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ABSTRACT: Cocaine N-demethylation by microsomal
cytochrome P450s is the principal pathway in cocaine
bioactivation and hepatotoxicity. P450 isozymes in-
volved in N-demethylation of cocaine have not been
elucidated yet and they differ from species to species.
In humans and mice, P4503A contributes to cocaine N-
demethylase activity, whereas in rats, both P4503A and
P4502B participate. In the present study, contribution of
different P450 isozymes to cocaine N-demethylase ac-
tivity was studied in vitro with fish liver microsomes.
The specific cocaine N-demethylase activity was found
to be 0.672 ± 0.22 nmol formaldehyde formed/min/mg
protein (mean ± SD, n = 6). Cocaine N-demethylase
exhibited biphasic kinetics, and from the Lineweaver–
Burk plot, two Km values were calculated as 0.085 and
0.205 mM for the high- and low-affinity enzyme. These
results indicate that N-demethylation of cocaine in
mullet liver microsomes is catalyzed by at least two
cytochrome P450 isozymes. Inhibitory effects of cy-
tochrome P450 isozyme-selective chemical inhibitors,
ketoconazole, cimetidine, SKF-525A, and quinidine,
on cocaine N-demethylase activity were studied at 50,
100, and 500 �M concentrations of these inhibitors.
At 100 �M final concentrations, ketoconazole (P4503A
inhibitor), SKF-525A (inhibitor of both P4502B and
P4503A), and cimetidine (P4503A inhibitor) inhibited
N-demethylation activity by 73, 69, and 63%, respec-
tively. Quinidine, P4502D-specific inhibitor, at 100 �M
final concentration, reduced N-demethylation activity
down to 64%. Aniline, a model substrate for P4502E1,
did not alter N-demethylase activity in the final con-
centration of 100 �M. IC50 values were calculated to
be 20 �M for ketoconazole, 48 �M for cimetidine
(both specific P4503A inhibitors), 164 �M for quini-
dine (P4502D inhibitor), and 59 �M for SKF-525A (in-
hibitor of both P4503A and P4502B). The contribution
of P4502B to cocaine N-demethylase activity in mullet
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liver microsomes was further explored by the use of
purified mullet cytochrome P4502B in the reconstituted
system containing purified mullet P450 reductase and
lipid. The turnover number was calculated as 4.2 nmol
HCOH/(min nmol P450). Overall, these results show
that P4503A and P4502B are the major P450s respon-
sible for N-demethylation of cocaine, whereas contri-
bution of P4502D is a minor one, and P4502E1 is not
involved in the N-demethylation of cocaine in mul-
let liver microsomes. C© 2003 Wiley Periodicals, Inc. J
Biochem Mol Toxicol 17:169–176, 2003; Published on-
line in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/jbt.10075
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INTRODUCTION

Cytochrome P450 (CYP) comprises a superfamily
of hemoproteins that play a pivotal role in the activation
and detoxification of xenobiotics such as drugs, pesti-
cides, antioxidants, organic solvents, anesthetic agents,
dyes, environmental pollutants, and food additives,
and endogenous compounds including steroids, bile
acids, vitamin D3, fatty acids, prostaglandins, biogenic
amines, and retinoids [1–8]. Among the cytochrome
P450 gene families, CYP1, CYP2, and CYP3 are cur-
rently thought to be responsible from the majority of
hepatic xenobiotic metabolism [9].

Cocaine is a potent and dangerous central nervous
system (CNS) stimulant obtained from the leaves of
Erythroxylon coca. Cocaine is a highly addicting drug
and can lead to many complications [10]. Cocaine
also causes hepatotoxicity in humans and laboratory
animals [11–15]. The cocaine-induced hepatotoxicity
has been shown to be associated with the metabolites
of cocaine, that is norcocaine and N-hydroxycocaine
[12,16–18]. The first step in the bioactivation of co-
caine is the N-demethylation of cocaine to norcocaine
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by cytochrome P450 isozymes [16,17,19–21]. The P450
isozymes involved in N-demethylation of cocaine have
not been clarified yet, and they differ from species
to species. In humans and mice, cytochrome P4503A
catalyzes the N-demethylation of cocaine [17,20,22],
whereas in rats, both P4503A and P4502B catalyze
this reaction [14]. The toxicity of cocaine has been
shown to be associated with only the P4502B-mediated
metabolism in rats [14,19,20].

