of the carbon-14 label, whereastzeled regionsepresent sites of metabolism.

in humans. In addition, the formation of 1B){HC is clinically Preparation of Human Liver Microsomes. Transplant quality human liver
relevant, because this metabolite is detected in plasma and is pliggue was obtained from IIAM (Exton, PA) and was received at Abbott
macologically active (1, 15). Laboratories within 24 hr of removal from the donor. Microsome suspensions

Despite the fact that the metabolic profile of CLAR in humans hd45-30 mg protein/ml) were prepared by differential centrifugation (16-19).

; L . ) . ;
been well described, in addition to a number of drug—drug interactions "ctPation of [“CICLAR with Native Human Liver Microsomes. In

. . . . vitro incubations of CLAR with human hepatic microsomes were performed at
implying CYP3A-dependent metabolism, there is a lack of data co °C (under air) in a Dubnoff water bath (with agitation), using 1.5 ml

cerning which fo_rm(s) of CYP are '”VO'V?d in the metabol_lsm of thﬁolypropylene Eppendorf microcentrifuge tubes. The final assay volume was
drug. Toward this end, the purpose of this study viaso define the ¢ 5’| and consisted of the following at the indicated final concentration: 0.1
NADPH-dependenin vitro metabolism of CLAR in human liver \ potassium phosphate buffer (pH 7.4), EDTA (0.1 mM), magnesium chloride
microsomes; an@) to identify the CYP enzyme(s) that catalyze thg3 mm), microsomal protein (0.5-2 mg/ml), afd¢]CLAR (1-140uM; 0.01
metabolic reactions. wCi—1.6 mCi/incubation). After a 3-min preincubation period at 37°C, the
. reactions were initiated by addition of a NADPH-generating system containing
Materials and Methods B-NADP* (4.0 mM), D-glucose 6-phosphate (10 mM), and D-glucose 6-phos-
Chemicals.QND, COU, TAO, ERN, 4-MP, and all cofactors were obtainedPhate dehydrogenase (Sigma Type VII, from Baker's yeast, 2.0 units/ml).
from Sigma Chemical Co. (St. Louis, MO)S)¢(+)-mephenytoin (Salford Reactions were terminated by the addition of 0.25 ml of a mixture of chilled
Ultrafine Chemicals and Research, Manchester, UK), KTZ, FURA, and Slaeetonitrile:methanol (90:10, v/v) to precipitate the proteins. After sitting on
(Research Biochemicals International, Natick, MA) were purchased froige for at least 5 min, the samples were centrifuged (1836010 min) and
the sources indicated4C]CLAR (specific activity: 56.5 mCi/mmol; radio- an aliquot of supernatant (0.1 ml) was analyzed directly by HPLC with
chemical purity>98%), 14-R)-HC (Abbott-62671) andN-desmethyl-CLAR radioactivity flow detection. In addition, aliquots of the incubation mixtures
(Abbott-61048) were prepared as previously described (13). RIT was obtairredhoved before initiation of the reaction and at the end of the incubation period
from Dr. K. Marsh (Abbott Laboratories, North Chicago, IL). All otherwere radioassayed directly in Insta-Gel XF (Packard Instrument Co., Meriden,
commercially available reagents and solvents were of either analytical @F) scintillation fluid. The recovery of total C-14 radioactivity in the super-
HPLC grade. natant was=98%.
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Kinetic Analyses. Kinetic parameters (appareit,, and V,,,,) for the were conducted with microsomes that also contained coexpressed cytochrome
N-demethylation and 14R)-hydroxylation of CLAR (1-14QuM) were deter- by (molar ratio of cytochromés to CYP3A4 was 2:1, or 525 pmol/mgs. 256
mined under conditions that were linear with respect to protein concentratipmol/mg). In the absence of cytochrorhgthe specific content of CYP3A4
and time of incubation. The untransformed data were fitted to a one- was 400 pmol/mg. In microsomes containing cytochroethe rate of
two-enzyme model (PCNONLIN version 4.0; Statistical Consultants, IndNADPH-dependent cytochrome(CYP) reductase activity was 3.0 units/mg
Lexington, KY) using at least nine different concentrations of CLAR. Initia{1 unit= 1 wmol cytochromes reduced/min). NADPH-dependent cytochrome
kinetic parameter estimates were obtained using EnzymeKinetics (Macintesteductase activity in the presence of insect microsomes devoid of cytochrome
version 1.3; Trinity Software, Compton, NH). bs was lower (0.11 units/mg). This meant that the ratio of NADPH-CYP
Univariate Regression Analysis.The rate of CLAR metabolism was reductase activity to CYP3A4 was higher in microsomes containing cyto-
determined in a panel of microsomes prepared from 11 different organ donais;omebg (11 vs.0.3 units of cytochrome reductase activity/nmol CYP3A4).
