
• - I
el'HE JOURNAL ()F _:_tARMACOLOGY AND EXPERIMENT&L THERAPEL'YICS VOI, ')77, No. -_
Copyright © 1996 by The American Society for Pharmacology and Experlrnental Therapeutics Printed tn U,S.A.
JPET 277:595-603, 1996

Selective Mechanism-Based Inactivation of Rat CYP2D by
4-Allyloxymethamphetamine

L, Y. LIN, 1 M. FUJIMOTO, E. W. DISTEFANO, D. A. SCHMITZ, A. JAYASINGHE and A. K. CH©

Department of Molecular and Medical Pharmacology, University of California at Los Angeles School of Medicine, Los Angeles, California

Accepted for publication December 14, 1995

ABSTRACT

The high selectivity of amphetamine and its derivatives for Dawley rats and liver microsomes were obtained 3 hr later.
CYP2D-mediated oxidations suggested the use of the phenyli- Methamphetamine p-hydroxylation and low K,_ MDMA dem-
sopropylamine skeleton as a template for a selective inhibitor of ethylation activities, both mediated by CYP2D, were reduced
this important enzyme. Accordingly, 4-allyloxymethamphet- by more than 80% after a dose of 10 mg/kg. Cytochrome P-450
amine (ALLMA) was synthesized and its ability to selectively reactions attributed to P-450s other than CYP2D, such as
inactivate CYP2D was investigated both in in vitro and in vivo anilinep-hydroxylation, the high Km system of MDMA demethy-
experiments. Incubation studies with rat liver microsomes dem- lation and the N-demethylation of methamphetamine, benz-
onstrated that this compound suppressed the CYP2D-medi- phetamine, aminopyrine and erythromycin, all appeared to be
ated methylenedioxymethamphetamine (MDMA) demethylation minimally affected. The importance of aromatic ring oxidation in
in a time- and dose-dependent manner and that the inhibition the metabolism is such that inhibition of CYP2D would be
required the presence of NADPH. The development of irrevers- expected to cause a significant change in the pharmacokinetics
ible inhibition was associated with oxidation at position 4 of the of these compounds. The kinetics of MDMA metabolic activity
aromatic ring, the common site of CYP2D-mediated oxidation in microsomes from ALLMA-pretreated rats were comparable
of this group of compounds. In m vivo studies, single doses of to those from female Dark-Agouti-rats, an animal model for
ALLMA (1-10 mg/kg) were administered to adult male Sprague- CYP2D1 deficiency.

The CYP2D subfamily of cytochrome P-450s is important for ture tphenylisopropylamine) has a relatively high and selec-
the metabolism of drugs containing a basic functionality, such tive affinity for this enzyme subfamily, as amphetamine

as the amphetamines (Kumagai et al., 1994; Law and Moody, (Law and Moody, 1994), 4-methoxyamphetamine (Kitchen et
1994; Lin et al., 1995), 13-blockers {Lermard et al., 1986; Otton et al., 1979), MDMA (Kumagai et al., 1994) and MeAmp (Lin et
al., 1988; Suzuki et al., 1992; Masubuchi et al., 1993) and al., 1995) all are substrates for CYP2D and undergo oxida-

antidepressants (Coutts, 1994; Brosen and Gram, 1989), and tion on the aromatic ring. Moreover, the metabolism of these
thus may play a critical role in the toxicity or therapeutic action compounds by CYP2D is the dominant pathway at low sub-
of these compounds. One of the unique features of the human strate concentration. These observations suggested that an

form of CYP2D is its polymorphism which is expressed as a inactivating function attached to a phenylisopropylamine
deficiency in certain individuals (Eichelbaum and Gross, 1990; skeleton might be a potential starting point in the develop-

Meyer et al., 1990; Gonzalez and Meyer, 1991). These individ- ment of an irreversible inhibitor of CYP2D. The present
uals, called poor metaboiizers, are more sensitive to CYP2D report describes initial studies of A.LLMA, containing a Me-
substrates, an effect attributable to the increased bioavailabfl- Amp skeleton with an allyloxy function on the aromatic ring
ity of a given dose. The importance of this subfamily suggested (fig. 1), as a CYP2D mechanism-based inhibitor. The selec-

that a selective and irreversible inhibitor might be a useful tion was based on the finding that oxidation of substituents
probe to investigate the turnover and the participation of on position 4 of the aromatic ring was the common CYP2D

CYP2D in selective metabolic pathways, reaction for these phenylisopropylamines, and that the N-
Prior studies have indicated that the amphetamine struc- methyl function appeared to confer a low Km value (Kumagai

et al., 1994; Lin et al., 1995). The allyl function has been

ReceivedforpublicationJuly 25,1995. shown to inhibit cytochrome P-450 in other structures such
t A Pharmaceutical Manufacturers Predoctoral Fellow (1994-1995). as diallylsulfide (Brady et al., 1991) and allylisopropylacet-

ABBREVIATIONS: MDMA, methylenedioxymethamphetamine; MeAmp, methamphetamine; ALLMA, 4-allyloxymethamphetamine; DHMA, dihy-
c]roxymethamphetamine; p-OH-MeAmp, p-hydroxymethamphetamine; SD, Sprague-Dawley; DA, Dark Agouti; PCA, perchloric acid; SOD,
Sul3eroxide dismutase; GC, gas chromatography; MS, mass spectrometry; FID, flame ionization detector; TFAA, trifiuoroacetic anhydride; TFA;
trifiuoroacetic acid.
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amide (Ortiz de Montellano et al., 1984; Levin et al., 19721 with nitroethane as described above. The nitrostyrene was reduced

5 m:

through metabolic activation, with lithium aluminum hydride to (=M-benzyloxyamphetamine. mea

This product was N-forrnylated with ethyl formate as described All i
above and the formyl group was reduced to the N-methyl group with

Materials and Methods lithium aluminum hydride to generate 4-benzyloxymethamphet- Ana

Chemicals. MDMA and (+)-MeAmp were obtained from the Re- amine. The 4-benzyloxy group was removed by catalytic hydrogena- A

search Technology Branch of The National Institute on Drug Abuse tion (Pal/Charcoal). 4-Hydroxy-N-2H2-methyl amphetamine (d2-p- and

(Rockville, MD). (-)-MeAmp was prepared from (-)-ephedrine by OH-MeAmp) was prepared by the same sequence except that atiw

the procedure described by Kishi et al. (1983). DHMA was synthe- Li.A]2H4 was used to reduce the formyl function. The products were anal
sized according to the method of Smissman and Borchardt (1971). identified by mass spectral analysis of their O-, N-ditriflouroacetyl of 7.

