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,.J.M. S_ ABSTRACT:
mtraveno_
88 (1994). Thepurpose of this study was to determine whether phencyclidine and metoprolol a-hydroxylation reactions, which are catalyzed by
-ugtoxicit7' _N:_P)inhibits constitutive hepatic cytochrome P450 (CYP) CYP2Disozymes, were reduced >74% 3 hr after the last PCP dose

andM.0, Isozymeswhen administered to naive adult male Sprague-Dawley and were only partially restored 13 hr later. Benzphetamine and
4. rats.Animals were pretreated with PCP (25 mg/kg/day for 2 days), (-)-MDMA N-demethylation activities were restored to control val-
lati, and_ Idiled3 and 16 hr after the last dose, and liver microsomes pre- ues 16 hr after the last dose. These results indicate that PCP

-_dperfund ilered. The washed microsomes were then assayed for benz- suppresses constitutive isozymes, including CYP2C11 and mem-

etabol'h_ll i_etamine, methamphetamine (MA), and methylenedioxymetham- bers of the CYP2D subfamily. The suppression of cytochromes
_31(199_ phetamine (MDMA) N-demethylation together with MDMA P450 activity by PCP in vivo is consistent with its in vitro actions
latedIJ_ demethylenation and MA 4-hydroxylation activities. MDMA dem- found in this and other studies, and demonstrates that alteration of

_ew Yofih ,thylenafion (Iow substrate concentration), MA 4-hydroxylation, CYP activity is another pharmacological effect of this compound.

rug Inttllt.

·Hubbard,

losekina, pcp2 (fig. 1) is a psychotomimetic agent with a history of abuse _N_ _N_ _N _

in heal_ (1). Its action as a noncompetitive inhibitor of the NMDA receptor has
796-801 _,sulted in the extensive study of it and its congeners as research tools

(2, 3) and potential therapeutic agents (4). In abuse situations and in _

: Pham_ some research protocols, the drug is administered repeatedly and.
_raldosa, occasionally with other drugs. One of the reported properties of PCP

(5-7) and its congeners (8) is the mechanism-based inhibition of CYP.

: Pharma- la these studies, the focus was mostly on in vitro experiments with (V) PCP OH (I, II)

oncentm- _ 1

:nistrati_ phenobarbital-inducible isozymes in the rabbit (6) and rat (7). Thus,

4rznei_. 0Sawa and Coon (6) have demonstrated that PCP inhibits CYP2B4

isozyme without affecting CYP1Ai, lA2, 2C3, and 2El isozymes in

liver microsomes from phenobarbital-pretreated rabbits. Crowley and _.q__._ _ N

ltollenberg (7) studied the actions of the drug in reconstituted prep-
liverCYP2B1anddemonstratedirreversibleinhibition OH H2

binding of the drug.
iPCP also affects the CYP system when administered to intact

et al. (9) have found that chronic administration of PCP (m) (iv)
imice caused an increase in hydroxylase and demethylase activities.

studies with rats, Owens et al. (10) report that repeated adminis- Ftc. I. Structuresof PCP and measuredmetabolites.
to rats caused a decrease in the ability of microsomes to bind

radiolabeled PCP. We report herein results of a study examining the
CYP activities of liver microsomes after systemic administration of

wassupportedby the U.S.PublicHealthServiceGrantsDA02411 PCP to rats. The study focused on the effects of PCP on the metabolicDA04206.

Presentaddress:Departmentof HygenicChemistry,TokyoCollegeof Phar- transformations of amphetamine derivatives (fig. 2) that are catalyzed
1432-1Hodnouchi.Hachioji-shi,Tokyo,Japan192-03. by CYP2Cll and members of the CYP2D subfamily, the major

used are: PCP, phencyclidine; CYP, cytochrome P450; constitutive isozymes associated with the metabolism of these and
3,4-methylenedioxymethamphetamine;MA,methamphetamine; DHMA, other abused substances. MDMA and MA are oxidized on the aro-

a-HM, a-hydroxymetoprolol; TFAA, trifiuoro- marie ring by members of the CYP2D family; MDMA is demethyl-
anhydride;BSTFA,N,O-bis(trirnethylsilyl-trifiuoroacetamide;SOD,super- enated (11) and MA is 4-hydroxylated (unpublished observations).

dismutase; HPLC-ECD,High-pressure liquid chromatography-electro- CYP2Cll seems to play an important role in the N-demethylation of
MDA,3,4-methylenedioxyamphetamine;TFA, trifluoroacetic [VIA(12) and benzphetamine (13). The effect of PCP on the metab-

Y[' olism of these compounds is of interest because of the potential for

Send reprint requests to: Dr. Arthur K. Cbc, Department of Molecularand drug interaction in poly drug abuse situations and the possible alter-
UCLASchool of Medicine,Los Angeles, CA90024-1735. ations of CYP activity associated with repeated exposure to PCP. This

paper describes the results of the study.
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j_NHCH 3 j__..j NH2 min. The washed pellet w as stored under 0.5 mi of 1.15% KCI at -80oC.

incubation,the thawed pellet was resuspendedin 1.15%KCI and diluted

appropriate concentration. The protein concentration was determined by
Bio-Rad (Hercules, CA) protein assay using bovine serum albumin as

MeAmp Amp standard.Total CYP content in the suspensionwas determinedfrom the

dium dithionite-reduced carbon monoxide difference spectrum using a

extinction coefficient of 91 cm -_ mM -_ between
450 and 490 nm (19).