at two different concentrations of drug-K,,/10 and~2K,,). The rates of All incubations were performed as previously described, except that the
CLAR N-demethylation and 14R)-hydroxylation were compared with those concentration of J*CJCLAR was varied (1-14@M) and the final concentra-
of selective CYP substrates: ERODase (CYP1A2), COHase (CYP2A6), T@en of CYP3A4 was 0.1 nmol CYP/ml. To avoid secondary metabolism,
Lase (CYP2C9), DEXase (CYP2D6), DMNase (CYP2E1l), ERNDaseactions with insect microsomes containing cytochrdmevere terminated
(CYP3A), and MEPHase (CYP2C19). All assays were conducted as preafter only 6 min. Activity in microsomes devoid of cytochrorgwas lower
ously described (16—-19). The levels of microsomal CYP2D6 protein were aland allowed for a longer incubation time of 20 min. In both cases, metabolite
measured using an ELISA assay (19). Correlation coefficiefteére deter- formation was linear with respect to time of incubation.
mined by linear regression using CA-Cricket Graph software (Computer HPLC. Analysis was performed using a Hewlett-Packard 1050 HPLC
Associates, San Jose, CA). The statistical significance of the correlationsistem, which included a model 1050 LC pump, model 1050 autosampler, and
denoted by p < 0.05, **p < 0.01, and **p < 0.001. a model 1050 multiple wavelength detector (216 nm). Separations were ac-
Ferrous CYP-MI Complex Formation. The ability of CLAR or 14- complished at ambient temperature in a reversed-phase mode usipgna 5
(R)-HC to elicit a ferrous CYP-MI complex was investigated with nativerMCbasic (250X 4.6 mm) column at ambient temperature (YMC, Inc.,
human liver microsomes, which were diluted with 0.1 M potassium phosphatéimington, NC), which was attached to a YMCbasic guard column cartridge.
buffer (pH 7.4), containing 0.1 mM EDTA, to a final microsomal proteirTwo mobile phases were used in the analyses (method 1). Mobile phase 1§
concentration of 0.5 mg/ml (0.9 nmol total CYP/ml). Ferrous CYP-MI comeonsisted of 66% (v/v) 0.1 M ammonium acetate (pH 7.0), containing 28 mM
plex formation was determined as described by Lindstetnal. (20). An TEA:10% (v/v) methanol:24% (v/v) acetonitrile, whereas mobile phase Il
extinction coefficient of 64 mM* cm™* was used to quantitate the ferrousconsisted of 60% (v/v) 0.1 M ammonium acetate (pH 7.0), containing 28 mM
CYP-MI complex, which was expressed as the percentage of total spectrdlgA:10% (v/v) methanol:30% (v/v) acetonitrile.
detectable (ferrous-carbon monoxide complex) CYP (20). After injection of the sample, a linear gradient was run from 100% mobile
CYP Form-Selective Inhibitors. A series of alternative substrates (inhib-phase | to 100% mobile phase Il over a period of 45 min. The flow rate was
itors) were incubated in the presence of CLAR to determine which compourmsintained at 1.0 ml/min. Radioactivity in the column effluent was monitored
could inhibit metabolism (18, 19). The following inhibitors, used at thevith a Flo/One Beta A-500 series flow detector (Radiomatic Instruments, Inc.,
designated concentrations, have been shown to inhibit selectively the variMeriden, CT) using Ultima Flo-M (Packard Instrument Co., Meriden, CT) as
CYP forms: FURA (30uM) for CYP1A2; COU (200uM) for CYP2A6; SLF  the scintillator. Under these conditions, the retention tih& (nin) of authen-
(5 uM) for CYP2C9; QND (5uM) for CYP2D6; 4-MP (50uM) for CYP2E1L; tic 14-(R)-HC, N-desmethyl-CLAR, and CLAR standard was 16, 33, and 37
KTZ (2 uM) or TAO (200 uM) for CYP3A; MEPH (500uM) for CYP2C19; min, respectively. Microsome incubates generated in the course of routine g
and RIT (2.0uM) for CYP3A and CYP2D6. The choice of inhibitor concen-experiments were analyzed by radio-HPLC using this method. Authentic 9
tration was based oK; values obtained from the literature (17-19, 21, andtandards of 14R)-HC andN-desmethyl-CLAR were combined with micro-
references therein). In addition, all experiments were performed at a firsdmal incubates and were shown to co-elute with the two major radioactive
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CLAR concentration that approximated appar€pt Under the experimental metabolite peaks. 2
conditions chosen, the concentration of inhibitor was high@-fold aboveK;) LC/MS Analysis and Confirmation of Metabolite Structure. The iden- 5
and ensured that fractional inhibitiom),( wherei = [I]/([lI] +2 K;), was tity of the major metabolites present in scaled-up (2 ml) CLAR incubations

