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Abstract

The aim of this work was to investigate the effects of single and repeated administration of the endogenous cannabinoid anandamide (20

mg/kg i.p.) on cytochrome P450-mediated biotransformation in the rat. In liver microsomes from chronically treated rats, an increase in

cytochrome P450 content and in the activity and immunoreactivity of cytochrome P450 reductase was detected. Immunoblot analysis of the

hepatic microsomal proteins revealed an increase in the relative level of cytochrome P450 2B1/2 and 3A2. The activity of monooxygenase

enzymes linked to specific cytochrome P450 isoforms was significantly enhanced. This increase in the content and activity of the cytochrome

P450 system was also seen in liver microsomes from acutely treated rats; however, these increases were smaller than those seen after

prolonged treatment. After acute treatment, the brain cytochrome P450 and b5 content was increased, whereas after chronic treatment, only

that of b5 was enhanced. Cytochrome P450 reductase activity and its relative abundance were increased only in the brains of chronically

treated rats. The present findings demonstrate that anandamide administration increased the metabolic activity of the cytochrome P450

system in rat liver and brain.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The first putative endogenous ligand for cannabinoid

receptors, anandamide (N-arachidonoylethanolamine), was

identified in porcine brain (Devane et al., 1992) and appears

to have 30 times greater affinity for the cannabinoid CB1

receptor in the brain than for that in the periphery (Munro et

al., 1993). Anandamide is one of a family of arachidonic

acid derivatives with cannabimimetic effects (see Di Marzo

et al., 1999 for a review). Like D9-tetrahydrocannabinol

(THC) and other cannabinoids, anandamide produces anti-

nociception, hypomotility, catalepsy and hypothermia

effects, which are thought to be mediated by cannabinoid

CB1 receptor activation because they are reversed by

pretreatment with SR141716A [N-piperidino-5-(4-chloro-

phenyl)-1-(2,4-dichlorophenhyl)-4-methylpyrazole-3-car-

boxamide], the specific cannabinoid CB1 receptor

antagonist (Costa et al., 1999). Like other cannabinoids,

chronic intraperitoneally administered anandamide induces

tolerance in mice and rats in various behavioral tests (Fride,

1995; Costa et al., 2000). Pharmacokinetics probably play a

minor role in tolerance to the pharmacological effects of

cannabinoids. Instead, tolerance development must be

described as a pharmacodynamic event, such as receptor

down-regulation or change in signal transduction system.

Previously, we showed that chronic treatment of rats with

CP-55,940 {(-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)-

phenyl]-trans-4-(3hydroxypropyl)cyclohexanol)}, a potent

bicyclic cannabinoid analog, increased the activity of the

liver microsomal cytochrome P450 oxidative system, sug-

gesting some pharmacokinetic tolerance (Costa et al., 1996),

even though the same chronic treatment decreased canna-

binoid receptor mRNA levels in the caudate-putamen area

in the brains of rats tolerant to the cannabinoid-induced

decrease in locomotor activity (Rubino et al., 1994). We

have recently shown that rats chronically exposed to an

active dose of anandamide for a period of 2 weeks devel-

oped behavioral tolerance (Costa et al., 2000), together with

a widespread decrease in agonist-stimulated [35S]GTPgS

binding in all brain areas containing a high density of
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cannabinoid CB1 receptors, without any change in canna-

binoid CB1 receptor binding and no alteration in cAMP

levels or in protein kinase A activity (Rubino et al., 2000).

Furthermore, anandamide is an amide of arachidonic acid

and ethanolamine, and in common with the arachidonic

acid, it is a substrate in vitro for liver and brain microsomal

P450-mediated processes. In fact, Bornheim et al. (1995)

showed that incubation of mouse liver microsomes with

anandamide resulted in the generation of at least 20 metab-

olites and that the pretreatment of mice with various

cytochrome P450 inducers resulted in increased hepatic

microsomal formation of several anandamide metabolites,

with dexamethasone and phenobarbital being the most

effective inducers, showing that cytochromes P450 3A

and 2B are the major contributors to anandamide metabo-

lism. The same authors showed that the in vitro metabolism

of anandamide by brain microsomes resulted in the forma-

tion of two metabolites, and that cytochrome P450 3A

antibody partially inhibited the formation of one of these

metabolites. Furthermore, it has been reported that pretreat-

ment with cannabidiol, a cannabinoid that inactivates cyto-

chromes P450 2C and 3A in the mouse (Bornheim and

Correia, 1991), decreases the formation of several ananda-

mide metabolites (Bornheim et al., 1993).