The balance between detoxification and bioactiva-
tion of a compound in a particular species or organ is
highly dependent on the relative amounts and activi-
ties of the different forms of P450s that are expressed.
Thus, identification of individual cytochrome P450 en-
zymes responsible for formation of specific metabolites
of xenobiotics, including drugs, environmental toxins,
and procarcinogens, is important from evolutionary,
toxicological, and pharmacological standpoints. As in
mammals, different cytochrome P450 isozymes have
been identified in fish species [23–27]. Knowledge on
the metabolism of xenobiotics by fish P450-dependent
monooxygenases is important for environmental toxi-
cology, chemical carcinogenesis, and comparative bio-
chemistry [6,27]. There is no information on cocaine
metabolism and the role of specific P450 isozymes cat-
alyzing cocaine N-demethylation reaction in fish liver.
Like in the case of smaller laboratory animals, cocaine
has not been used as a veterinary drug in the fish. How-
ever, there exists extensive research on the involvement
of P450 enzymes in cocaine metabolism, the objective of
which is that the information gained from the smaller
laboratory animal studies would be useful for the com-
parative drug metabolism studies including those for
humans.

Leaping mullet (Liza saliens) is the most common
fish in the Mediterranean. It has been used in biomon-
itoring studies in Izmir Bay, Turkey [28–30]. Biochemi-
cal and immunochemical properties of mullet liver cy-
tochrome P450 reductase and P4501A1 have been char-
acterized [26,31–33].

In the present study, we aimed to determine the
specific isozymes of P450 participating in cocaine N-
demethylation reaction in the liver of leaping mullet
by using isoform-selective chemical inhibitors, isoform-
specific substrate, and reconstitution studies using the
purified components.

MATERIAL AND METHODS

Chemicals

Cocaine-HCl was purchased from Tarim ve Koy Is-
leri Bakanligi, Toprak Mahsulleri Ofisi, Ankara, Turkey.
Acetic acid glacial, cupper sulfate, dimethyl sulfoxide
(DMSO), ethylenediaminetetraacetic acid disodium

salt (EDTA), formaldehyde (HCOH), glycerol, mag-
nesium chloride, and methanol were purchased from
E. Merck, Darmstadt, Germany. Ammonium acetate,
ε-amino caproic acid (ε-ACA), bovine serum albumin,
dilauroyl phosphatidycholine (DLPC), D-glucose-6-
phosphate monosodium salt, D-glucose-6-phosphate
dehydrogenase type XI, N-2-hydroxyethylpiperazine-
N′-2-ethanesulfonic acid (HEPES), ketoconazole,
�-nicotinamide adenine dinucleotide phosphate
(NADP+), phenylmethane sulfonyl fluoride (PMSF),
proadifen (SKF-525A, N,N-diethylaminoethyl-2,2-
diphenylvalerate hydrochloride), quinidine, and
sodium potassium tartrate were purchased from
Sigma Chemical Co., St. Louis, MI. All the other
chemicals were of analytical grade and were obtained
from commercial sources at the highest grade of purity
available.

Fish Collection

The fish used in this study, leaping mullet (Liza
saliens), were collected by fish net in Izmir Bay, Aegean
coast of Turkey. The fish collected were of comparable
size and weight (300–400 g).