In Vitro Inactivation. Experiments on the inactivation of microsomal CY

AJjl_NHcHa were conducted in two stages. The first stage reaction mixture consisted of III
mM HEPES buffer (pH 7.6), microsomal preparation (I-3 mg of protein), 1

HO' v mM EGTA, the desired concentration of PCP and an NADPH-generati_
system composed of 0.5 mM NADP, 4 mM MgC12, 8 mM glucose 6-ph_

4-OH MeAmp phate, and 1 unit of glucose 6-phosphate dehydrogenase/ml (final concenttl,

tions) in a volume of 3.0 mi. Controls were incubated for the same length 01
time, but did not contain PCP. In the second stage, aliquots of 100 g,l w_

taken from the first-stage mixtures and examined for metabolic activity by
dilution to 1 mi. The second-stage reaction mixture for the benzphetami_

O j_]_ NHcHa { ['__ NH2 N-demethylase assay (8)contained I mM benzphetamine, the microsomal
fraction (0.1 mi) to be analyzed, and thesame NADPH-generatingsystemand
buffer as described in a total volume of 1.0 mi. The incubation mixture fa'

MDMA MDA MDMA demethylenation used the same buffer and cofactors described hereto,
but contained 100 units of SOD and I mM MDMA.

I MDMA Demethylenation. The demethylenation of MDMA was deter.
mined by a HPLC-ECD method based on that described by Kumagai et al,

,o...1.._Jl_N"C"3 (20). The incubation mixture consisted of 1.00 mM HEPES buffer (pH 7.4),
microsomal preparation (0.1-[.0 mg of protein), and an NADPH-generatinl

HO' v system composed of 0.5 mM NADP, 8 mM glucose 6-phosphate, 5

MgCI 2, i unit of glucose 6-phosphate dehydrogenase. (+ )- or ( -)-MDMA (10
DHMA /xM or 10 mM), and 100 units of SOD in a final volume of 1.0 mi. Af_

preincubation for 5 rain, the reactions were initiated by the addition of the

enzyme preparation and were terminated by the addition of 0.5 mi of 7.5°k

JOA_$ O ,_H 0 (w/v) perchl°ric acid' Incubati°ns were c°nducted f°r 5 m in at 37°C' T_

N_ quenched reaction mixture was centrifuged at 13,500g for 5 min, and a portio,
of the supernatant (10 /al) was analyzed by an HPLC-ECD system.

DH.MA Analysis by HPLC-ECD. MDMA metabolites were separated bT

reversed-phase HPLC using Biophase ODS column (4.6 × 250 mm, 5 gM,

BENZPHETAMINE nor-BENZPHETAMINE Bioanalytical System, Inc., West Lafayette, IN) and a mobile phase consisting

FIG. 2. Metabolic reactions of amphetamine derivatives, of 0.1 M citrate buffer (pH 3.5), containing I mM sodium octylsulfatc:
acetonitrile:methanol (10:hl, v/v) at a flow rate of 0.7 mi/min. DHMA wa

detected by an electrochemical detector set at + 0.7 V. Signals were recordedMaterials and Methods
with a Hewlett-Packard 3390A recording integrator, and the peak height of

1-Phenylcyclohexylamine hydrochloride (IV') (see fig. I for structures), cis, metabotite was compared with that of standard samples. Retention time f0c
and trans-4-phenyl-4-piperidinocyclohexanol (I) and (II), 1-(1-phenylcyclo- DHMA was _ 11.3 min.

hexyl)4-hydroxy piperidine (III}, (+)- and (-)-MDMA hydrochloride and MDMA N-demethylation. (+)- and (-)-MDMA i5 mM} were incubated

(--)-MA hydrochloride were obtained from the Research Technology Branch under the same conditions as described, and the MDA produced waS clet_
of the National Institute on Drug Abuse (Rockville. MD). PCP HC1 (14) and mined by GC/MS (20). Reactions were terminated bv the addition of 0.5 nd0(

(-)-MA hydrochloride (15) were prepared by previously reported procedures. 7.5% {w/v) HCIO 4 containing internal standard, [2H2]MDA (2.5 nmol) and

DHMA hydrochloride, the product of MDMA demethylenation, was prepared incubation tubes were kept on ice for 30 min. After centrifugation (13,500g f_

by modification of the procedure of Smissman and Borchardt (16). Metoprolol 5 min), 0.3 mi of supernatant was transferred to a 50-mi extraction tul_

tartarate, a-HM, and guanoxane sulfate were gifts from Dr. M. S. Lennard, containing 2 mi of 1.5 M NaHCO3:Na2CO 3 buffer (pH 9.5) and 10 nd 0t
University Department of Therapeteutics, Royal Hallamshire Hospital. Benz- CH:C12. The resulting mixture was shaken for 10 min. After centrifugatioa

phetamine hydrochloride was a gift from the Upjohn Co. (Kalamazoo, MI). (2900 rpm for 10 rain), the organic layer was collected and evaporated

NADP, glucose 6-phosphate, glucose 6-phosphate dehydrogenase, and HEPES to 50/al under N2. Then 20/xl of CH3CN was added, followed by 100 kd4
were purchased from Aldrich Chemical Co. (Milwaukee, WI). TFAA and TFAA, mixed (vortex mixer), and allowed to stand at room

BSTFA were from Pierce Chemical Co. (Rockford, IL). All other compounds min. Excess TFAA was then allowed to evaporate upon standing, and tlJ

used were of reagent grade, sample was reconstituted in 120 /zl CH3CN. A volume of 1 /xl waS
Pretreatment of Animals and Preparation of Hepatic Microsomes. injected into the GC/MS system.