On this basis, we examined whether anandamide admin-

istration in rats altered the hepatic and cerebral microsomal

cytochrome P450(s).

2. Materials and methods

2.1. Animals

Male Sprague–Dawley rats (weighing between 100 and

125 g upon arrival to the laboratory) were purchased from

Charles River. The animals were housed in plastic cages and

maintained on a 12-h light–dark cycle. Food and water were

freely available. All procedures were carried out in accord-

Fig. 1. Effect of acute and 15-day administration of anandamide (20 mg/kg i.p.) on total content of cytochromes P450 and b5 and on NADPH cytochrome P450

reductase specific activity and levels in rat liver microsomes. The content of cytochromes P450 (A) and b5 (B) and NADPH cytochrome P450 reductase

activity (C) were spectrophotometrically determined as described in Section 2. Values are meansF S.E.M. for 13–20 rats. Statistical differences were assessed

by one-way ANOVA followed by Tukey’s test. *P < 0.05, * *P < 0.01, significant as compared to vehicle-treated rats. (D) Immunoblot analysis of hepatic

NADPH cytochrome P450 reductase protein was performed by electrophoresis on SDS-PAGE. Proteins were transferred to nitrocellulose membranes and

probed with anti-NADPH cytochrome P450 reductase antibodies and visualized by using enhanced chemiluminescence, as described in Section 2. The

representative immunoblot (E) shows levels of NADPH cytochrome P450 reductase protein in liver microsomes isolated from rats treated with vehicle or with

anandamide acutely and chronically. Each lane was loaded with 15 Ag of proteins. Data denote relative levels of expression determined by comparison with

levels of expression in vehicle-injected rats, determined by computer-programmed densitometric analysis with NIH Image programs. Each value represents

meanF S.E.M. for three to five rats. Statistical differences were assessed by Kruskal–Wallis ANOVA applied on the medians followed by Rayan’s test.

*P < 0.05, significant as compared to vehicle-treated rats.
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ance with local ethical regulations for animal research

(permission no. 94/2000-A).

2.2. Materials

Anandamide was a generous gift from the National

Institute on Drug Abuse. Rabbit polyclonal antibodies

raised against rat liver-specific isozymes of cytochrome

P450 and NADPH cytochrome P450 reductase were pur-

chased from Chemicon International. Enhanced chemilumi-

nescence reagents were purchased from Roche Diagnostics;

hyperfilm and secondary antibody (donkey anti-rabbit

F(abV)2 immunoglobulin conjugated to horseradish perox-

idase) were purchased from Amersham Pharmacia Biotech.

Nitrocellulose membrane was from Schleicher and Schuell.

Acrylamide and protein molecular weight standards were

purchased from Sigma Aldrich. Nonfat dry milk was from

Marvel. All other reagents were purchased from commercial

sources and were the highest quality available.

2.3. Animal treatment

For the acute treatment, rats received the vehicle of

anandamide (4% Tween 80 in saline solution) for 14 days,

and on the 15th day, an i.p. injection of 20 mg/kg (0.1 ml/

hg) anandamide. To induce behavioral tolerance, ananda-

mide was injected i.p. once a day for 15 days at a dose of 20

mg/kg, as previously described (Costa et al., 2000). Control

rats received equivalent volumes of the vehicle alone for 15

days. Rats were killed by rapid decapitation 30 min after the

last injection of anandamide or vehicle. The livers and

brains were quickly and carefully removed and washed with

ice-cold saline solution. Tissues were homogenized in four

volumes of ice-cold 0.15 M KCl. The microsomes were

prepared according to Mitoma’s procedure modified by

Uemura et al. (1977). Microsomal pellets were stored at

� 80 jC until analyzed.