Quinine was obtained from the Aldrich Chemical Co. Inc. (Milwau- derivatives, phe]

kee, WI}. Benzphetamine, bufuralol and 4-hydroxyphentermine were Hepatic microsomal preparation. Male SD and female DA rats inte;

gifts from the Upjohn Co. (Kalamazoo, MI), Hoffmann-La Roche (2 months of age), obtained from Bantin-Kingman (Fremont, CA), E

(Nutley, NJ) and Pennwalt Co. (Rochester, NY), respectively. All were used for the preparation of hepatic microsomes. Hepatic micro- witk

other chemicals used were obtained from common commercial somes were isolated from the 9,000 × g supernatant fraction of liver dich

sources, homogenate by centrifugation at 105,000 x g for 60 min. The micro- p-O1

Synthesis of (±)-ALLMA. 4-Allyloxybenzaldehyde was prepared somal pellet thus obtained was resuspended in 0.1 M pyrophosphate evaI

by refluxing equimolar (0.05 moll amounts of 4-hydroxybenzalde- buffer (pH 7.4) and again was centrifuged at 105,000 x g for 30 min wiff

hyde and allylbromide with 6.9 g of potassium carbonate in 25 ml of as described previously (Kumagai et al., 1994). The resulting pellets rem

acetone for 5 hr. The reaction mixture was poured into 100 ml of were stored at -80°C and resuspended in 1.15c_ KC1 (w/v) before reco

water and the productwas extracted fromthe aqueous mixture with assay, was

ether. The ether extracts were combined, dried (K2CO3) , then evap- Inactivation of eytochromes P-450 by ALLMA in vivo. Rats E

orated to yield 3 g of a white solid which was characterized by its were injected i.p. with ALLMA at a dose of 1 to 10 mg/kg and trac

NMR spectrum. Two g of the 4-altyloxybenzaldehyde was then con- sacrificed by decapitation 3 hr later. Liver microsomes were pre- of 1.

verted to the corresponding nitrostyrene by condensation with nitro- pared as described above and examined for changes in protein and bert

ethane by refluxing 1 hr in 5 ml of nitroethane containing 1 g of cytochrome P-450 content as well as cytochrome P-450 catalytic eva}
ammonium acetate. The reaction mixture was then poured onto ice activities, reco

and the mixture was extracted with ether. The ether extract was Inactivation of P-450s by ALLMA in vitro. Two-stage incuba- TF._
evaporated and the residue was passed through a silica gel column tion methods were conducted to examine the effect of ALLMA on eval

and eluted with dichloromethane. The eluate, upon evaporation, was cytochrome P-450 catalyzed reactions in vitro. Unless stated other- to 1:

a dark yellow solid, characterized as the nitrostyrene by its IR and wise, the first incubation contained the following components: inje

NMR spectrum. Next, 3 g (0.0137 moll of the nitrostyrene in ether ALLMA, 100 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic G
(10ml)wasadded dropwiseto an ether solutionoflithium aluminum TF_

hydride (2.2 g, 0.058 moll, after which the mixture was stirred at acid buffer (pH 7.6L an NADPH generating system (0.5 mM NADP ÷, equ]
8 mM glucose-6-phosphate, 5 mM magnesium chloride and 1 U of

room temperature for 2 hr. The excess hydride was decomposed by
the slow addition of MgSO4-10H20. The product was extracted with glucose-6-phosphate dehydrogenase), and microsomes (1-2 mg of

ether and the product was precipitated by addition of ethereal HC1 to protein per ml of incubation mixture). The reaction was conducted at

the extract. The crude hydrochloride obtained was recrystallized 37°C for 0 to 30 min in a total volume of 1 ml for the dilution method
from a methanol-ether mixture. (Brady et al., 1987) or 10 ml for the centrifugation method. In the

The 4-allyloxy amphetamine obtained above (0.5 g) was heated in former method, aliquots of the incubation mixture were diluted by a

ethyl formate t65°C) overnight. The reaction mixture was evaporated factor of 10 in the second stage incubation (catalytic assay), whereas

and the residue was purified by passage through a silica gel column in the latter method, microsomal proteins from the first incubation
and elution with 5_ methanol in dichloromethane. The formamide were washed by centrifugation at 105,000 × g for 60 rain, followed by

obtained, a clear oil, was then reduced with lithium aluminum hy- resuspension and recentrifugation. The microsomal pellet was then

dride as described above and was converted to its HCI salt by solu- resuspended in 1.15_ t_CI (w/v_ and used in the second stage reac-

tion in ether followed by the addition of HC1. Calculated for C18 tion to determine the changes in the cytochrome P-450 catalytic

H,_oNOCI: C, 64.58; H, 8.33; N, 5.79. Found: C, 64.84; H, 8.46; N, activities. Aliquots from the first incubation mixture were quenched

5.73. MS: (EI of TFA derivative) m/z 301. with PCA and analyzed for the amount of ALLMA remaining and

Synthesis of (+_)-p-OH-MeAmp. 4-Hydroxymethamphetamine p-OH-MeAmp formed. The competitive inhibition capability of

and its deuterium-substituted analog were synthesized from 4-ben- ALLMA over the range of 0.1 to 3 _xM also was determined to assess

zylnitrostyrene, prepared by condensing 4-benzyloxybenzaldehyde inhibition by ALLMA carried over in the dilution process.
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Enzymatic assays. The incubation mixture consisted of the same Other assays. Protein concentration was determined by the
concentration of buffer and cofactors as described above with the method of Bradford (1976), using bovin serum albumin as the refer-
sabstrate under consideration in a final volume of I ml. SOD (100 U) ence standard. Cytochrome P-450 content was measured spectrally
was added to the MDMA incubation mixtures to prevent further by the method of Omura and Sato (1964).
oxidation of its catechol metabolite to o-quino_e (Hiramatsu et al.,
1990). At the end of the incubation period, the reactions were termi-
nated by the addition of PCA to a final concentration of 2.5%. A Results

and sabstrate concentration of 10/zM was used in the MDMA demetby-
es. lotion reaction, unless otherwise noted. The reaction was carried out In vitro characterization of CYP2D inactivation by

for 5 rain and the amount of DHMA formed was monitored by ALLMA, Initial studies examining the inhibitory properties
high-pressure liquid chromatography-electrochemical detection un- of ALLMA utilized the MDMA demethylation reaction
der the conditions described previously IKumagaietal., 1994). Amin- (MDMA to DHMA, fig. 1) in rat liver microsomes. Prior
opyrine (5 raM), benzphetamine (1 mM) and erythromycin (0.4 raM) studies (Kumagai et al., 1994) had shown this reaction to be
were incubated for 10 min and N-demethylation was assessed by the catalyzed by members of the cytochrome P-450 CYP2D sub-