substantial £0.8) (22). Except for QND and 4-MP, which were dissolved invas confirmed by LC/MS analysis using a Perkin-Elmer Sciex API 300 n
water, all inhibitors were dissolved in ethanol. The volume of ethanol addedtamdem mass spectrometer (Sciex, Toronto, Canada). The instrument wa$3
the incubation mixtures was minimized (0.5% of the incubation volume @quipped with an pneumatically assisted ion spray source using an ion energy
less) to avoid solvent effects on metabolism. of 35 eV and was interfaced with a Hewlett-Packard series 1050 HPLC module
Incubation of [**C]JCLAR with Microsomes Containing cDNA-Ex-  consisting of a quaternary LC pump equipped with a Rheodyne model 8125
pressed CYP ProteinsMicrosomes prepared from human B-lymphoblastoidnanual injector. Separations were accomplished at ambient temperature in a
cells (AHH-1 TK +/-) containing cDNA-expressed CYP1A2 (117 pmolreversed-phase mode using a SynChropak SCD 10026® mm) column
CYP/mg), CYP2A6 (83 pmol CYP/mg), wild-type CYP2D6-V&t (44 pmol  (SynChrom, Inc., Lafayette, IN). To resolve all potential CLAR metabolites,
CYP/mg), wild-type CYP2C9-Arf* (21 pmol CYP/mg), CYP3A4 (56 pmol three mobile phases were used in the analyses (method 2). Mobile phase |
CYP/mg), CYP2C19 (16 pmol/mg), or CYP2E1 (141 pmol CYP/mg) wereonsisted of 60% (v/v) 20 mM ammonium acetate (pH 6.9):30% (v/v) aceto-
obtained from Gentest Corporation (Woburn, MA). Except for CYP1A2 anditrile:10% (v/v) methanol, whereas mobile phase Il consisted of 30% (v/v) 20
CYP2C19, all microsome preparations contained additional (cDNA-eraM ammonium acetate (pH 6.9):60% (v/v) acetonitrile:10% (v/v) methanol.
pressed) NADPH-CYP reductase. These incubations were conducted at 3¥f&bile phase Il consisted of 100% (v/v) acetonitrile.
in 1.5 ml polypropylene centrifuge tubes in a final volume of 0.25 ml, as After injection of the sample, an isocratic system (100% mobile phase I)
described for native human liver microsomes. Incubations with cDNA-exvas used for the first 15 min. Thereafter, a linear gradient was run from 100%
pressed CYP2A6 and CYP2C9 were conducted in 50 mM Tris-HCI buffer (piMobile phase | to 60% mobile phase | and 40% mobile phase Il over a period
7.4), containing 0.1 mM EDTA. In all cases, samples were preincubated foo530 min. At a run time of 45—47 minutes, the column was washed with 60%
min, and the reaction was started with the addition of.25f rapidly thawed mobile phase | and 40% mobile phase Il. Over an additional 2-min period
(37°C) microsomal protein (final protein concentration was 1.0 mg/ml; 16-427-49 min), a second linear gradient was run from 60% mobile phase | and
pmol CYP/ml). For control incubations, microsomes prepared from hum&®% mobile phase Il to 10% mobile phase | and 90% mobile phase Ill. The
B-lymphoblastoid cells without vectors were used. Reactions were terminafenlv rate was maintained at 0.2 ml/min. Under these conditions, authentic
with 125 ul of acetonitrile:methanol (90:10; v/v), and the samples werstandards of 14R)-HC, N-desmethyl-CLAR, and CLAR were characterized
processed and analyzed as described for native human liver microsomes.by a retention time £1.0 min) and molecular ion ([M+ H]™) of 22.2 min
Kinetic studies were conducted with microsomes prepared from baculpa/z= 765.4 amu; M-16), 31.6 min fn/z= 735.4 amu; M— 14), and 37.5
virus-infected BTI-TN-5B1-4 cells, which contained overexpressed CYP3Adin (m/z = 749.4 amu), respectively. These data were used to confirm the
and NADPH-CYP reductase (Supersomes, Gentest Corp.). Some experimprasence of 14R)-HC and N-desmethyl-CLAR in human liver microsomal
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C-14
CPM ™

1768+

Time (Mins)

Fic. 2. Typical HPLC radioactivity profile after incubation of{C]JCLAR in the presence of native human liver microsomes.