Adult male Sprague-Dawley rats (weighing 250-300 g) were used. PCP HCI MDA Analysis by GC/MS. MDMA metabolites were separated

was dissolved in 0.9% NaC1. Rats were injected with PCP HCI (25 mg/kg ip) using a capillary column (12.5 m x 0.2 mm) with cross-linked

once daily for 2 days and killed 3 or 16 hr after the last injection. This 0.33 /am film thickness, operated with a temperature program from

relatively high dose is in the range used to protect animals against the toxic 250°C at rate of 30°C/min. Under these conditions, the retention ttm¢

effects of MA (17) and in chronic studies (18). Control animals were given MDA-TFA was 5.5 min. A Hewlett-Packard 5971A GC/MS system

0.9% NaC1 (1.0 mi/kg) alone. Rats were decapitated and the livers (10 g) were in the selected-ion monitoring mode with [2H2]MDA as internal standard-'1_

homogenized in 30 mi of 1.15% KC1 using a Potter-Elvehjem homogenizer mass spectrometer was operated in its specific ion detection mode

and a Teflon pestle. Homogenates were centrifuged at 9,000g for 20 min and rn/:. 162. Quantitation was achieved by the mass

the supernatants recentrifuged at 105,000g for 60 min. The pellets were responses at m/z = 162 and 164 (internal standard).

washed twice by resuspension in fresh 1.15% KCI and 0.1 M pyrophosphate in the assay was [2H2]MDA of 99.9% isotopic purity.

containing 0.1 mM EDTA (pH 7.4) and recentrifugation at 105.000g for 30 MA 3/-demethylation. The incubation mixture for MA demethylatiou u's_l
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-80°C. 1; TABLE 1
tiluted to;

ined by Effects of PCP on the metabolism of metoprolol, MDMA, and MA

tmin as t_ MDMA (10 _M) MDMA (10 mM) MA (20/xM)

:om the so. Metoprolol DHMA DHMA 4-OHMA
lng a rnol_ Treatment a-HM
n(19). (+) (-) (+) (-) (+) (-)

......---

somal _ saline 0.52 (100) 0.59 (100) 0.48 (100) 2.24 (100) 2.40 (100) 137.87 ± 46.46 (100) 166.58 ± 45.46 (100)

isted of 100 pCP (3 hr) 0.12 (24) 0.15 (25) 0.12 (26) 1.61 (72) 1.66 (69) 27.10 - 5.35 (20) 50.31 ± 8.59 (30)

protein), 1 pCP (16 hr) 0.21 (40) 0.24 (59) 0.18 (38) 1.76 (79) 2.04 (85) 49.18 ± 11.17 (29) 83.35 ± 16.72 (50)

-generatinI
)se 6-ph_ Groups of five rats were given PCP HCI (25 mg/kg, ip, daily) for 2 days and killed 3 or 16 hr after the final dose. Control animals were given saline (1.0

concentr, mi/kg) in the same regimen. Liver microsomes were prepared from each group of animals and the activities evaluated by procedures described in Materials and

e length of 3fethods. Metoprolol and MDMA analyses were performed in duplicate. MA conversion to 4-hydroxy-MA (4-OHMA) was monitored in triplicate, and the results
)0/al were shown are the mean +- SD of two separate experiments. Values are expressed as nmol/min/mg protein, with the percentage of activity of the saline control in

activity by parentheses.
:phetami_

nicrosornal thesame concentration of buffer and cofactors as described, but without SOD. concentration of ot-HM was estimated from a standard curve based on peak

_ystem and The final concentration of (+)- and (-)-MA was 20/aM, and the amphetamine area ratios. Retention times for a-HM and internal standard, guanoxane, were

nixture for produced was determined by a GC/MS method described earlier (21). Reac- 8.2 and I6.5 mtn, respectively.
*ed hereiD, lions were initiated at 37°C by the addition of the enzyme preparation, PCP Metabolism. Incubation of PCP with microsomes and subsequent

terminated by the addition of 0.5 mi of 7.5% (w/v) HCIO4 containing internal GLC analysis of its metabolites were conducted as previously reported (23).

,vas deter, standard, [2H3]amphetamine (2.5 nmol), and the immersion of the incubation The incubation mixture consisted of 0. I M potassium phosphate buffer (pH

agai et aL tabes in an ice bath. After centrifugation (13,500g for 5 mtn), 0.4 mi of 7.4), microsomal preparation (1-3 mg of protein), and an NADPH-generating

(pH 7.4), supematant was transferred to a 20-mi extraction tube containing I mi of 10% system composed of 0.5 mM NADP, 8 mM glucose 6-phosphate, 5 mM

generating Na2CO3, 0.5 g NaCI, and 6 mi of isopropanol:CH2C12 (1:4). The resulting MgC12, 1 unit of glucose 6-phosphate dehydrogenase, and 0.5 mM PCP HCI

te, 5 mbl mixture was shaken for 10 min. After centrifugation (2000 rpm tot 10 mtn), the in a final volume of 5.0 mi. After incubation, the mixture was transferred to

[DMA(10 organic layer was collected and evaporated to dryness under N 2. Then, 50/al glass tubes containing l0 mi of ice-col d CH2CI 2 containing internal standard,

mi. After of CH3CN was added, followed by derivatization with 100/al of TFAA and extracted by shaking for 20 mtn, and then centrifuged at 3,000 rpm for 10 min.