formaldehyde produced using the method of Nash (1953). p-Hydroxy- family with a Km value of 1 to 3/zM. The reaction also can be
lotion of aniline (8 raM) was carried out for 20 min and was deter- catalyzed by cytochrome P-450 isoforms of the CYP2B sub-
mined by the method of Imai et al. (1966). MeAmp was incubated for

uced 5 rain and its N-demethylation and p-hydroxylation products were family, but with a Kr, value in the millimolar range. Accord-
nine. measured by GC-MS as described elsewhere (Hiratsuka et al., 1995). ingly, a concentration of i0/zM MDMA was used for studies
"ibed All incubations were conducted at 37°C. of CYP2D-mediated reaction.
with Two protocols were used to expose the microsomes to
ohet- Analysis of ALLMA and p-OH-MeAmp ALLMA and to assess microsomal activity in the absence, or
;ena- ALLMA and one of its metabolites, p-OH-MeAmp, were extracted at minimal concentrations, of residual inhibitor. In the first

d2-p- and converted to their trifluoroacetyl amide and amide-ester deriv- protocol, microsomes, fortified with an NADPH generating
that atives, respectively, for GC/FID and GC/MS based analysis. In the system, were incubated with ALLMA at an initial concentra-
were analysis, the ALLMA incubation mixture was quenched with 0.5 ml tion of 10 /zM for 30 min. After exposure, the microsomes
_cetyl of 7.5% PCA after a ffLxedincubation time and 10 nmol of 4-hydroxy- were washed by centrifugation, resuspension and recentrifu-

phentermine and 5 nmol of d2-p-OH MeArnp were added as the gation to remove residual ALLMA. The resulting pellet was
rats internal standards for ALLMA and p-OH-MeAmp, respectively.
CA), Extraction for ALLMA. The reaction mixture was alkalinized then resuspended and examined for changes in MDMA dem-
ficro- with 1.2 ml of 10% sodium carbonate and extracted with 5 ml of ethylation. As shown in figure 2, preincubation with ALLMA

liver dichloromethane. The upper aqueous layer was extracted further for reduced low concentration (2--50 _M) MDMA demethylation
licro- p-OH-MeAmp as described below. The dichloromethane layer was without affecting the reaction occurring at higher concentra-
)hate evaporated under a stream of nitrogen to 100 t_l and then treated tions. A nonselective autoinactivation by the NADPH gener-

) min with 100 /zl of TFAA at 60°C for 15 min. The excess TFAA was ating system was observed when the microsomes were incu-
ellets removed by allowing evaporation in a fume hood. The residue was bated with the NADPH generating system alone. When the
,efore reconstituted in 60 _1 of anhydrous acetonitrile and a 2-tzl aliquot NADPH generating system was excluded during the first

was injected into the GC equipped with a FID for analysis of ALLMA. incubation with ALLMA, the MDMA demethylation activity
Rats Extraction for p-OH-MeAmp. The aqueous layer was re-ex-

: and tracted with 5 ml ofisopropanol-dichloromethane (1:4) after addition
pre- of 1.2 g of sodium chloride. This more polar solvent mixture provides 10.000-

1 and better recoveries of p-OH-MeAmp. The organic layer obtained was

alytic evaporated to dryness under a stream of nitrogen, the residue was
reconstituted in 50 /zl of acetonitrile, then treated with 100 /zi of o

cuba- TFAA for 15 min at 60°C. The residual TFAA was removed by _. 1.000-
[A on evaporation under nitrogen and the residue was reconstituted in 80 m
)ther- to 120/zl of acetonitrile. A 1-tzl aliquot of the acetonitrile solution was
rants: injected into the GC/MS system. .-=
Ironic GC conditions for ALLMA analysis. Analysis of ALLMA (as its _ 0.100-

d3p., TFA derivative) was performed on a Hewlett Packard 5890GC
equipped with a Hewlett-Packard fused silica capillary column with -rUof
cross-linked methyl silicone, 0.32 mm (inside), 0.52 _zm and 12 m. _ 0.010-

o
ng of The GC temperature program began at 60°C and was increased to E
ted at 190°C at a rate of 10°C/rain. The flow rate was 4.3 ml/min. Under "
ethod these conditions, the retention times for the TFA derivatives of
n the 4-hydroxyphentermine (internal standard) and ALLMA were 6.72 0.001 ........ _ ........ _ ........ _ ........
i bya and12.49min,respectively. 10 100 1000 10000
_ereas GC/MS conditions for p-OH-MeAmp analysis. A HP 5971A MDMA concentration (t_M)
)ation GC/MS system, equipped as described above, was used to measure
/ed by p-OH-MeAmp (as the TFA derivative). The mass spectrometer was Fig. 2. Effect of ALLMA (10/zM) on the kinetics of MDMA demethyla-

then operated in its specific ion detection mode and analyte was quanti- tion in untreated rat liver microsomes. Untreated rat liver microsomes
rear- tated by comparing the response at m/z 153.95 (for the TFA deriva- were preinaubated at 37°C for 30 rain under conditions listed below.

alytic tire ofp-OH-MeAmp) and m/z 156.00 (for the TFA derivative of the The microsomes were then washed by centrifugation and the pellets
obtained were then assayed in duplicate for MDMA demethylenase

ached internal standard, d2-p-OH-MeA.mp). The temperature profile was activity over a substrate concentration ranging from 2 #M to 2 raM. [Z,
g and similar to that for the GC-FID system, starting at 65°C and increas- preincubated with ALLMA. z2, preincubated with NADPH. _, preincu-
ity of ing to 195°C at a rate of 25°C/min. Under these conditions, the bated with both ALLMAand NADPH. Individual data points are shown
_ssess retention time of the p-OH-MeAmp N-, O-bis TFA derivative was 5.6 with lines representing the predicted values, obtained by nonlinear

rain. regression procedures described under "Methods."
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was identical to a control incubated in the absence of ALLMA ethylation both reached a plateau at ALLMA concentrations
and the NADPH generating system, between 15 to 20/_M, whereas overall ALLMA consumption