Peaks 12, and 3 represent 14R)-HC, N-desmethyl-CLAR, and CLAR, respectively**C]JCLAR (50 uM) was incubated for 8 min with human liver
microsomes (2.0 mg protein/ml) as describedviaterials and Methods
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incubatesM3 (m/z= 765.4; retention time= 22.9 min) andM4 (m/z= 735.4; not shown). Therefore, appardfy, andV,, ., Were determined using
retention time= 32.5 min), respectively. Two minor metabolites were tentaa final microsomal protein concentration of 2.0 mg/rﬁl(x6 nmol
tively ilsle:tiggd asdll\“"f)'HC Er'\]/'zl/:lilethe”dﬂon tigf:thiiz mitn;n:_/z =t‘765.4 total CYP/ml) and an incubation time of 6 min. Analysis of the
amu; an -aesme - roxy- . retention ume= . .
18.6 min;m/z): 751.4 amu; M}jr 2). % mic?'/osome incubates, the retentionuntranSformed dat&_l (P_CN_ONLIN) yielded a single appalgwtand
time of CLAR was 37.8 min. Voax (table 1), which indicated that the 1B)¢hydroxylation and
N-demethylation of CLAR (1-14Q.M) conformed to monophasic
Results Michaelis-Menten kinetics and that there was no evidence of substrate
or endproduct inhibition.

Oxidative Metabolites. A typical radiochromatograph of the su- Monophasic kinetics was confirmed using Eadie-Hofstee plots of

pernatant after incubation of4CJCLAR with human liver micro- : : )
somes in the presence of a NADPH-generating system is presente fiction velocity ¥) againstv/[3 .(data not shown). In accordance,
fig. 2. After incubation, two major metabolite peaks were generat grous CYP-MI complex forma_tlon was only detected yvhen _CLAR
and were identified as 14RJ-HC (peak 1; retention time of 17 min) ©F 14-R)-HC (10-100uM) was incubated with human liver micro-
andN-desmethyl-CLAR (peak 2; retention time of 34 min), because?Mes and NADPH after a prolonged incubation perio® (min).
the retention times were similar to those of the authentic standardsAfie" @ 30-min incubation with CLAR or 14R)-HC, the extent of
both cases, structure was confirmed by LC/MS analysisaterials CYP complexation £22% of total CYP) was comparable with that
and Methods The earlier eluting peak (retention time of 15 min) wagbserved with ERN (19% of total CYP). By comparison, CYP com-
tentatively identified as 145j-HC (13). plexation in the presence of TAO was more pronounced(% of
Reaction Kinetics. In the presence of native human liver micrototal CYP) (data not shown).
somes, the formation of 14RJ-HC and N-desmethyl-CLAR was Intersubject Variability. The microsomal metabolism of CLAR
linear with respect to microsomal protein concentration (0.5-2.0 m@.1) mM was studied with a panel of 11 human livers, and the
ml; =0.9 nmol total CYP/ml) and time of incubation (0—8 min) (datantersubject variability was 26-fold (range 35.8—935 pmol/min/mg;
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TABLE 1 TABLE 2

Apparent kinetic parameters describing the N-demethylation and 14-(R)- Correlation of various CYP form-selective monooxygenase activities with
hydroxylation of CLAR in the presence of native human liver microsomesCLAR N-demethylase and 14-(R)-hydroxylase activity in a panel of human

Subject Identificatioh liver microsomes
Parametér HEO IEN ICE Mean = SD* ‘ ovp Correlation Coefficientr)?
‘ Reaction Form(s) N- 14-R)-
Hydroxylation Demethylation Hydroxylation
Kwm 68.4*+6.0 34.1-9.8 43.7x95 48.7+x17.7 TOLase CYP2C9 0.51 0.51
Vinax 293+ 12 151+ 15 173+ 14 206+ 76 COHase CYP2A6 0.67* 0.63*
VimalKm 4.3 4.4 4.0 42021 ERODase CYP1A2 0.14 0.12
N_Demethy|at|0n DMNase CYP2E1 0.11 0.08
K 60.6+ 102 34.3+17.3 82.3+22.1 59.1+ 24 DEXase CYp2p6 039 0.38
Voo 209+ 15 130+ 23  227+30 189 52 ERNDase CYP3A 0.90 0.92
Vo IK,, 34 38 28 3.9 053 CYP2D6 (ELISAP CYP2D6 0.26 0.22
MEPHase CYP2C19 0.88*** 0.91%**
2 ApparentKy, (M) and V,,.x (pmol/min/mg protein) were determined  Total CYPF — 0.86*** 0.82**
using PCNONLIN. Intrinsic clearance/(,.,/K,,) was defined asl/min/mg CLAR 14-(R)-hydroxylase — 0.99%** —
protein.
b Data represent mean SE of the parameter estimate. CLAR (5.0 uM) - -
©Mean = SD of three subjects. 14-R)-Hydroxylase - 0.99 0.99
N-Demethylase — 0.96%** 0.94x**