ion of the heating at 60°C for 15 min. TFAA was allowed to evaporate under a stream of The organic layer was collected and evaporated under a stream of N2 to -20l)

.I of 7.5% nitrogen, and the residue was reconstituted in 100/zl CH3CN. A volume of 1 /al. Samples of the underivatized mixture were injected into the GC for analysis

17°C. The /xlwas then injected into the GC/MS system, of PCP. 1-phenylcyclohexylamine, and 1-(1-phenylcyclohexyl)-l,2,3,4-tetra-

1a portion Amphetamine Analysis by GC/MS. MA metabolites were separated by hydropyridine. BSTFA (100 /al) was then added and the mixture heated at

GC using a capillary column (12.5 m × 0.2 mm) with cross-linked methyl- 50°C for 1 hr for analysis of the hydroxylated compounds. An aliquot of 2/.zl

_arated by silicone, 0.33 /am film thickness, operated with a temperature program from was then injected into the GC.

n, 5 gM, 65°C to 190°C at a rate of 30°C/min. Under these conditions, the retention time Analysis of PCP Metabolites by GC. A Hewlett-Packard 5890 gas chro-

'°nsisting foramphetamine-TFA was 4.0 min. A Hewlett-Packard 5971AGC/MS system matograph fitted with an HP-5 capillary column with 0.32 gm thickness,

:ylsulfate: was used in the selected-ion monitoring mode with [2Ha]amphetamine as 0.2 mm i.d., and 25 m length was used. The conditions of chromatography

IMA was internal standard. The mass spectrometer was operated in its specific ion were: carrier gas flow (He), 0.7 ml/min; injection port temperature, 210°C;

recorded detection mode focused on m/z 140. Quantitation was achieved by comparing flame ionization detector temperature, 220°C; and oven temperature, 200°C.

height of the mass spectrometer responses at,n/z = 140 and 143 (internal standard). The The retention time (rain) of the measured compounds were: PCP (6.3).

time for intemal standard used in the assay was [2H3]amphetamine of 99.9% isotopic l-(1-phenytcyclohexyl)-4-hydroxypiperidine TMS (IlL 14.94), I-phenylcy-
purity, clohexylamine (IV, 2.3), cis (I, 14.14), and trans-4-phenyl-4-piperidinocyclo-

ncubated Metoprolol ot-Hydroxylation. The a-hydroxylation of metoprolol was hexanol TMS (II. 13.79), and l-(l-phenylcyclohexyl)-l.2.3.4-tetrahydropip-
as deter- determined by an HPLC method based on that described bv Lennard et al. (221. cridine iV. '".461. The area ratio of the compounds analyzed to the internal

0.5 mi of The incubation mixture consisted of 0.2 M phosphate buffer (pH 7.4) micro- standard 1500 nmol of benzphetamine) was calculated anct compared with a
.) and the

aomal preparation (0.1-1.0 mg of protein), 0.1 mM metoprolol dissolved in standard curve that was conducted through each experiment. Compounds IX".

.500g for 1.15% (w/v) KC1 solution, and an NADPH-generating system composed of I V, and PCP were analyzed separately from the others, because the sample was

:ion tul_ I mM NADP, 5 mM MgCI2, 10 mM glucose 6-phosphate, and 1 unit of glucose not derivatized.
t0 mi of 6'phosphate dehydrogenase/ml, in a final volume of 1.0 mi. Reactions were

ifugatioa [ initiated at 37°C by addition of the microsomal preparation and were termi- Resultsed down i _ated by transferring 0.45 mi of the incubation mixture to capped plastic vials

00/zl of [ ff_ntaining 6% (v/v) perchloric acid solution (50/al) and guanoxane sulfate (30 Liver microsomes, collected from rats pretreated with PCP

ure for 5 [ igl of a 2 /ag/mi solution) as the internal standard. After centrifugation and (25 mg/kg) for 2 days and killed 3 hr after the final dose, exhibited
and the w _[av.,Cipitation of microsomal protein, 0.45 ml of the supernatant was transferred altered metabolic activities. Thus, a-hydroxylation of the CYP2D

vas then [ i_ glass tubes containing 0.5 mi of 4 M NaOH and 5 mi of methyl tert-butyl substrate, metoprolol (22), was suppressed to approximate 24% of

[ _ether. The tubes were vortexed for 2 mtn and then centrifuged at 1,500 rpm for control (table 1). MDMA demethylenation activity was determined at

by GLC [ _I0 min. The organic layer was transferred to a glass test tube and evaporated two concentrations, because prior studies (11) had shown that differ-
silicone, [ [_ dryness under a stream of nitrogen at room temperature. The residue was ent CYP isozymes predominate in the catalysis of the reaction at these

65oc to [ !.{[diSSolvedin 200/al of mobile phase, which had been adjusted to pH 3, and 100 two concentrations. Demethylenation at low substrate concentrations

time for J gl was injected into the HPLC column. (10 btM) was decreased to approximately the same level as metoprolol

,,as used [ ._"': ot-HM Analysis by HPLC. Metoprolol metabolites were separated by [25% for (+)-MDMA and 26% for (-)-MDMA], but high substrate
ard. The [ _l_versed-phase chromatography using Biophase ODS column (4.6 x 250 mm,