The second protocol for evaluation of ALLMA activity uti- continued to rise, presumably because of other metabolic
lized a preincubation, as described above, followed by re- pathways not dependent on CYP2D (fig. 4). Thus, under _

moval of an aliquot of the incubation mixture, dilution by these conditions, the enzyme catalyzing p-OH-MeAmp for-
10-fold and evaluation of demethylation in a second incuba- mation appeared to be inhibited, whereas other pathways of =_
tion. This procedure has been used in studies with phencyc- ALLMA metabolism remain functional. __

lidine (Brady et al., 1987), and was used here to determine Experiments were then performed to assess overall
the temporal effects of ALLMA. Figure 3 shows the time ALLMA metabolism and the selectivity of the loss in cyto- E
course of ALLMA metabolism during the preincubation pe- chrome P-450 activity. Over 88% of the added ALLMA (15
riod and the associated loss of MDMA (10/_M) demethylation nmol/ml) were consumed after a 10-min incubation with 1 <

activity, determined in the second stage incubation mixture, mg/ml ofmicrosomal protein. As shown in table 1, the drop in '_
There was no significant consumption of ALLMA during a both ALLMA consumption and p-OH-MeAmp formation
30-min incubation in the absence of an NADPH generating upon addition of a CYP2D inhibitor (quinine) or substrate
system. Quinine, a selective rat CYP2D inhibitor, was coin- (bufuralol) appeared to be stoichiometrically equivalent

cubated with ALLMA to determine the role of CYP2D in within experimental error, suggesting that p-OH-MeAmp
ALLMA metabolism. Although the formation of p-OH-Me- was probably the only CYP2D product formed. Inasmuch as

Fig. 4.
Amp was blocked completely, some ALLMA consumption only 38 and 41% of the total ALLMA consumption was ac- demetl
occurred (fig. 3A). counted for by the formation of p-OH-MeAmp in male and _M of

The loss of demethylation caused by ALLMA was depen- female microsomes, respectively, the consumption of ALLMA assaye

dent on the time ofpreincubation and, as shown in figure 3B, was not due solely to CYP2D catalysis. The data also sug' ALLM[
more than 85% of control CYP2D activity was lost in 12 min. gested that a male-predominant enzyme is involved in the age of
However, about 48% of the CYP2D activity also is lost by an metabolism of ALLMA by other pathway(s), because the for- were
NADPH-dependent autoinactivation process over a 30-min mation of p-OH-MeAmp showed no sex-related differences, willir,
period. This inactivation was not affected by agents that Metabolism of ALLMA via N-demethylation was examined It als_
reduced active oxygen species as 100 U of SOD reduced the because sex-related differences, favoring the male, have beer_ 1-ml
loss of activity by only about 10% from the loss and catalase observed in this reaction with several other MeAmp deten
(300 U) had no significant effect (data not shown), tives (unpublished observations). The primary N-demethyla_ MeAn

Next, a concentration-effect study was performed in which tion product, 4-allyloxyamphetamine, was detected by GC; centri
ALLMA consumption, p-OH-MeAmp formation and CYP2D however, quantitation of this metabolite has not been t_ctio_

inactivation were determined after incubating various con- cessful because of the interference of another signal. Thus, tivity
centrations of ALLMA with microsomes for 10 min. At this is not clear at this point whether pathways other than N- showr
time p0int_-ALLMA-dependent reduction of CYP2D activity demethylation and p-OH-MeAmp formation are contributing was c

could be observed with minimal autoinactivation. The forma- to the consumption of ALLMA. _ comp_
tion of p-OH-MeAmp and the inactivation of MDMA dem- Incubations examining the protective effect of bufuralol IB which
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Fig. 3. Time course of ALLMA metabolism and its effect on MDMA demethylation in rat liver microsomes. A, ALLMA consumption
p-OH-MeAmp formation ALLMA (30 /_M)were incubated with rat liver microsomes at 37°C for time intervals of 0 to 30 min under
described under "Materials and Methods." Aliquots of the incubation mixture were then analyzed for ALLMA consumption (©, [] and ±
p-OH-MeAmp formation (O and A) in the absence (AJsolid lines)and presence (O and O/dashed lines) of 30 p.M quinine, r-l, the levels F
remaining when incubated in the absence of NADPH. Each point is the average of two determinations. B, the time-dependent
MDMA (10 /_M) demethylation activity. Demethylation activity was determined in aliquots of the incubation mixture after dilution of an aliG
10-fold using procedures described under "Methods." O, reincubation mixture contained in NADPH.O, preincubation mixture contained in
and SOD. /',, preincubation mixture contained in NADPH, SOD and ALLMA. Each point is the average of two determinations.
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_s 12o 20 CYP2D and other cytochrome P-450 enzymes in liver micro-
somes was then determined (table 2). ALLMA produced a

_n _ dose-dependent inhibition of low Km MDMA demethylation
ic _ 1oo _6 and, at a dose of 10 mg/kg, suppressed MeAmp p-hydroxyla-eF

_r- _ 80 r_ ' tion to levels comparable to the reduction of MDMA demethy-
of '= lation. The other reactions examined appeared to be refrac-

, 12
_, 60 _ -_ tory to inhibition or, in the cases of aminopyrine andO

_ll -_ , E erythromycin N-demethylation, considerably less sensitive.
_o- _ 8 " A dose-dependentincrease in the protein levelper gram of
15 = 40- microsome pellet was observed. The total cytochrome P-450

t 1 _ 4 content pergram ofmicrosomal pelletalso waselevatedafter
20- an ALLMA dose larger than 1 mg/kg (table 3). There were,in =_

on _ _ however,nosignificantchanges in either the liverweight per
_te o. Y , , , 0 animal or in the weight of microsomal pellet obtained per
;nt 0 5 _o _'5 2'0 2'5 30 35 gram of liver tissue after the treatment,

._lp [ALLMA](_M) The kinetics of MDMA demethylation in microsomes ob-
as tained from untreated and ALLMA-pretreatedmale SD rats

Fig. 4, Dose-dependent ALLMA metabolism and its effect on MDMA
ac- demethylation. Rat liver microsomes were preincubated with 5 to 30 were compared to those of untreated female DA rats, a rat
md /_Mof ALLMAat 37°C for 10 min, the mixture was diluted 10-fold, then strain generally used as a CYP2D-deficient model (A1-Dab-
_.A assayed for MDMA (10 p.M) demethylation activity. _, nanomotes of bagh et al., 1981; Suzuki et al., 1991; Masubuchi et al., 1991b;

ug- ALLMAconsumed; ©, nanomolesofp-OH-MeAmpformed;A, percent- Law and Moody, 1994). Prior studies from this laboratory
the age of MDMA demethytenase activity, indicated that MDMA demethylation exhibited two-site ki-

for- were carried out also. Bufuralol is a CYP2D substrate and netics consistent with the presence of high-affinity and low-

:es. will inhibit the oxidation of ALLMA by CYP2D competitively, affinity sites of oxidation (Kumagai et al., 1994). A compari-
ned It also is removed more readily than quinine by washing. A son of the kinetic parameters of the three sets of microsomes

is shown in table 4; in the analysis, the model reflecting
een 1-ml aliquot of each 10 ml of reaction mixture was used to
iva- determine the level of ALLMA remaining and the p-OH- changes in V_ only was tested, because irreversible inhibi-
yla- MeAmp formed (table 1). The remaining microsomes were tion by a catalytic inhibitor should cause only a reduction of
GC; centrifuged, washed twice and examined further for the pro- Vm, _. Thus, the data from the three groups of rat livers were
mc- tection effect of bufuralol against suppression of CYP2D ac- pooled and analyzed by nonlinear regression procedures for
s, it tivity by ALLMA and the specificity of the inhibition. As fit to a model describing three groups of enzymes with corn-