2.4. Microsomal enzyme assays

The liver and brain microsomal content of cytochromes

P450 and b5 was measured spectrophotometrically accord-

ing to Omura and Sato (1964) and Garfinkel (1958),

respectively. NADPH cytochrome P450 reductase activity

was measured spectrophotometrically by its NADPH cyto-

chrome c reductase activity according to Omura and Take-

sue (1970). The following mixed-function oxidase

cytochrome P450-mediated enzymes in the liver micro-

somes were determined fluorimetrically by referenced meth-

ods: benzo(a)pyrene hydroxylase according to Nebert and

Gelboin (1968); 7-ethoxycoumarin O-deethylase according

to Greenlee and Poland (1978); 7-pentoxyresorufin O-deal-

kylase according to Burke et al. (1985). Microsomal protein

concentration was assayed by the method described by

Lowry et al. (1951) with bovine serum albumin as standard.

2.5. Sodium dodecyl sulfate (SDS)-PAGE and immunoblot-

ting

Microsomal proteins were diluted to obtain 15 Ag of liver
proteins and 80 Ag of brain proteins in Laemmli buffer (0.3

M Tris–HCl, pH 6.8, containing 10% SDS; 50% glycerol;

5% dithiothreitol; 0.05% bromophenol blue) and heated at

100 jC for 4 min. Microsomal proteins were separated on

10/20-cm separating gels (mini gels or standard gels,

respectively) containing 12.5% and 7.5% acrylamide,

respectively. Proteins were electrophoretically stacked and

separated at constant voltage, 120 V for 2 h for liver

Fig. 2. Effect of acute and 15-day administration of anandamide (20 mg/kg

i.p.) on liver cytochrome P450-linked monooxygenase enzyme activities. 7-

Ethoxycoumarin O-deethylase (A), benzo(a)pyrene hydroxylase (B) and

penthoxyresorufin O-dealkylase (C) activity was fluorimetrically assayed as

described in Section 2. Values are meansF S.E.M. for 10–16 rats.

Statistical differences were assessed by one-way ANOVA followed by

Tukey’s test. *P< 0.05, * *P < 0.01, significant as compared to vehicle-

treated rats.
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samples and 100 V overnight at 4 jC for brain samples.

Relative molecular weights were determined using pre-

stained molecular weight standards. Proteins were trans-

ferred to nitrocellulose membranes by the semidry method

for 20 and 45 min for liver and brain, respectively, at 15 Vat

room temperature. The membranes were incubated over-

night at room temperature with 5% nonfat dry milk in

phosphate buffer solution + Tween (PBST): Na2HPO4 16

mM, NaH2PO4 1.9 mM, NaCl 6.7 M, pH 7.5, 0.1% Tween

20 (blocking solution). Nitrocellulose membranes were then

washed five times (5, 5, 15, 5 and 5 min) with PBST and

incubated with primary antibodies (1:1000 in blocking

solution) for 2 h at room temperature, with shaking. The

primary antibodies were then removed and membranes were

washed as described previously. Secondary antibody

(1:1500 in 3% blocking solution) was then added and

incubated for 1 h, with shaking; the secondary antibody

was removed and membranes were washed with PBST, as

above described. Membranes were then incubated for 20 s

with enhanced chemiluminescence detection reagents and

exposed to Hyperfilm for periods varying between 20 s and

1.5 min. Films were developed with Kodak D19 developer

(25 jC, 4 min) and fixed in Kodak Unifix (8 min) and rinsed

with water. The gray level of the bands was quantified by an

image analysis system consisting of a video camera (Hama-

matsu) connected to an Apple Macintosh II personal com-

puter. Public domain Image 1.47 software was used

(National Institute of Health). Each band was traced with

the mouse cursor control and the light transmittance was

determined as the gray level. The gray level of densitometric

measurements was calculated after subtraction of the film

background density. Gray levels obtained by densitometric

analysis for treated rats are expressed as percentages of the

levels for the respective vehicle-treated rats.

2.6. Statistical analysis

Data represent the meansF S.E.M. Statistical signifi-

cance of the data was determined by either one-way analysis

of variance (ANOVA) followed by comparison with

Tukey’s method for parametric results or Kruskal–Wallis

ANOVA followed by Rayan’s test for nonparametric results

(the relative densitometric values). P < 0.05 was taken to

indicate statistical significance.