Preparation of Leaping Mullet
Liver Microsomes

The livers, weighing approximately 2–5 g, were
removed immediately. The gall bladder was removed
carefully with scissors so as to avoid the spillage of its
contents that are known to be inhibitory to monooxy-
genase activities. The livers were placed in liquid ni-
trogen and transported from Izmir to the University
laboratories in Ankara, about 650 km away. Liver mi-
crosomes were prepared with differential centrifuga-
tion as described by Arinç and Sen [34] except that
the homogenization solution contained 10 mM EDTA,
0.25 mM ε-ACA, and 0.1 mM PMSF. In the last step,
the washed microsomal pellet was resuspended in 10%
glycerol containing 10 mM EDTA. For each gram of
liver, 0.5 mL of suspension solution was used. Ten liv-
ers were used for the preparation of the first and second
batch of microsomes, which were used for characteriza-
tion of other mixed-function oxidase activities of mul-
let [35]. Other four batches were prepared from a single
liver. The aliquots of microsomal suspensions contain-
ing approximately 25–35 mg protein/mL were gassed
with nitrogen and stored in liquid nitrogen until use.

Protein Determination

Protein concentration in microsomes was deter-
mined according to the method of Lowry et al. [36]
using bovine serum albumin as a standard.
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Determination of Cytochrome P450 Content

Cytochrome P450 content was determined from
the carbon monoxide difference spectra of dithion-
ite reduced samples, using an extinction coefficient of
91 mM−1 cm−1 for the difference in the absorption be-
tween 450 and 490 nm, as described by Omura and Sato
[37].

Determination of NADPH–Cytochrome
P450 Reductase Activity

NADPH–cytochrome P450 reductase activity was
assayed by measuring the rate of cytochrome c reduc-
tion at 550 nm spectrophotometrically, according to
the method of Masters et al. [38], except that reaction
was carried out at 25◦C. The assay mixture contained
0.3 M potassium phosphate buffer (pH 7.7), containing
80 nmol cytochrome c, 130 nmol NADPH, and appro-
priate amounts of enzyme preparation in a final volume
of 0.8 mL. The enzyme activity was calculated using
the extinction coefficient of 19.6 mM−1 cm−1 for differ-
ence in absorbance between reduced and oxidized cy-
tochrome c at 550 nm [39]. One unit of reductase was
defined as the amount of enzyme catalyzing the reduc-
tion of 1 nmol cytochrome c/min under the described
conditions.

Determination of Cocaine N-Demethylase
Activity in Microsomes and Reconstituted
Systems

The N-demethylation of cocaine was measured
spectrophotometrically by measuring the amount of
formaldehyde formed according to the method of
Nash [40] as modified by Cochin and Alexrod [41].
A typical assay mixture contained 100 mM HEPES
buffer (pH 7.8), 3.0 mM cocaine, 0.5 mM NADPH
generating system, consisting of 2.5 mM magne-
sium chloride, 2.5 mM glucose-6-phosphate, 0.5 U
glucose-6-phosphate dehydrogenase (EC 1.1.1.49; 1 U
glucose-6-phosphate dehydrogenase reduces 1 nmol
NADP+/min at 25◦C), 14.6 mM HEPES buffer (pH 7.8),
0.5 mM NADP+, and 3 mg microsomal protein in a
final volume of 0.5 mL. The reaction was initiated
with the addition of NADPH generating system, and
carried out for 10 min at 25◦C with moderate shaking
in a water bath.

Reconstitution of cocaine N-demethylase activity
was performed by using electrophoretically pure mul-
let cytochrome P4502B [35] and cytochrome P450 re-
ductase [26]. The reconstitution medium contained
0.2 nmol of purified mullet cytochrome P4502B,

90 U of cytochrome P450 reductase, and 0.04 mg of
synthetic lipid, dilauroyl phosphatidycholine (DLPC).
The mixture was mixed thoroughly and preincubated
for 20 min at room temperature. The reaction proceeded
for 10 min at 25◦C after addition of 0.5 mM NADPH
generating system in a final volume of 0.5 mL.

Kinetic Analysis of Cocaine
N-Demethylation Reaction

Enzyme kinetics were carried out using substrate
concentrations ranging from 0.1 to 4.0 mM (10 cocaine
concentrations). Kinetic parameters (apparent Km and
Vmax values) for the formation of norcocaine were an-
alyzed by Lineweaver–Burk plot of reaction velocity
(1/V) against 1/substrate concentration.