N- shown in figure 5, the suppression of MDMA demethylation mon K,_ values but differing in V_. The results showed that
ting was only 21 _ 11% in the presence of 30 /_M bufuralol, the V=_, values for the high-affinity (low Km) site were 8- and

compared to 73 - 5% in its absence. Under conditions in 35-fold lower in the DA rat and ALLMA-pretreated rat, re-
•alol which ALLMA reduced CYP2D activity by 73%, benzphet- spectively, when compared to that of untreated SD rats. DA

amine N-demethylation, catalyzed mainly by CYP2Cll and rats exhibit a t.8-fold lower V=_, value for the high K,,
CYP2B1 (Ryan and Levin, 1990; Soucek and Gut, 1992), and system, but there was no significant difference between the

aniline p-hydroxylation, catalyzed by CYP1A and CYP2E1 ALLMA-pretreated and untreated SD rat microsomes. The
(Ryan and Levin, 1990; Soucek and Gut, 1992), were reduced data obtained are presented as Eadie-Hofstee plots (fig. 6)
by 13 +_ 4 and 17 _ 7%, respectively. Both inhibitions were with the lines representing the values predicted by the
apparently reversed by 30/_M bufuralol, model.

Selectivity of the inactivation of CYP2D in rive. To Discussion
assess the in vivo effects of ALLMA, male SD rats were given

i.p. doses of 1, 5 and 10 mg/kg of ALLMA and were sacrificed The results presented in this paper showed that ALLMA is
3 hr later. The effect of ALLMA on the catalytic activity of converted to an irreversible inhibitor by a CYP2D- and

TABLE 1

Effects of quinine and bufuralol on the metabolism of ALLMA
Quinine(1and5/_M)wascoincubatedwith15/_MALLMAina 1-mlreactionmixturefor 10rainat 37°Cto examineitseffectonALLMAmetabolismbymaleandfemale
SDratlivermicrosomes.8ufuralol(30_M) andALLMA(15p.M)wereincubatedunderthesameconditionsexceptthata 10-mlreactionmixtureandonlymaleSDliver
microsomeswereused.Themicrosomalproteinswereseparatedandwashedtwiceby centrifugationandthenassayedfor cytochromeP450activities(resultsshown
infig.5).Eachvalueisthe mean± S.D.oftriplicateincubationsexpressedasnanomolespermilligramof proteinper 10min.Thedifferencesbetweenmalevs. female
activityarenotedas" for P < .05and *"for P < .01.

Decreasein pOH-MeAmp 0ecreasein
ALLMAConsumption Consumption Formation Formation

Male
Control 14.83 ± 0.51 5.66 __0,80

n and
ditions Quinine, 1 /_M 13.35 ± 1,32 1.48 _ 1,21 3.43 _ 0,80 2.23 ± 0.99
&)and Quinine, 5/_M 10.23 __1.19 4.60 = 1.11 1.42 ± 0,21 4.25 = 0.76

Bufura(ol, 30 _,M 10,27 _ 0.66 4.56 _ 0.69 2.11 _ 0,78 3.55 ± 0.95
_,LLMA Female
tion of

Control 12.48 _ 0.03"* 5.15 _+0,17
aliquot
JADPH Quinine, 1 /_M 10.12 z 0.41" 2.36 ± 0.37 3.02 _+0.04 2.13 = 0.15

Quinine, 5 #.M 5.08 ± 2.80* 7.40 _+2.17 1.12 _ 0.18 4.03 _+0.21
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Fig. 5. Effect of bufuralol on the inhibition effect of ALLMA. Male SD rat liver microsomes were preincubated with 15/_M ALLMA in the presenc( enz5
or absence of 30 /zM bufuratot, according to the conditions described in table 1. The reactions examined were carried out under conditions op_
described under "Materials and Methods." Each value is the mean _+ S.D. of three to four samples expressed as the percentage of activlty caus
compared to that of control microsomes, in which the first incubation was conducted in the absence of both ALLMA and bufuraloi. The control
activities were 2.33 -+ 0.19, 22.15 -+ 0.94 and 0.21 _+ 0.01 nmol of product per min/mg of protein for aniline, benzphetamine and man
respectively. An additional set of controls with bufuralol replacing ALLMA in the first incubation was carried out to assess the han(
alone, p-hy

men1

TABLE2 chro_

Selective inhibition of rat liver microsome activities by ALLMA pretreatment may
ALLMA was administered to male SD rats via i.p. injection at doses ranging from 1 to 10 mg/kg. Liver microsomes were prepared after 3 hr and examined for metaboli_ data
activities. Each value is the mean _+S.D. of the number of determinations indicated in parentheses or as results from duplicates. ND, not determined.

Doseof hlly_oxyrnethamphetamine(i.p.) TABL

Reaction [S] P-450EnzymesInvolved 1 mg/kg 5 rng/kg 10 mg/kg Kinet
MDMt

_ Activitycomparedto control microsomes" and fe:
"- andM,

mM Thekit

Aniline p-hydroxylation 8 CYPA1/2, CYP2E1 102.1 z 6.4% 88.3 "- 7.7% 151.5 -+ 7.8%
(n = 4) (n = 4) (n = 4)

Aminopyrine N-demethylation 5 CYP2B1 81.0 _+6.3% 90.3 _ 8.2% 74.0 ± 2.1%
(n = 4) (n =4) (n =4)

Benzphetamine N-demethylation 1 CYP2B1, CYP2C11 97.2 _+31.7% 110.1 _ 13.8% 108.4 _+3.4%
(n = 10) (n = 11) (n = 12) Un

Erythromycin N-demethylation 0.4 CYP3A 80.3 +_3.4% 66.5 _ 11.9% 83.9 ± 4.0% AL!
(n = 4) (n = 4) (n = 4) Un

MDMAdemethylenation 0.01 CYP2D 77.1_+8.6% 23.9 ___4.2% 14.4_ 0.6% _Ra
(n = 13) (n = 13) (n =4)

10 CYP2B1/2 92.4 _+3.2% 78.4 -+ 4.3% 101.0 _+2.2%
(n = 9) (n =9) (n = 4)

MeAmpp-hydroxylation 0.01 (+) CYP2D ND ND 19.1%, 17.7%
0.01 (-) CYP2D ND ND 20.0%, 20.9%

MeAmpN-demethylation 0.01 (+) CYP2B,CYP2C11,FMO ND ND 155.1%, 151.0%
0.01(-) CYP2B,CYP2C11 ND ND 157.4%,161.7%