I_: concentration(10 mM) activity was affected less and decreasedto

:used on $ #.m, Bioanalytical System, Inc., West Lafayette, IN) and a mobile phase

rometer COnsisting of water:acetonitrile (88:12, v/v) and 1% (w/v) triethylamine ad- _72% [for (+)-MDMA] and 69% [for (-)-MDMA] of control (table

_rd used _.J_ted to pH 3 with orthophosphoric acid at a flow rate of 1.0 mi/min, ot-HM l). The 4-hydroxylation of MA is also catalyzed by CYP2D (unpub-

on used : Was detected by Hewlett-Packard 1064 fluorescence detector with an excita- lished observations), and the 3-hr data are consistent with that notion.
lion wavelength of 193 nm and an emission wavelength of 280 nm. -_e Sixteen hr after the last PCP dose, activity had recovered somewhat
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TABLE 2

Effectsof PCP on microsomal N-demethylationactivityof benzphetamine,MDMA,and MA

MDMA(5 mM)MDAFormed MA(20 txM)AmphetamineFormedBenzphetamine (1.0
Treatment mM)HCHOFormed (+) (-) (+) (- )

nmol/mgprotein/min nmol/mgprotein/min pmol./mgprotein/rain

Saline(3 hr) 11.3(100) 0.17± 0.27(100) 0.18_ 0.005(100) 39.7_ 15.1(100) 70.0_ 3.8(100)
PCP (3 hr) 7.9 (70) 0.10 - 0.004 (59) 0.12 -2_0.005 (67) 24.6 -- 1.7 (62) 29.4 _- 3.3 (42)
PCP(16hr) 11.4(101) 0.11___0.011(63) 0.17- 0.022(94) 26.1_-9.3(66) 40.7_ 2.6(58)

Rats were pretreated with PCP HCI in the same manner as described in table 1. Microsomes from five rats were pooled and evaluated for metabolic activities.
Benzphetamine, MDMA, and MA were incubated with liver microsomes in the presence of NADPH-generating system at 37°C for 10, 5, and 5. rain respectively.
Except for benzphetamine-N-demethylation, which was assayed in duplicates, data i'epresentthe mean value of three incubations - SD, with the percentage of
control activity indicated in parentheses.

and microsomal metoprolol a-hydroxylation and (+)- and (-)- untreated rat liver microsomes with PCP resulted in NADPH-

MDMA demethylenation at low substrate concentration had returned dependent loss of benzphetamine N-demethylation and MDMA dera~
to 40%, 59%, and 38%, respectively, of control. (+)- and (-)-MDMA ethylenation activities. The decrease in these activities by PCP was

demethylenation at high concentration was restored to _79% and concentration-dependent between 0 and 1.0 mM. Under these condi-
85% of control, respectively (table 1). Other CYP reactions were also tions, maximal inhibition occurred when PCP concentration was 1.0
examined. Three hr after the last PCP dose, benzphetamine N-dem- mM, and the remaining activities were 55% for benzphetamine and

ethylation activity decreased to _70% of control and (+)- and (-)- 35% for MDMA (fig. 3). However, no suppression of activity was
MDMA and (+)- and (-)-MA N-demethylation activities were sup- observed when either PCP or NADP was omitted from these incuba-
pressed to approximate 59% [for (+)-MDMA], 67% [for (-)- tion mixtures (data not shown). Exposure of the microsomes to PCP
MDMA], 62% [for (+)-MA], and 42% [for (-)-MA] of control (table (1 mM) in the presence of NADPH-generating system for e,0 rain did
2). The recovery of activity varied with the substrate and, in the case not inhibit activity completely. Benzphetamine and MDMA activities
of MA, the configuration of its a-carbon. Sixteen hr after the last dose were 50% and 30% of control, respectively (results not shown).
of PCP, N-demethylation activities of benzphetamine and (-)- Effect of the Cyanide Ion, The presence of cyanide ion in the
MDMA were restored to control values, whereas those of (+)- incubation mixture protected microsomal P450 against the inactiva-
MDMAand MA were not. tion by PCP (table 4). This protective effect of cyanide ions was

Metabolism of PCP by PCP-Pretreated Rat Liver Microsomes. concentration-dependent, ranging from no observable effect at l0 gM
The metabolism of PCP was investigated in microsomes from both NaCN to maximal protection at 100/aM NaCN. This effect is attrib-

naive and PCP-pretreated rats. Concentrations of PCP, cis-, and trans- uted to the formation of the a-iminonitrile (5), suggesting that oxida-
4-phenyl-4-piperidinocyclohexanol (I and II), 1-(1-phenylcyclo- tion of the a-carbon of the piperidine ring of PCP is an essential step --

hexyl)-4-hydroxypiperidine (III), 1-phenycyclohexylamine (IV), as in the inhibition process.

well as the relative levels of the tentatively identified N-(1-phenylcy- Discussion
clohexyl)l,2,3,4-tetrahydropyridine (V), were measured by GC-flame
ionization detector. The metabolites generated and the substrate con- PCP administration to naive rats caused a decrease in mctoprolol
sumed at a PCP concentration of 0.5 mM with fortified liver micro- a-hydroxylation and (+)- and (-)-MDMA demethvtenation (low
somes from PCP-treated rats are shown in table 3. Microsomal PCP Ku ) activities of liver microsomes (table I). Both of these reactions -

consumption was slightly increased (129%)in the 3-hr preparations have been shown to be catalyzed bv CYP2D isozvmes Ill, 22_.
and increased to 240% of control in the 16-hr preparation. However. Benzphetamine. (_-)-, ( - I-MA N-demethvlation. :md ( - _- and (-_- mth
the metabolic formation of I, II, IH, IV, and V were decreased to 74, MDMA demethylenation (high K_t) and N-demethylation were also be
71, 82, 87, and 60% of control, respectively, in the 3-hr posttreatment decreased but less effectively (tables I and 2). The inability to reverse SI
microsomes. On the other hand, in the 16-hr posttreatment micromes, the PCP inhibition by washing the microsomes indicates the effect is
the formation of I, II, and III were increased to 123%, 113%, and irreversible, possibly due to turnover-based conversion of PCP to an