Inhibition of Cocaine N-Demethylation
by Organic Solvents

Since the selected specific cytochrome P450
isozyme inhibitors, ketoconazole, SKF-525A (proad-
ifen), cimetidine, and quinidine, used in this study are
poorly soluble in water, organic solvents are used to
aid solubilization of these chemical inhibitors. The ef-
fects of frequently used solvents, methanol, ethanol,
and DMSO, on the enzyme activity were determined
by adding these solvents in a final concentration of
1% of the reaction mixture containing cocaine in the
absence of NADPH generating system. Control assay
was also carried out. This mixture was preincubated for
15 min at 25◦C with moderate shaking in water bath.
The reaction was initiated by adding NADPH generat-
ing system and the reaction proceeded exactly 10 min at
25◦C.

Inhibition of Cocaine N-Demethylation
by Selective Inhibitors

Several chemicals known as selective inhibitors of
P450 isozymes were preincubated in various concen-
trations with fish liver microsomes in the presence of
cocaine to determine their potential inhibitory effect
on cocaine N-demethylation reaction. Ketoconazole
(P4503A inhibitor), SKF-525A (inhibitor of both P4502B
and P4503A), cimetidine (P4503A inhibitor), and quini-
dine (P4502D inhibitor) were all dissolved in ethanol.
The volume of ethanol added to the reaction mixture
was 1% of the reaction volume. All four inhibitors were
preincubated with 3 mg microsomal protein contain-
ing 3 mM cocaine and buffer for 15 min at 25◦C before
initiating the enzymatic reaction with NADPH generat-
ing system. In addition, the reaction mixture containing



172 ARINÇ AND BOZCAARMUTLU Volume 17, Number 3, 2003

SKF-525A was also preincubated with microsomes and
NADPH generating system for 15 min at 25◦C, and the
reaction was initiated adding the substrate, cocaine.

Inhibition of Cocaine N-Demethylation
by a Selective Substrate

Aniline, a P4502E1 substrate, was also preincu-
bated with fish liver microsomes at 100 �M final
aniline concentrations in the presence of cocaine for
15 min at 25◦C prior to the addition of NADPH gen-
erating system to determine whether it could inhibit
N-demethylation of cocaine.

RESULTS

Kinetics of Cocaine N-Demethylase Activity

Cocaine N-demethylase activity was measured in
six different microsomal preparations. The average spe-
cific activities were found to be 0.672 ± 0.22 nmol
formaldehyde formed/min/mg protein (mean ± SD,
n = 6). Batch 1 and batch 2 microsomes were pre-
pared from 10 fish livers, while in the preparation of
remaining batches of microsomes, a single fish liver
was used. Specific activity of mullet liver enzyme
was found to be similar to that of rabbit liver [42],
while it was less than that in either rat (3.8 nmol
formaldehyde formed/min/mg protein) [14] or mice
(1.59 formaldehyde formed/min/mg protein) [15] liver
microsomes.

The kinetic parameters, apparent Km and Vmax of
cocaine N-demethylation, were determined in mul-
let liver microsomes. Figure 1A illustrates the effect

FIGURE 1. Kinetics of fish liver cocaine N-demethylase activity. (A) Substrate saturation curve of cocaine N-demethylase activity. Incubation
mixture contained varying concentrations of cocaine ranging from 0.1 to 4.0 mM. The points are the average of duplicate determinations. (B) The
correponding Lineweaver–Burk double-reciprocal plot. The apparent Km values were calculated as 0.085 and 0.205 mM.