From rats injected with 0.9% saline. '! _"

NADPH-dependent process, which also is dependent upon intermediate in the generation ofp-OH-MeAmp. There stil

incubation time and ALLMA concentration. This inactivation remains, however, the possibility that another metabolite, c_

process is highly selective for CYP2D and can be blocked by generated by a completely different pathway, could be re- =, _-

coincubating with another CYP2D substrate, bufuralol. This sponsible for the inhibition. _.

process appears to be mediated through oxidation at position The slight inhibition of benzphetamine N-demethylation
4 of the aromatic ring, as the time course of inhibition corre- and aniline p-hydroxylation observed under these conditions =

lates with the generation of the p-OH-MeAmp and the re- (fig. 5) could be due _o the minor role of CYP2D1 in the

versible protection by bufuralol, the CYP2D inhibitor, re- reactions, as reported by Soucek and Gut (1992), who

duces p-OH-MeAmp and inhibitory action similarly, scribed results from reconstituted system studies with

However, p-OH-MeAmp, at concentrations comparable to fled cytochrome P-450 isoforms.

those generated here (10/_M), had no effect on MeAmp oxi- When administered to intact animals, ALLMA (>1 m

dation (unpublished data), suggesting that the actual inhib- appeared to increase both protein and total cytochrome

itory species is an oxidative cleavage product or a reactive levels. The basis for this increase in such a short period
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TABLE 3 CYP2D specifically, it also elicits other effects in vivo that
Effect of ALLMA on protein and cytochrome P-450 content result in an increase of some P-450s and other proteins as
ALLMAwasadministeredto maleSDratsviai.p. injectionat dosesof t, 5and10 well.
mg/kgand the levelof proteinand cytochromeP-450were examinedin liver
microsomesprepared3 hr postinjection.The microsomaltoiletswereweighed Compounds such as propranolol and phencyclidine have
beforestorage.Controlratswerepretreatedwith salirleunderthe samecondi- been shown to be activated by CYP2D to form reactive met-

tions, abolic intermediates that irreversibly bind to microsoma]

ALLMA mgProtein/g nmolP-450/g nmolP-450/mg proteins (Owens et al., 1993; Masubuchi et al., 1994) and
Microsome Micr0some Protein cause a decrease in CYP2D-mediated reactions (Masubuchi

Control 34.1 61.5 1.80 et al., 1991a; Hiratsuka et al., 1995). However, the inactiva-

1 mg/kg 50.8 52.7 1.04 tion of cytochrome P-450 by phencyclidine was rather non-
5 mg/kg 53.9 79.1 1.47
10 mg/kg 74.0 158.2 2.14 specific; reactions mediated by CYP2C11 (Hiratsuka et al.,

1995) and members of the CYP2B subfamily (Osawa and

time is unclear. However, as the catalytic activities of the Coon, 1989; Crowley and Hollenberg, 1992) also were inhib-
microsomes were normalized to protein content, changes in ited in the process. Propranolol, on the other hand, appears

to resemble ALLMA more in its selective impairment of
the protein level without changes in the content of the spe-
cific cytochrome P-450 enzyme catalyzing the reaction could CYP2D activity after repetitive p.o. administration (Masubu-

result in an apparent decrease in activity mediated by that chiet al., 1991a). Furthermore, an increase in the N-desiso-

.nce enzyme. This may account for the 10 to 35% drop in amin- propylase activity was observed after propranolol pretreat-
_ons opyrine and erythromycin N-demethylation activities, be- ment.
ivity cause the effects do not appear to be close-dependent in the- Several groups have conducted studies to evaluate the
ltrol manner of the CYP2D-mediated reactions. On the other relevance of female DA rats as a model for human CYP2D6-
MA,
ralol hand, the activity for MeAmp N-demethylation and aniline poor metabolizers with debrisoquine (Kahn et al., 1985), bu-

p-hydroxylation increased with 10 mg/kg ofALLMA pretreat- furalol (Boobis et al., 1986) and metoprolol (Barham et al.,
ment, which suggested that some of the enzymes (i.e., cyto- 1994) as probes. Interstrain differences also were investi-
chrome P-450 enzymes or FMO) involved in these reactions gated in a number of reactions mediated by other P-450
may be increased after the treatment. Taken together, the isoforms (Barham et al., 1994). These findings suggested that

_olic data suggest that, although ALLMA appears to inactivate although the DA rat may be useful in providing a first indi-

TABLE 4

Kinetic values for (+-)-MDMA demethyienation
-- MDMAdemethylenationwasexaminedin livermicrosomesobtainedfromuntreatedmaleSDrats(24datapoints),ALLMA-pretreatedmaleSDrats(38datapoints)

andfemaleDArats(33datapoints)overasubstrateconcentrationrangefrom1to 10p.M Reactionswerecarriedoutat 37°Cfor5 rain,asdescribedunder"Materials
andMethods."All threesetsof datawerethenpooledandanalyzedforthebestfitof the low-and high-Kinenzymesystemsinvolvedandthedifferencesof theirVm_.
The kinetic parameters __asymptotic S.D. were obtained using a nonlinear regression program (BMDP) after Iogrithmic transformation.

/o Low-K,nSystem High-KinSystem
MicrosomePreparation

/o Km Vma× Km Vm_

/o _M nmol/min/mgofprotein p.M nmol/min/mgofprotein
Untreated male SD 0.457 z 0.030 2.253 ± 0.142

/o ALLMA-treated male SDa 1.453 _ 0.302 0.013 = 0.002 665.804 -:-_53.388 2.484 __0.107
Untreated female DA 0.056 _ 0.005 1.277 _ 0.075

4
aRat liver mierosomespreparedfromratspretreatedwith 10mg/kg of ALLMAfor 3-hr postinjectiontimepoint.