123% respectively, whereas the formation of IV and V was slightly irreversible inhibitor (5, 6, 8).
decreased. These resultsare consistentwith the changesin PCPbindingto

The nature of the inhibitory activity elicited by PCP after admin- microsomes reported by Owens et al. (10). These workers found that
istration was examined in vitro to assess its similarity with observa- continued administration of PCP to rats for 1-4 days caused a reduc-

tions made earlier in rabbit preparations (5, 8, 6). Incubation of tion in the binding of radiolabeled PCP to microsomal protein. When

TABLE 3

Effect of PCP administrationon PCP metabolismby liver microsomes
MetabolitesFormed

Treatment PCPConsumed
! II III IV V

Saline (3 hr) 21.02 _ 6.73 0.95 ± 0.08 1.20 _ 0.16 12.15 _ 0.82 3.99 ± 0.25 0.015 4- 0.003
(100) (100) (100) (100) (100) (100)

PCP(3 hr) 27.08---12.7 0.70'- 0.09 0.85+ 0.12 0.98__.0.89 3.48E 0.34 0.009----0.001
(129) (74) (71) (82) (87) (00)

PCP (16 hr) 50.50 Z 2.25 1.17 __0.04 1.36 ± 0.10 14.91 _ 0.60 3.84 ± 0.37 0.013 - 0.005
(2x0) (!23) _1 i.3'_ (', 23) t96) _S7',
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10o-r lions,whereascoincubationwith cyanideprovidespartialprotection
---Cl.--- BenzphetamineN-demeth¥1ation in the same manner found earlier by Hoag et al. (5). Recovery from

·"'"'· ........ blDMAdemethylenation such an irreversible process could require protein or prosthetic group
_i_ turnover,andthe partialrestorationof activityobservedbetween3

75-., ..o__._._ and 16 hr may reflect that process, with the differences in restoration

00C reflectingdifferencesin isozymeturnover.Alternatively,theconcen-tration of another CYP isozyme capable of effecting these reactions

:2) '_ 50' couldbesufficientlyincreasedbyinductiontocontributetoobserved

8) _ . [] reactions.
'........-..... Low concentration MDMA demethylenation and metoprolol et-h?

:tivities. ¢ .....................· .........................................................· droxylation had similar suppression and restoration patterns, in keep-
:ctively.
ltage o_ 25' lng with their common catalysis by CYP2D (11, 22). The participation

of this isozyme in the 4-hydroxylation of MA has been demonstrated

in unpublished experiments with anti-CYP2D IgG (inhibition) and

kDPH. experimentswith microsomesfromfemaleDarkAgoutirats(<10%

_.dem. 0 ' '. ' ' of the activity compared to that of female Sprague-Dawley rats).0.0 0.5 I 0 1.5 2.0
:P was Female Dark Agouti rats have been shown to be deficient in CYP2D
condi- PCP (mM) isozymes (24-26). Benzphetamine N-demethylation have been as-

as 1.0 Fro. 3. In vitro effects of PCP on benzphetamineN-deraethylationand cribed to CYP2Cll. and CYP2B1 isozymes, among others (131, and
le and MDMAdemethvlenation, high concentration MDMA demethylenation seems to be mediated by

y was Microsomes from livers of untreated rats were exposed to PCP at the isozymes in the CYP2B subfamily (111. MA N-demethylation was
[cuba. indicatedconcentrations for 311min under conditions described in Materials shown by Baba et al. (121, in studies with purified proteins, to be
)PCP andMethods. Treated microsomes were then assayed for N-demethylation mediated by CYP-SD IV and V, which seem to be identical to

in did (opensquares) and demethylenation activity (closed circles) as described. CYP2C13 and CYP2Cll, respectively. However, our more recent

ivities Resultsare expressed as the percentage of activities of microsomes preincu- studies of MA N-demethylation suggest a stereoselective participation
). batedin the absence of PCP. of other enzymes as well; (+)-MA is a better substrate for the

n the ravin-containing monooxygenase and (-)-MA N-demethylation, at

ctiva- TABLE 4 /aM concentrations, seems to be catalyzed by CYP2D subfamily
:, was Effectsof cyanide on the inhibitionofmicrosomal benzphetamine members (unpublished observations). These observations may ac-
) txM N-demethylaseactivityby PCP count for the rather large difference in suppression of MA N-dem-
Lttrib- HCHOFormed ethylation, in which (-)-MA seems to be more sensitive 3 hr after
xida- NaCN %Inhibition

With PCP WithoutPCP PCP exposure. CYP2Cll is a major (13, 27) and CYP2D!. is a minor
l step (24)constitutiveisozymein the uninducedadult malerat,whereasiaM nmol/mgprotein/rain