of cocaine concentration on cocaine N-demethylation
activity. Ten different cocaine concentrations, starting
from 0.1 mM to 4 mM, were used in the activity
measurements. The activity appeared to be saturated
at or above 1.5 mM cocaine. Lineweaver–Burk plot
demonstrates biphasic kinetics (Figure 1B). The ap-
parent Km values were calculated as 0.085 and 0.205
mM, respectively. The respective Vmax values for the
high- and low-affinity fish liver enzyme activities
were found to be 0.388 and 0.485 nmol formalde-
hyde formed/min/mg protein. These results indicate
that N-demethylation of cocaine in mullet liver micro-
somes is catalyzed by at least two cytochrome P450
isozymes having different affinities for the substrate,
cocaine. On the contrary, kinetics of human and rat liver
microsomal enzymes exhibited a linear monophasic
enzymatic reaction after transformation of Michaelis–
Menten data to either Eadie–Hofstee or Lineweaver–
Burk plot. The Km values for rat [14] and adult human
[21] liver microsomal enzymes were determined as
0.42 mM and 1.8 mM cocaine, respectively. Similar to
what was observed with mullet enzyme in this study,
Pellinen et al. [22] reported that murine liver cocaine N-
demethylase enzyme also exhibited two Km values as
0.040–0.060 mM and 2–3 mM. It is important to note
that in the case of mullet, even the low-affinity en-
zyme with a Km value of 0.205 mM exhibited about 10-
fold higher affinity toward cocaine than did the human
enzyme.

Effect of Solvents on Cocaine
N-Demethylase Activity

To find out the most suitable organic solvent for
the preparation of P450 selective inhibitors, the effects
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of three frequently used solvents, ethanol, methanol,
and DMSO, on cocaine N-demethylase activity were
determined by co-incubating these solvents in a fi-
nal concentration of 1% with microsomes in the pres-
ence of 3 mM cocaine. Figure 2 illustrates the effects of
these three different solvents on cocaine N-demethylase
activity. The enzyme activity was inhibited approxi-
mately by 15% and 44% by ethanol and DMSO, re-
spectively. On the other hand, cocaine N-demethylation
rate was enhanced by about 230% with 1% methanol
in the incubation medium. Since the organic solvent
with the least effect on cocaine N-demethylation reac-
tion was found to be ethanol, this solvent was used
to dissolve ketoconazole, SKF-525A, quinidine, and
cimetidine.

Inhibition of P450-dependent monooxygenation
reactions by ethanol, methanol, acetone, and DMSO
at 1% final concentration has been observed in several
in vitro xenobiotic metabolism studies [14,20,21,43,44].
The reason for the enhancement of cocaine N-
demethylase activity by about 230% with methanol is
not clear. Hickman et al. [44] reported that acetone at
1% final concentration increased P4501A2-dependent
caffeine N-demethylase activity by about 215% while
methanol at the same concentration inhibited the same
reaction by more than 95%. They did not attempt to
explain the observed differences between the solvents
but they recommended that inhibitory profile of each
organic solvent used for each substrate in the presence
of various P450s must be ascertained prior to use [44].

FIGURE 2. The effects of three different solvents (ethanol, methanol,
and DMSO) on the rate of cocaine N-demethylation in leaping mullet
liver microsomes. Solvents in a final concentration of 1% were prein-
cubated with 3 mg microsomal protein containing 3 mM cocaine and
buffer for 15 min at 25◦C. Then the reaction was initiated with the
addition of NADPH generating system. Data are means ± SD of four
(for ethanol) and of two (for methanol and DMSO) independent ex-
periments performed in duplicate.

Participation of Cytochrome P4503A,
P4502B, and P4502D in Cocaine
N-Demethylation

Effects of various cytochrome P450 isozyme-
specific inhibitors on the enzyme activity were
determined in order to assess the participation of
specific P450 isoforms that may contribute to N-
demethylation of cocaine in mullet liver. Figure 3 shows
the effects of various inhibitors, at a final concentration
of 100 �M, on cocaine N-demethylation reaction.

The contribution of P4503A to cocaine N-
demethylase activity was investigated using cimeti-
dine and ketoconazole as P4503A-selective inhibitors
[21,45–47].

As seen in Figure 3, ketoconazole and cimetidine
at 100 �M final concentration inhibited cocaine N-
demethylase activity markedly by 73 and 63%, re-
spectively. Because both inhibitors were considered to
be selective for P4503A, these data indicated that co-
caine N-demethylation reaction was largely mediated
by P4503A subfamily in mullet liver.

As seen in Figure 3, quinidine, a P4502D-specific in-
hibitor, at 100 �M final concentration reduced cocaine
N-demethylase activity to 64%, suggesting the involve-
ment of P4502D subfamily in cocaine N-demethylation
in fish.