4
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cation of CYP2D6 substrate, there may be limitations in the bydes on hepatic thiols and thiol-containing enz_nes. Fundam. Appl. Toxi- p}
interpretation because of interstrain differences observed in col. 19. 343-349, 1992. 3:

Co_n-rs, R. T.: Polymorphism in the metabolism of drugs, including antidepres. OsA
c_ochrome P-450s from the CYP2C and CYP3A subfamilies, sant drugs: Comments on phenotyping. J. Psychol. Neurosci. 19: 30-44, m
ALLMA-pretreated rats, on the other hand, may be better in 1994. cy

evaluating the role of these CYP2D-mediated metabolic path- CROWLEY,J. R. ANDHOLLENBERO,P. F.: Mechanism-based inactivation of cyto- Di
chrome P450 IIB1 by phencyclidine. Fed. Am. Soc. Exp. Biol. J. 6" A1566, OTT_

ways, because a direct comparison can be made within the 1992. of

same strain. As shown in figure 6, although the ]ow-Krn EICHELBAUM,M. ANDGROSS,A. S.: The genetic polymorphism of debrisoquine/ cy

component appears to be almost blocked completely in prep- sparteine metabolism-clinical aspects. Pharmacol. Ther. 46: 377-394, 1990. Pt
ESTERBAUER, n., ZOLLNER, H. _D SCHOLZ,N.: Reaction of glutathione with 0wr

arations from ALLMA-pretreated SD rats, female DA rats conjugated carbonyls. Z. Nattrrforsch. 30: 466-473, 1975. tit

appear to have a low K m with low capacity component and a GoNz_Ez, F. J. AND MEYER, U..h: Molecular genetics of the debrisoquine/ ra _

high-Kin component which also appears to be different from sparteine polymorphism. Clin. Pharmacol. Ther. 50: 233-238, 1991. 12
GURTOO,H. L., MARINELLO, A. J., STRUCK, R. F., PAUL,B. ANDDAHMS,R.P.: R¥_

that of the SD rats. Studies on the mechanism of denaturation of cytochrome P-450 by cyclo- sol

The inactivation process appears to be mediated through phosphamide and its metabolites. J. Biol. Chem. 256: 11691-11701, 1981. SMls:

oxidation at position 4 of the aromatic ring, because the H1RAMnTSU,M., KUMAG_, Y., UNGER, S. E. ANDCHO, A. K.: Metabolism of re(methylenedioxymethamphetamine (MDMA): Formation of dihydroxymetho- ph
formation of p-OH-MeAmp from ALLMA correlates with amphetamine and quinone identified as its glutathione adduct. J. Pharma.
the inhibition observed in the CYP2D-mediated MDMA col. Exp. Ther. 254: 521-527, 1990.

HIRATSLW_A, A., CHU, T. Y. Y., DISTEFANO, E. W., LIN, L. Y., SCHMITZ, D. A. AND

demethylation, both in terms of the time course and con- Clio, A. K.: Inactivation of constitutive hepatic cytochromes P450 by phen-
centration dependency of inactivation. Furthermore, the cyclidine in the rat. Drug Metab. Dispos. 23: 201-206, 1995.

reversible protection by bufuralol, a CYP2D substrate, l_a, Y., Iwo, A. ANDSATO,R.: Evidence for biochemically different types of
vesicles in the hepatic microsomal fractions. J. Biochem. {Tokyo) 60: 417-

reduces p-OH-MeAmp and inhibitory action similarly. The 428, 1966.
inactivation does not appear to be caused by p-OH-Me- K,_, G. C., RUBENFIELD,M., DAVIES,D. S., MURRAY,S. *NDBOORIS,A. R.: Sex

Amp, because, as stated earlier, this compound had no and strain differences in hepatic debrisoquine 4-hydroxylase activity of the
rat. Drug Metab. Dispos. 13: 510-516, 1985.

effect on MeAmp oxidation at comparable concentrations. KISH_, T., INOUE,T., SUZUKI,S., YASUDA,T., OIKAWA, T. AND NIWAGUCHI, T.:
This suggests that the actual inhibiting species is an oxi- Analysis of impurities in methamphetamine. Eisei Kagaku 29: 400-406,

dative cleavage product or a reactive intermediate in the 1983.
KITCHEN, I., TREMBLAY, J., ANDRES, J., bRING, L. G., IDLE, J. R., SMITH, R. L.

generation ofp-OH-MeAmp. Acrolein, generated after ox- AND WILLIAMS, R. W.: Interindividual and interspecies variation in the
idation of ALLMA by CYP2D to p-OH-MeAmp (fig. 1), is metabolism of the hallucinogen 4-methoxyamphetamine. Xenobiotica 9:

one candidate for the inhibiting species. This a,_-unsatur- 397-404, 1979.
KLrMAGAI, Y., LIN, L. Y., HIRATSUKA, A., NARIMATSL', S., SuzLg_I, T., Yh_nDA, H,,

ated aldehyde has been shown to react readily with gluta- oc_, K., YOSHIMUR*,H. ANDCH0, A. K.: Participation of cytochrome
thione and thiol-containing enzymes (Esterbauer et al., P450-2B and-2D isoforms in the demethylation ofmethylenedioxymetham-

1975; Cooper et al., 1992) and causes a decrease the con- phetamine enantiomers by rats. Mol. Pharmacol. 45: 359-365, 1994.
Ln_, M. Y. L. AND MOODY, D. E.: Urinary excretion of amphetamine and

tent]activity of cytochrome P-450 both in vitro (Gurtoo et 4'-hydroxyamphetamine by Sprague Dawley and Dark Agouti rats. Life Sci.
al., 1981; Marinello et al., 1984) and in vivo (LeBlanc and 54.. 1073-1079, 1994.

Waxman, 1990; Cooper et hi., 1992). Maximal levels of LEBLANC,G. A. ANDWAX.MAN,D. J.: Mechanism of cyclophosphamide action on
hepatic P450 expression. Cancer Res. 50: 5720-5726, 1990.

acrolein, estimated from peak levels of p-OH-MeAmp, LE_a_, M. S., TUCKER, G. W., 81LAS, J. H. AND WOODS, n. F.: Debrisoquine
could be 3 to 4 nmol (see fig. 4) and CYP2D levels in the polymorphism and the metabolism and action of metoprolol, timolol, pro-

same mixture were in the range of 0.18 to 0.23 nmol. Thus, pranolol and atenolol. Xenobiotica 16: 435-447, 1986.
LEVIN,W., SERNATINGER, E., JACOBSON, M. *_ Ku_"rZMAN,R.: Destruction of

a high ratio of acrolein to CYP2D, about 20 to 1, would be cytochrome P-450 by secobarbital and other barbiturates containing allyl
generated, allowing even an inefficient reaction to occur groups. Science (Wash. DC/ 176: 1341-1343, 1972.

with CYP2D. Alternatively, however, a one electron oxida- L_N, L. Y., KUMAGM, Y., HIRATSUKA, A,, NARIMATSU, S., SuzuKI, T., FUNAE, Y.,
DISTEF_.NO,E. W. ANDCHO, A. IC: Cytochrome P4502D isozymes catalyze the

tion of the readily oxidized allyloxy group could generate a 4-hydroxylation of methamphetamine enantiomers. Drug Metab. Dispos. 23:
radical species that directly binds to the enzyme. The 610_14, 1995.

chemical details of the inhibitory process thus remain to be M*RL<ELLO,A. J., BANS*L,S. K.. PAUL,B., KOSER,P. L., STRUCK,R. F. AND
GURTOO,H. L.: Metabolism and binding of cyclophosphamide and its metab-

elucidated, olite acrolein to rat hepatic microsomal cytochrome P-450. Cancer Res. 44:
4615-4621, 1984.