CYP2BI is one of the isozymes inducible by phenobarbitol (1 l, 27,0 6.02 _+0.20 10.13 __0.17 40.6
10 6.72 ___0.15 10.93 _+0.20 38.5 28). These isozymes are important in the metabolism of the basic

rolol 25 7.98 +_0.1.6 11.02 _ 0.13 27.6 structures commonly found in drugs in general and abused substances
50 8.12_ 0.12 10.21_+(/.14 20.5 in particular. Thus, after PCP exposure under the condition used

(low 1.00 8.44 _- 0.27 9.63 __0.08 12.4 herein, dmz, metabolic activities in liver catalyzed by certain P450
[ions - '

22). Microsomes were incubated with or without FCP (1.0 mM) at 30°C for 30 isozymes are substantially suppressed so that the pharmacokinetics of

_). miain HEPES buffer -'- NaCN as described in 3Iaterials and Methods.After all other substrates of the affected isozymes would be altered.
also this incubation, aliquots were taken from the mixtures and examined for In addition to this general effect. PCP pretreatment affects its own

benzphetamineN-demethylation activity. Each value represents the mean -+ metabolism by reducing or enhancing it at 3 and 16 hr after dosage,
erse SI) of three determinations, respectively. Although the Owens et al. study (10) observed only actis - -

decrease in metabolic activity after 3 days of PCP pretreatment, the
_)an infused for 20 days, however, the binding had returned to predosing metabolites monitored were, for the most part, different with only

levels. The binding was proposed to be CYP2D-dependent on the trans-4-phenyl-4-piperidinocyclohexanol as the only common metab-
g to basis of its inhibition by quinine and quinidine. Thus, both their olite. The results reported herein suggest that the other pathways of
that results and those reported herein indicate that PCP treatment for up to PCP metabolism are increased after exposure. Therefore, in addition

tuc- 4 days causes a reduction in CYP2D activities in liver microsomes, to the central actions of PCP (31, its action on CYP isozymes must
hen However, this inhibitory effect is not observed after continued dosage also be considered in evaluating in vivo experiments.

at 20 days, suggesting that either induction has occurred or the liver

hassomehow compensated for the initial loss in CYP2D, for example, References
by increasing activity of an alternate metabolic pathway. This recov-
er/ may also account for the results of Ho et al. (91, because their 1. R. C. Petersen and R. C. StiIlman (ers.): Phencyclidine (PCP) Abuse: An

dOSage regimen was over a 7-day period. The temporal changes in Appraisal. NIDA Research Monograph, Vol. 21, August 1978, DHEW,
PHS. U.S. Government Printing Office, Washington, D.C., 1978.

L'"ypare likely to be different in rats and mice. 2. T. Kameyama,T. Nabeshima,and E.F. Domino(eds.):"NMDA Receptor
The in vitro experiments with microsomes from untreated animals Related Agents: Biochemistry, Pharmacology and Behavior." NPP

_'ere consistent with metabolic activation of PCP, because the inhi- Books, Ann Arbor, MI, 1991..
bition in that paradigm was dependent on NADPH. The reaction 3. K.M. Johnson and S. M. Jones: Neuropharmacology of phencyclidine:
occurring in microsomes from untreated animals seems to be similar basic mechanisms and therapeutic potential. Ann. Rev. Pharmacol.
if not identical to that occurring in phenobarbital-induced prepara- ToxicoL30, 707-750 (19901.



I i ! m !, ,,,w , , ....

206 HIRATSUKA ET AL. ¢9o-%s6¢9
DRuG METAl,

4. E. H. F. Wong and 1. A. Kemp: Sites for antagonism on the N-methyl-D- dihydroxyphenyl)-2-butanol hydrochlorides and erythro- and threo-2. Copyright,C

aspartate receptor channel complex. Ann. Rev. Pharm. Toxicol. 31, amino-3-(3,4-dihydroxyphenyl)-2-butane hydrochlorides. J. MetZ
401-425 (I991). Chem. 14, 702-707 (1971). BIOTFi

5. M. K. P. Hoag, A. J. Trevor, Y. Asscher, J. Weissman, and N. Castagnoli, 17. P.K. Sonsalla, J.W. Nicklas, and R.E. Heikkila: Role for excitatory

Jr: Metabolism-dependent inactivation of liver microsomal enzymes by amino acids in methamphetamine-induced nigrostriatal dopaminergic

I phencyclidine. Drug Metab. Dispos. 12, 371-375 (1984). toxicity. Science 243, 398-400 (1989).

6. Y. Osawa and M. J. Coon: Selective mechanism-based inactivation of the 18. R.C. Smith, C. Biggs, G. Vroulis, and S. Brinkman: Effects of chronic

major phenobarbital-inducible P-450 cytochrome from rabbit liver by administration of phencyclidine on stereotyped and ataxic behaviors in

phencyclidine and its oxidation product, the iminium compound. Drug the rat. Life Sci. 28, 1163-1174 (1981).

Metab. Dispos. 17, 7-13 (1989). 19. T. Omura and R. Sato: The carbon monoxide-binding pigment of liver
7. J.R. Crowley and P.F. Hollenberg: Mechanism-based inactivation of

microsomes. J. Biol. Chem. 239, 2370-2378 (1964).
cytochrome P-450 IIB1 by phencyclidine. FASEB J. A1566 (abstr.)