Aniline, a model substrate for P4502E1, at a fi-
nal concentration of 100 �M, was incubated with
cocaine to determine if it could inhibit the forma-
tion of norcocaine. As it can be seen in Figure 3,

FIGURE 3. The effects of selective P450 inhibitors and a substrate
probe on the rate of cocaine N-demethylation in leaping mullet liver
microsomes. All chemicals were used at 100 �M final concentration.
Each bar represents the mean of duplicate determinations.
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aniline did not alter cocaine N-demethylation in mullet
liver.

As illustrated in Figure 3, SKF-525A (proadifen),
at a final concentration of 100 �M, substantially in-
hibited cocaine N-demethylase activity by 69%. Nei-
ther preincubation of SKF-525A with NADPH nor its
preincubation with cocaine caused detectable differ-
ences in the degree of the inhibition. Since SKF-525A
is an inhibitor of both P4502B and P4503A subfamily
isoforms [48], the inhibition data by itself was not
conclusive.

Participation of P4502B in fish liver cocaine N-
demethylation activity was further investigated in a
reconstituted system containing purified mullet liver
P4502B [35], purified mullet P450 reductase [26], and
artificial lipid DLPC. The results given in Table 1
demonstrated that purified fish P4502B substantially
supported cocaine N-demethylase activity in the recon-
stituted system. For comparison, the results of reconsti-
tution studies carried out by Poet and co-workers [14]
with other purified P4502Bs are also given in Table 1.
Purified mullet liver P4502B isozyme had similar abil-
ity in supporting N-demethylation rate to that of rat
P4502B1 (Table 1). Poet et al. [14] showed that puri-
fied rat liver P4502B1 was three times more active in
supporting cocaine N-demethylation reaction than rat
P4502B2, while PB-inducible rabbit P4502B4 exhibited
the lowest activity (Table 1).

Furthermore, the inhibitory effects of SKF-525A,
ketoconazole, cimetidine, and quinidine on cocaine N-
demethylase activity were studied at varying concen-
trations (50, 100, 500 �M) of these inhibitors so as to
determine the IC50 values. As illustrated in Figure 4,
all these chemicals inhibited cocaine N-demethylation
reaction in a concentration-dependent manner. At
500 �M concentration, ketoconazole (P4503A in-
hibitor), SKF-525A (P4502B and P4503A inhibitor),
cimetidine (P4503A inhibitor), and quinidine (P4502D
inhibitor) inhibited cocaine N-demethylase activity by
96, 90, 78, and 73%, respectively. IC50 values were de-
termined by linear regression (% control) against loga-
rithmic inhibitor concentration and found to be 20 �M

TABLE 1. Cocaine N-Demethylation Rates in a Reconstituted
System Containing Purified P4502Bs

Enzyme Activity
Purified P4502B (nmol HCOH/min/nmol P450)

Fish liver P4502Ba 4.20
Rat liver P4502B1b 5.05
Rat liver P4502B2b 1.70
Rabbit liver P4502B4b 0.70

a Reconstitution medium contained 0.2 nmol of purified fish liver P4502B,
90 U of purified fish liver P450 reductase, and 0.04 mg of DPLC in a final
volume of 0.5 mL.

b Taken from Ref. [14].

FIGURE 4. The effects of varying concentrations of SKF-525A,
ketoconazole, quinidine, and cimetidine on cocaine N-demethylase
activity. Values are the means of duplicate determinations.

(for ketoconazole), 59 �M (for SKF-525A), 48 �M (for
cimetidine), and 164 �M (for quinidine).

DISCUSSION

Generally, more than one cytochrome P450 metab-
olizes the same compound. The P450 isoforms involved
in the various steps of cocaine hepatic metabolism have
not yet been completely elucidated and may differ from
species to species. The N-demethylation of cocaine to
norcocaine is suggested as the first step in the bioacti-
vation of cocaine [14,16–21].

In the present investigation, we determined
specific P450 isoforms participating in cocaine N-
demethylation reaction in fish, leaping mullet, by us-
ing P450 isoform-selective inhibitors, isoform-specific
substrate, and reconstitution studies using the purified
components.