mean= 272 * 269 pmol/min/mg, meart SD) and 46-fold (range 2 correlation coefficient was determined with the liver tissue of 11 different
=13.3-614 pmol/min/mg; mean 182+ 185 pmol/min/mg, meart  organ donor subjects, except for correlations involving TOLA&e (10). The
SD) in the case of 14R)-hydroxylation andN-demethylation, respec- statistical significance of the correlation is denoted < 0.05, ** p < 0.01,
tively. A similar result was obtained using a low (54M) concen- and *** p < 0.001. Unless otherwise indicated;demethylation and 14R)-
tration of CLAR (data not shown). However, despite the markdtydroxylation activity were measured at a final CLAR concentration of 0.1

variability, the rate of CLAR 14R)-hydroxylation was highly corre- MM (~2 Ky,). TOLase, MEPHase, DEXase, ERNDase, COHase, ERODase, =
lated § = 0.99; p < 0.001; N = 11) with the rate of CLAR and DMNase activities were measured at a final substrate concentration of 1.05

N-demethylation (table 2). mM, 0.5 mM, 0.02 mM, 0.5 mM, 0.2 mM, 2.aM, and 0.2 mM, respectively.

b ) i

Regression analysis indicated that R)-bydroxy formation at low C_I'I_'he levels of CYP2D6 protein were measured using an ELISA procedure.
. ) . otal (spectrally detectable) CYP.

(5.0 uM) and high (0.1 mM) CLAR concentrations was highly cor-

related { = 0.99; p < 0.001; N = 11). Because the rate df- and TAO markedly inhibited%99%) both theN-demethylation and

demethylation at both concentrations of CLAR was also highly cot4-(R)-hydroxylation of CLAR (50uM; ~K,,) (fig. 3). Because both

related { = 0.96p < 0.001;N = 11), these results suggested that bothf these agents are considered to be selective for CYP3A, these dat%

reactions were mediated by the same CYP form(s) over a relativatglicated that CLAR metabolism was largely mediated by members ofé

papeojumod
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Correlation Studies with CYP Form-Selective Monooxygenase QND (CYP2D6-selective), 4-MP (CYP2E1l-selective), or COU
Activities. The rates of CLAR (0.1 mM; R,,) metabolism were (CYP2A6-selective). However, some inhibition-28%) was ob-
correlated with the metabolic activities for seven CYP form-selectiwserved with MEPH (0.5 mM) (fig. 3). Because RIT (ABT-538) is a
substrates in the same panel of microsomes (table 2). Although potent K; = 0.02 xM) mixed (competitive/noncompetitive) inhibitor
shown, similar results were obtained at a lower CLAR concentratiafi CYP3A activity in vitro, and has been shown to inhibit CLAR
(5.0 uM; Ky,/10). metabolismin vivo (21, 24), we sought to investigate its effect on

The N-demethylation and 14R)-hydroxylation of CLAR was sig- CLAR metabolismin vitro. At the concentration used in this study,
nificantly correlated with ERNDase (CYP3A) activity & 0.90— RIT (2.0 uM) essentially abolished the formation dFdesmethyl-
0.92;p < 0.001;N = 11), CYP2C19-selective MEPHase activityX CLAR and 14-R)-HC. In this regard, RIT was as potent as KTZ
0.88-0.91;p < 0.001;N = 11), COHase (CYP2A®6) activityr (=  (fig. 3).
0.63-0.67;p < 0.05; N = 11), and the level of total CYPr (= Metabolism of CLAR by cDNA-Expressed CYP Proteins.B-
0.82-0.86p = 0.01;N = 11). In contrast, no statistically significantlymphoblast microsome preparations containing cDNA-expressed
correlation { = 0.51) was observed between CLAR metabolism an@YP3A4 exhibited measurable CLARdemethylase (340 pmol/min/
TOLase (CYP2C9), DMNase (CYP2E1l), or ERODase (CYP1A2)mol CYP) and 14R)-hydroxylase (410 pmol/min/nmol CYP) ac-
activities. This finding suggested that CYP2C9, CYP2E1, anility. No activity was detected in (control) microsomes prepared from
CYP1A2 played only a minor role in the metabolism of CLARB-lymphoblastoid cells containing the selectable plasmid vector with-
Similarly, a relatively weak correlation with DEXase activity £ out cDNA insert, which were essentially devoid of CYP. Similarly, no
0.39) indicated that this CYP form was not involved in the metabolisactivity was detected with microsomes containing cDNA-expressed
of CLAR, which was further confirmed using an ELISA assay emcYP1A2, CYP2A6, CYP2EL, CYP2D6, CYP2C9, or CYP2C19 (data
ploying anti-CYP2D6 monoclonal antibodies (table 2). Collectivelynot shown).