20. Y. Kumagai, K. A. Wickham, D. A. Schmitz, and A. K. Cho: Metabolism
(1992).

8. J. F. Brady, S. Dokko, E. W. DiStefano, and A. K. Cho: Mechanism-based of. methylenedioxyphenyl compounds by rabbit liver preparations: par-

inhibition of cytochrome P450 by heterocyclic analogues of phencyc- ticipation of different isozymes in the demethylenation reaction. Bio.

lidine. Drug Metab. Dispos. 15, 648-652 (1987). chem. Pharmacol. 42, 1061-1067 (1991). ABSTRA_
9. I. K. Ho, K.-I. Onoda, and B. A. Flint: Effect of chronic administration of 21. A.K. Cho, B. Lindeke, B.J. Hodshon, and D.J. Jendcn: Deuterium

phencyclidine on hepatic mixed-function oxidases in the mouse. Bio- substituted amphetamine as an internal standard in a ,,,as. chromato- Losartan

chem. Pharmacol. 30, 545-547 (1981). graphic/mass spectrometric (GC/MS) assay for amphetamine. Anal. a potent

10. S. M. Owens, M. Gunnell, E. M. Laurenzana, and J. L. Valentine: Dose- Chem. 45, 570-574 (1973). Losartar

and time-dependent changes in phencyclidine metabolite covalent bind- 22. M.S. Lennard. H. K. Crewe, G. T. Tucker, and H. F. Woods: Metoprolol oarboxyl
lng in rats and the possible role of CYP2D1. J. Pharmacol. Exp. Ther. oxidation by rat liver microsomes; inhibition by debrisoquine and other active th

265, 1261-1266 (1993). drugs. Biochem. Pharmacol. 35, 2757-2761 (1986). anism o'

11. Y. Kumagai, L.Y. Lin, A. Hiratsuka, S. Narimatsu, T. Suzuki, H. 23. R. C. Kammerer, E. Distefano, and D. Schmitz: A gas _iquid chromatog- oxidatiol

Yamada, K. Oguri, H. Yoshimura, and A. K. Cho: Participation of raphy assay for phencyclidine and its mctabolites. J. Anal. Foxicol. 4, E3179

cytochrome P450-2B and -2D isozymes in the demethylenation of 293-298 (1980). NADPH

methylenedioxymethamphetamine enantiomers by rats. Mol. Pharma- 24. D. Larrey, L. M. Distlerath, G. A. Dannan, G. R. Wilkinson, and F.P. implicatt

col. 45, 359-365 (1994). Guengerich: Purification and characterization of the rat liver microso- substrat

12. T. Baba, H. Yamada, K. Oguri, and H. Yoshimura: Participation of mai cytochrome P-450 involved in the 4-hydroxylation ot'dehrisoquine, of _aO Jr

cytochrome P-450 isozymes in N-demethylation, N-hydroxylation and a prototype for genetic variation in oxidative drug metabolism. Bio- entwith
aromatic hydroxylation of methamphetamine. Xenobiotica 18, 475-484 chemistry 23, 2787-2795 (1984).

(1988). 25. G.C. Kahn, M. Rubenfield,D.S. Davies,S. Murray and A. R. Boobis: intermet
13. F. P. Guengerich, G.A. Dannan, S.T. Wright, M. V. Martin, and L.S.

Sex and strain differences in hepatic debrisoquinc 4-hydroxylase activ-
Kaminsky: Purification and characterization of liver microsomal cyto-

chrome P-450: electrophoretic, spectral, catalytic, and immunochemical ity of the rat. Drug Met_tb. Dispos. 13, 510-516 ( Ig85).

properties and inducibility of eight isozymes isolated from rats treated 26. E. Matsunaga. U. M. Zanger, J. P. Hardwick. H. V. Gclboin, U. A. Meyer,
with phenobarbital or B-naphthoflavone. Biochemistry 21, 6019-6030 and F. J. Gonzalez: The CYP2D gene subfamily: amdysis of the mo- Losar

(1982). lecular basis of the debrisoquine 4ohydroxylase dcficiencv in DA ratS. antagon

14. A. Kalir, H. Edery, Z. Phlah, D. Balderman, and G. Porath: 1.-Phenylcy- Biochemistr 3' 28, 7349-7355 (1989). pertensi,

cloalkylamine derivatives. Il. Synthesis and pharmacological activity. 27. D.J. Waxman. G.A. Dannan, and F. P. Gucngcrich: Regulation of rat than tha

J. Med. Chem. 12, 473-477 (1969). hepatic cytochrome P-450: age-dependent expression, hormonal ira- has bee

15. T. Kishi, T. Inoue, S. Suzuki, T. Yasuda, T. Oikawa, and T. Niwaguchi: printing, and xenobiotic inducibility of sex-specific isozvmes. Bio- compou
Analysis of impurities in methamphetamine. Eisei Kagaku 29, 400- c'hemistt3' 24, 4409--1417 (1985). of actio

406(1983). 28. D. E. Rvan.P. E. Thomas. L. M. Rcik,and W. Lcvin:Purificationchar- ylic aci

tO. E. E. Smissman and R. T. Borchardt: Contormationat stud',' or' catechol- acterizauon and regulation ,_t' five rat hepauc m_crosomal cvtochrome Somal
amine receptor sites. 7. Synthesis of erythro and threo-3-amino-2-(3.4- P-450 isozvmes..\'enoi_iotic'a 12, 727-744 t 11)82). monke,

pfimar._

I ADb

(1H-tetrr

2-butyl-
imiciazo

Vii[1,1'-
chrome;

1[[2'-(1_
methane
2-3H.4.,

NH4OAc
2E.h

14th Sc
Spain,

3D.(.

Amedc_

Sene

olism I,
07065-
--..--...._