The present study demonstrated that P4503A sub-
family participates in cocaine N-demethylation reac-
tion in mullet liver microsomes. This conclusion was
reached from the fact that both cimetidine and keto-
conazole, diagnostic inhibitors of P4503A [21,45–47],
potentially inhibited N-demethylase activity (Figures 3
and 4) with low IC50 values of 48 and 20 �M, respec-
tively. The presence of members of P4503A family in
liver was demonstrated in several fish species [6,27].

Results obtained with the inhibition studies
carried out with quinidine, a P4502D-specific in-
hibitor [45,46], suggested the possible involvement of
P4502D subfamily in cocaine N-demethylase activity
in mullet. The expression of P4502D-like protein
in fish was previously shown (http://drnelson.-
utmem.edu/cytochromeP450.html). Participation of
P4502D subfamily in cocaine N-demethylase activity
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has not been demonstrated in any species yet.
An indirect evidence came from a recent work of
Ramamoorthy et al. [49]. Like cocaine, ecstasy [(±)-
3,4-methyenedioxymethamphetamine or MDMA] is a
CNS stimulant. In vitro, MDMA is demethylated to
(±)-3,4-dihydroxymethamphetamine by the polymor-
phic P4502D6. Cocaine was shown to be a potent in-
hibitor of MDMA metabolism in both human liver
(P4502D6s) and P4502D6-expressing microsomes, with
very low Ki values in micromolar (2.2 �M) and sub-
micromolar (0.2 �M) range, respectively [49]. This
indirect evidence suggests that cocaine, as in the case
of “ecstasy,” is most likely metabolized by P4502D6 in
human liver.

Boyer and Peterson [50] observed that hepatotoxic
effect of cocaine increased significantly following the
treatment of mice with ethanol, but the major ethanol-
inducible form of P450, P4502E1, was not involved
in the metabolism of cocaine [19]. In agreement with
the results of Boelsterli et al. [19], our results given in
Figure 3 indicated no involvement of P4502E1 in co-
caine N-demethylase activity in fish liver microsomes.

SKF-525A has been used in xenobiotic metabolism
studies as a general inhibitor of the P450 activity since
1958. However, recent findings suggested that SKF-
525A did not uniformly inhibit all P450 forms but
the PB-induced forms, P4502Bs and P4503As, in rats
[12,48]. In fish microsomes, SKF-525A inhibited cocaine
N-demethylase activity (Figures 3 and 4) strongly with
a low IC50 value of 59 �M, indicating possible involve-
ment of P4502B in cocaine N-demethylation reaction.
Reconstitution of fish cocaine N-demethylase activity
in the presence of purified mullet P4502B and P450 re-
ductase unequivocally demonstrated participation of
P4502B in cocaine N-demethylation reaction in mullet.

In conclusion, the results of this investigation indi-
cate that P4502E1 is not involved in N-demethylation
of cocaine. P4503A and P4502B are the major P450s re-
sponsible for N-demethylation of cocaine whereas con-
tribution of P4502D is minor in mullet liver.
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P450. In: Arinç E, Hodgson E, Schenkman JB, editors.

Molecular Aspects of Oxidative Drug Metabolizing En-
zymes: Their Significance in Environmental Toxicology,
Chemical Carcinogenesis and Health. NATO-ASI Series.
New York: Springer; 1995. pp 1–19.

6. Stegeman JJ. Diversity and regulation of cytochrome P450
in aquatic species. In: Arinç E, Hodgson E, Schenkman JB,
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30. Arinç E, Kocabiyik S, Su E. Induced CYP1A mRNA,
protein and catalytic activity in the liver of feral fish,
leaping mullet, Liza saliens. Comp Biochem Physiol
2001;128C:281–290.
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42. Ulusoy G, Boyuneǧmez T, Bozcaarmutlu A. Kinetic and
biochemical evidence suggest that at least two isoforms
of P450 participates in N-demethylation of cocaine in
rabbit. In: Abstract Book, XVII National Biochemistry
Congress, Ankara, Turkey, June 24–27, 2002. pp 533–
534.
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