wide CLAR concentration rangé(,/10 to X,,) (table 2). The low the human liver microsomal CYP3A subfamilye.§. CYP3A4, g
concentration of CLAR used in the study fell within the therapeuti€YP3AS5, and possibly CYP3A7) (18, 21, 23). In agreement, only g
plasma concentration range of total (bound and free) d@yg, (= minimal inhibition (=9%) of CLAR metabolism was observed inthe &
0.6—4.5ug/ml; 0.8—6.0uM) (2, 14). presence of FURA (CYP1A2-selective), SLF (CYP2C9-selective), ‘f_n
~I\J
o
o
©

regression analysis indicated that multiple forms of C¥®. CYP3A, To characterized further the metabolism of CLAR, experiments
CYP2C19, and CYP2A6) could potentially be involved in tNe were conducted with insect cell (BTI-TN-5B1-4) microsomes con-
demethylation and 14R)-hydroxylation of CLAR. taining cDNA-expressed CYP3A4 and NADPH-CYP reductase, in

Inhibitor Studies. Of the CYP inhibitors studied, KTZ£2.0uM) the absence or presence of cytochrdmeAn attempt was made to
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Fic. 3. The effect of various putative CYP form-selective inhibitors on CLAR metabolism in the presence of native human liver microsomes.

The rate of A) 14-(R)-hydroxylation and B) N-demethylation of CLAR was measured in the absence or presence of various CYP form-selective inhibito
Data are expressed as percentage activity remaining relative to a control (ethanol or watexalofe v/v) incubation and represent meanSD of three
different human livers. Incubations were conducted as describbthtarials and MethodsConc., concentration.

study the effect cytochromie; on CLAR metabolism, because it hasrelatively short incubation period<8 min), a CYP-MI complex was
been shown to stimulate insect cell-expressed CYP3A4-dependéetected with native human liver microsomes after prolonged incu-
monooxygenase activity (25, 26). In this instance, however, the rabiation. This may partly explain the nonlinear pharmacokinetics ob- <
of NADPH-CYP (cytochromec) reductase activity to CYP3A4 is served in subjects receiving CLAR over the dosage range of 100—
elevated in microsomes containing cytochroogg€11 vs.0.3 units of 1,200 mg (13, 14).

reductase activity/nmol CYP3A4), so the effect of cytochrdmpen Several lines of evidence have demonstrated that member(s) of the
CLAR metabolism in BTI-TN-5B1-4 cell microsomes may be diffi-CYP3A subfamily, most likely CYP3A4, are the principal human
cult to interpret. Nevertheless, CLAR metabolism conformed to sitiver microsomal enzymes involved in the metabolism of CLAR:
gle-enzyme Michaelis-Menten kinetics and the appakgpicharac- metabolism in a panel of human liver microsomes was strongly
terizing the N-demethylation <30 uM) and 14-R)-hydroxylation correlated (= 0.90—0.92p < 0.001;N = 11) with CYP3A-selective
(~20 uM) of CLAR in BTI-TN-5B1-4 microsomes was comparableERNDase activity?2) bothN-demethylation and 14R)-hydroxylation

with that obtained with native human liver microsomes (table 3). Fof CLAR was essentially abolished=09% inhibition) by the

both 14-R)-hydroxylase (3.6/s. 0.3 nmol/min/nmol CYP3A4) and CYP3A-selective inhibitors KTZ£2.0 uM) or TAO; 3) of the CYP
N-demethylase (4.¥s.0.7 nmol/min/nmol CYP3A4) activity, appar- forms tested, only cDNA-expressed CYP3A4 was able to catalyze the
entV,,., was higher in the presence of insect cell microsomes coN-demethylation and 14Rj-hydroxylation of CLAR; 4) because