References MASUBUCHI, Y., FUJITA, S., CHIBA, M., KAGIMOTO, N., UMEDA, S. AND SUZUKI, rr.:

AL-DtmBACH,S. G., UDLE,J. R. *_D SMITH,R. L.: Animal modeling of human Impairment of debrisoquine 4-hydroxylase and related monooxygenase ac-
tivities in the rat following treatment with propranolol. Biochem. Pharma-

polymorphic drug oxidation--The metabolism of debrisoquine and phenac-
etin in rat inbred strains. J. Pharm. Pharmacol. 33: 161-164, 1981. col. 41: 861-865, 1991a.

BARHhM,H. M., LENNnRD,M. S. _-N'DTUCKER,G. T.: An evaluation of cytochrome MASUBUCHI,V., KAGIMOTO,N., NARIMATSU,S., FUJITA,S. ANDSUZUKI,T.: Regios-
P450 isoform activities in the female dark agouti (DA) rat: Relevance to its elective contribution of the cytochrume P-450 2D subfamily to propranolol
use as a model of the CYP2D6 poor metaboliser phenotype. Biochem. Phar- metabolism in rat liver microsomes. Drug Metab. Dispos. 21: 1012-1016,
macol.47:1295-1307,1994. 1993.

BOOB1S, A. R., SEDDON, C. E. ANDDAVIES,D. S.: Bufuralo] l'-hydroxylase activity M*Sb'Bk_Cm,Y., N_IM*TS_, S., HOSOKaVCA,S. _3 Suz_, T.: Role of the CYP2D
of the rat: Strain differences and the effect of inhibitors. Biochem. Pharma- subfamily in metabolism-dependent covalent binding of propranolol to liver
col.35: 2961-2965, 1986. microsomalprotein in rats. Biochem.Pharmacol. 48: 1891-1898, 1994.

BRADFORD,M. M.: A rapid and sensitive method for the quantitation of micro- Mns_UCnl, Y., UMEDA,S., C_mA, M., FEOITA,S. _qD Suzm_, T.: Selective
gram quantities of protein utilizing the principle of protein-dye binding. 3-hydroxylation deficiency of lidocaine and its metabolite in Dark Agouti
Anal. Biochem. 72: 248-254, 1976. rats. Biochem. Pharmaco t. 42: 693-695, 1991b.

BRADY, J. F., DOKI{O, J., D1STEFANO, E. W. AND CHO, A. K.: Mechanism-based MEYEa, U. A., SKODA,R. C. ANDZ_NGER,U. M.: The genetic polymorphism of
inhibition of cytochrome P450 by heterocyclic analogues of phencyclidine, debrisoquine/sparteine metabolism-molecular mechanism. Pharmacol.
Drug Metab. Dispos.15: 648-652,1987. Ther. 46: 297-308, 1990.

BRAD',', J. F., ISHIZAKI, H., FuKt_ro, J. M., LIN, M. C., FADEL, A., GAPAC, J. M. AND NASH, T.: The colorimetric estimation of formaldehyde by means of the

YANG,C. S.: Inhibition of cytochrome P-450 2E1 by Diallyl sulfide and its Hantzsch reaction. Biochem. J..55: 416-421, 1953.
metabolites. Chem. Res. Toxicol. 4: 642-647, 1991. OMUR*, T. AND SATO, a.: The carbon monoxide-binding pigment of liver

BRDSRN,K. _ G_, L. F.: Clinical significance of the sparteine/debrisoquine microsomes. I. Evidence for its hemoprotein. J. Biol. Chem. 2_9: 2370--
oxidation polymorphism. Eur. J. Clin. Pharmacol. 86: 537-547, 1989. 2378, 1964.

COOPER, K. O., WITZ, G. AND WITMER, C.: The effect of a,13-unsaturated aide- ORTIZ DE MONTELI.t, NO P R _x,¢ t_ _ _ I ....... 1_ r_ . _ _ __.._. -



996 Inactivation of CYP2D by ALLMA 603i
_]_ pylacetamide and novonal prosthetic heme adducts. Mol. Pharmacol. 25: dihydroxyphenyl)-2-butane hydrochlorides. J. Med. Chem. 14: 702-707,

310-317, 1984. 1971.
_ OSAWA,Y. AND COON, M. J.: Selective mechanism-based inactivation of the SOUCEK, P. ANDGUT, I.: Review: Cytochromes P450 in rats: Structures, func-

major phenobarbital-inducible P-450 cytochrome from rabbit liver by phen- tions, properties and relevant human forms. Xenobiotica 22: 83-103, 1992.
cyclidine and its oxidation product, the iminium compound. Drug Metab. Suzw_J, T., NARIMATSU,S., FUJITA, S., MASUBUCHI, Y. AND UMEDA, S.: Impairment
Dispos. 17: 7-13, 1989. of bunitrolol 4-hydroxylase activity in liver microsomes of Dark Agouti rats.

01nX)N,S. V., CRETE,H. K., LENNARD,M. S., TUCFJ_R,G. T_ANDWOODS,H. F.: Use Biochem. Pharmacol. 42: 2241-2244, 1991.
of quinidine inhibition to define the role of the sparteine, debrisoquine SL'ZUgJ, T., NARIMATSU, S., FUJITA, S., MASUBUCHI,Y., UMEDA,S., IMAOKA,S..MND
cytoehrome P450 in metoprolol oxidation by human liver microsomes. J. FUNAE,Y.: Purification and characterization of a cytochrome P-450 isozvme
Pharmacol. Exp. Ther. 246: 242-247, 1988.

OWENS,S. M., GUNNELL,M., LAURENZANA,E. M.._'_D VALENTINE, J. L.: Dose- and catalyzing bunitrolol 4-hydroxylation in liver microsomes of male rats. Drug
time-dependent changes in phencyclidine metabolite covalent binding in Metab. Dispos. 20: 367-373, 1992.
rats and the possible role of CYP2D1. J. Pharmacol. Exp. Ther. 265: 1261-
1266, 1993.

RYe, D. E. ANDLEVIN,W.: Purification and characterization of hepatic micro- Send reprint requests to: Arthur K. Cho, Ph.D., University of California,
somal cytochrome P-450. Pharmacol. Ther. 45: 153-239, 1990. Los Angeles, Department of Molecular and Medical Pharmacology, UCLA

SMISSMAN,E. E. AND BORCHARDT, R. T.: Conformational study of catecholamine School of Medicine, Center for the Health Sciences, Los Angeles, CA 90095-
receptor sites. 7. Synthesis of erythro and threo-3-amino-2-(3,4-dihydroxy- 1735.
phenyl)-2-butanol hydrochlorides and erythro- and threo-2-amino-3-!3,4-

er

o-