AInc uo Aq B1o sreushohadse pwp woiy papeojumoq
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taining cytochromey, (table 3). CYP3A is the most abundant form of the enzyme in native human
) ) liver microsomes (26), the metabolism of CLAR was highly corre-
Discussion lated ¢ = 0.82—0.86;p < 0.001;N = 11) with the levels of total

The results of these studies demonstrate that CLAR undergd&¥P; and5) the apparenk,, characterizing the metabolism of CLAR
CYP-dependeniN-demethylation, and 14Rj-hydroxylation in the in native human liver microsomeky, ~ 50 uM) was similar to that
presence of human liver microsomes and regression analysis indicate®ined with cDNA-expressed CYP3AK,; = 20—60uM). In toto,
that both reactions are mediated by the same CYP form(s). In bathta indicate that the 14RJ-hydroxylation andN-demethylation of
cases, the apparel}, (20—60uM) obtained with native human liver CLAR is mediated by CYP3A4, and that CYP2C19, CYP2D6,
microsomes and cDNA-expressed CYP3A4 is comparable with tHa¥P2E1, CYP1A2, CYP2C9, and CYP2A6 play a relatively minor
of many CYP3A substrates (27-30). However, although CLAR mesle. In this regard, the CYP profile is similar to that of ERN and TAO
tabolism conformed to classical Michaelis-Menten kinetics after (8—-12, 18, 21, 23). Because TAO has been shown to interact with
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TABLE 3 human liver microsomes has been shown to be mediated by CYP3A
Apparent kinetic parameters characterizing the N-demethylation and 14-(F(§31)-
hydroxylation of CLAR by insect cell (BTI-TN-5B1-4) microsomes Assuming competitive inhibitionK,, ~ K;), the inhibition of

containing cDNA-expressed CYP3A4 and NADPH-CYP reductase CYP3A by MEPH would be expected to be characterized by, a
of ~800 uM. If [§/K,, = 1 and [] = 500 uM (22), the predicted

Insect Cell Microsomes

parametér Human Liver . . ] " L
_Cytochromebe®  + Cytochromebe ~ Microsomes$ fractional inhibition () of CLAR metabolism is 23%, which is similar
to that observed (fig. 3).
Hydroxylation The findings of this study are of clinical relevance, given that
Kwm 18.3x 3.8 20.6= 4.4 48.7=17.7 N-demethylation and 14R)-hydroxylation accounts for the majority
Vinax 290+ 18 3642+ 236 206= 76 of the metabolism of CLAR and that CYP3A is induced by various
Vimax 218 350 - agents €.g. phenytoin, rifampicin, phenobarbital, rifabutin, and/or
Vinax 15 17 — ] L . . -
VA - o 42+ 021 carbamazapine) (32). In agreement, the administration of rifampicin
maxm T has been shown to decrease the mean serum level of CLAR (5.4
N-Demethylation ng/ml to 0.7 wg/ml) in subjects with lung disease due to MAC (33).
K, 19.6+ 4.2 63.9+ 14.3 59.1+ 24 In addition, becaqse of the presence of CYP3A4 in t.he gut, it is
v 675+ 43 4742+ 472 189+ 52 probable that the first-pass metabolism of CLAR is mediated by both
V::: 64.8 455 _ the intestine and liver. In accordance, the gut is thought to play a role
Vimax 'K 3.3 7.1 — in the observed interaction between cyclosporin and CLAR (6). In this
Vinad K — — 3.3+ 0.53 instance, CLAR enhances the oral bioavailability of cyclosporin by

a ApparentK,, (uM) and V., were determined using PCNONLIN ., inhibiting CYP3A in the gut and liver. Becaus$¢demethylation of
was expressed as pmol/min/mg (human liver microsomes) and pmol/min/nifidPst 14-membered macrolides is associated with the inhibition of
CYP3A4 (cDNA-expressed CYP3A4Y, ., represent¥, .. normalized with CYP, via formation of a ferrous CYP-MI complex, it is likely that
respect to the nominal levels of CYP3A4 in native human liver microsomé¢-demethylation of CLAR is also occurring in the gut (6, 11, 12, 20).
(96 pmol/mg) and is expressed as pmol/min/mg. Intrinsic cleara¥igg/Kv  This observation may also explain why CLAR increases the mean
and Vi, /Ky) was expressed gsmi/min/mg proteinKy andVma, data for - gre3 under the plasma concentratics: time curve (AUG,,) of a

CDL\IA'eXpressed.CYPSAA' represent mearSE of the parameter estimate. nc}meer of coadministered CYP3A substrategy(omeprazole, ter-
Insect cell microsomes containing only cDNA-expressed CYP3A4 a . .
enadine, FK-506, and carbamazepine) (5-9).

NADPH-CYP reductase (0.3 units of cytochromeeductase activity per nmol T e aes
CYP3A4). In terms of inhibition, potent inhibitorsk{ = 1.0 uM) of CYP3A

¢Insect cell microsomes containing cDNA-expressed CYP3A4, NADPHare likely to have a pronounced effect on the metabolism of CLAR.

ladse’'pwp wouiy papeojumoq

CYP reductase (11 units of cytochrome reductase activity per nmol This is clinically relevant because 1B)¢(HC is a pharmacologically o
CYP3A4), and cytochrombs. The molar ratio of cytochromis to CYP3A4  active metabolite (1, 2, 15). In agreement, RIT has been shown to3
was 2:1. _ _ _ _ _ decrease markedly the plasma AUC of B)-HC (15.7ug - hr/mlvs. &
- FNorzcg)r“apraer'ssﬁg\;vgatga‘t):t:r'g‘i‘;k";"r:hfrr;i:"gbrl‘:Tan microsomes (meany 04 ,q - hr/ml) in subjects receiving CLAR (24). This implies that 3
' ' ' the fractional inhibition i) of 14-(R)-HC formationin vivo is high g
(0.99)2 Fractional inhibition in the presence of RIT can also be 8

CYP3A4 and CYP3AS5, it is possible that the metabolism of CLARstimated using the relationshi¢{[I1] + K,). In this instancein vitro g
may also be catalyzed by multiple members of the human livgr = 0.02uM and [I] equates with the concentration of total (protein o,
microsomal CYP3A subfamily (23). However, the native human live§ound and free) RIT attained in plasm@,{,, = 5.8 ug/ml; 8.0 uM) 8
microsomes used in this study were not characterized with respect{2@, 24). Using these values, fractional inhibition is also estimated to @

the levels of CYP3A5 \(s. CYP3A4). Evidence indicates thatpe 0.99 (99%), which suggests a gdaadvitro-in vivo correlation.
CYP3AS is only expressed in 25% of individuals. When it is ex- In conclusion, the results of this study indicate that one or more
pressed, the level of CYP3AS is usually lower30%) than that of members of the human liver microsomal CYP3A subfamily are re-
CYP3A4 (29). sponsible for catalyzing thB-demethylation and 14R)-hydroxyla-

Although a significant correlation was obtained with CYP2A6tion of CLAR. Because CYP3A4 is the most abundant form of CYP
selective COHase activity (table 2), cDNA-expressed CYP2A6 wasthe liver and intestine of adults, this enzyme probably accounts for
unable to metabolize CLAR. Furthermore, COU failed to inhibithe majority of the drug—CLAR interactions observed in the clinic (27,
CLAR metabolism in native human liver microsomes. This discre29, 32). At least qualitatively, the drug interaction profile of CLAR
ancy may be related to the fact that COHase activity significantlyould be expected to be similar to that of other 14-membered mac-
correlated ( = 0.88;p < 0.001;N = 11) with the level of total CYP rolides, such as ERN, flurithromycin, and TAO (12). Given that
in the bank of microsomes (data not shown). Likewise, the correlati@LAR is often used in combination with CYP3A4 inducers, or co-
between CLAR metabolism and CYP2C19-selective MEPHase actaubstrates, and that 18¢HC is pharmacologically active, these
ity (table 2) is also considered fortuitous, because MEPHase dinttings are clinically relevant.

ERNDase activit e highly correlated € 0.81;p < 0.01;N =
S€ activity were highly corr € P ' %cknowledgments.We thank Drs. J. Ferrero, L. Gustavson, and

11). In accordance, no metabolism was detected in the presence 0 . . .
cDNA-expressed CYP2C19, whereas TAO and KTZ have not be?(\e/lri Karol (Abbott Laboratories) for very useful discussions. The

shown to inhibit CYP2C19 activity in native human IivermicrosomeEfg]nécLiRa)ls}zlizgczckprzgxi%d et;y Ms. S. Shoghi (purification  of
(unpublished observations). The effect of MEPH (0.5 mM) on CLA ged.
N-demethylation (23% inhibition) and 1‘RX'hydrOXy|ation (33% 2 Fractional inhibition (i) of 14-(R)-HC formation in vivo estimated using the

inhibition) may have arisen from the inhibition of CYP3A (fig. 3).equation: i = {AUC, — AUG}/AUG,. AUC, and AUC, represent AUC of 14-(R)-HC
This is because thBl-demethylation of MEPHK,, ~ 0.8 mM) in in the absence and presence of RIT, respectively.
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