3. Results

3.1. Effects of acute and chronic anandamide treatment on

liver microsomal cytochrome P450 system

An increase in the content and activity of the liver

microsomal oxidoreductive cytochrome P450 cycle was

seen after both acute and prolonged administration of the

endocannabinoid anandamide in rats (Fig. 1). In fact, the

total P450 content significantly increased by about 26%

after acute and 33% after chronic treatment (Fig. 1(A)). The

cytochrome b5 content did not change either after acute or

chronic endocannabinoid treatment (Fig. 1(B)). The activity

of an essential component of the monooxygenase system,

Fig. 3. Effect of acute and 15-day administration of anandamide (20 mg/kg i.p.) on cytochrome P450 isozyme levels in rat liver microsomes. Immunoblot

analysis of cytochrome P450 2B1/2 (A) and 3A2 (C) proteins was performed by electrophoresis on SDS-PAGE. Proteins were transferred to nitrocellulose

membranes and probed with anti-cytochrome P450 2B1/2 and anti-cytochrome P450 3A2 antibodies and visualized by using enhanced chemiluminescence, as

described under Section 2. Typical autoradiograms of cytochrome P450 2B1/2 (B) and 3A2 (D) are shown. Each lane was loaded with 15 Ag of proteins. Data

denote relative levels of expression determined by comparison with levels in vehicle-injected rats, determined by computer-programmed densitometric with

NIH Image programs. Each value represents meanF S.E.M. for three to five rats. Statistical differences were assessed by Kruskal–Wallis ANOVA applied on

the medians followed by Rayan’s test. *P< 0.05, * *P < 0.01, significant as compared to vehicle-treated rats; jP< 0.05, significant as compared to acute

anandamide-treated rats.
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NADPH cytochrome P450 reductase, increased by about

23% after acute and by about 40% after chronic treatment

(Fig. 1(C)). In the same figure, the relative abundance of

NADPH cytochrome P450 reductase is shown. The Western

immunoblot analysis of liver microsomal proteins, using

rabbit polyclonal antibody raised to liver rat NADPH

cytochrome P450 reductase, showed a comparable increase

in gray intensity of microsomal protein from acutely and

chronically anandamide-treated rats (Fig. 1(E)). The statis-

tical evaluation of data for all treated animals was done by

using a nonparametric ANOVA applied to data obtained as

arbitrary units of optical density and normalized as percen-

tages over the mean of the corresponding values for the

vehicle-injected groups. The relative abundance of protein

increased by about 61% after single and by 92% after

repeated injection, but again this difference in the percent

increase between acute and chronic treatment did not reach

statistical significance (Fig. 1(D)). As shown in Fig. 2, the

activity of the cytochrome P450-associated enzymes was

also increased by single and repeated treatment. The activity

of 7-ethoxycoumarin O-deethylase (Fig. 2(A)) was

increased by about 28% and 41%, respectively; that of the

cytochrome P450 1A-mediated benzo(a)pyrene hydroxylase

(Fig. 2(B)) by about 50% and 80%, respectively; and that of

cytochrome P450 2B-mediated 7-pentoxyresorufin O-deal-

kylase (Fig. 2(C)) by about 28% and 40%, respectively. The

increase in enzyme activity induced by chronic anandamide

was higher than that induced by acute anandamide, even if

this difference was not statistically significant. To evaluate

whether this increase in total cytochrome P450 content was

due to an increase in specific isozyme content, we studied

particularly the relative abundance of the 2B, 1A and 3A

cytochrome P450 isozymes (Fig. 3), because these isoforms

are principally involved in anandamide metabolism in vitro

(Bornheim et al., 1995). We showed that the level of

cytochrome P450 1A1/2 immunoreactive protein, constitu-

Fig. 4. Effect of acute and 15-day administration of anandamide (20 mg/kg i.p.) on total cytochrome P450 and b5 content and on NADPH cytochrome P450

reductase specific activity in rat brain microsomes. The content of cytochromes P450 (A) and b5 (B) and NADPH cytochrome P450 reductase activity (C) were

spectrophotometrically determined as described in Section 2. Values are meansF S.E.M. for 6–10 rats. Statistical differences were assessed by one-way

ANOVA followed by Tukey’s test. *P < 0.05, * *P< 0.01, significant as compared to vehicle-treated rats; jP < 0.05, jjP < 0.01, significant as compared to

acute anandamide-treated rats. (D) Immunoblot analysis of brain NADPH cytochrome P450 reductase protein was performed by electrophoresis on SDS-

PAGE. Proteins were transferred to nitrocellulose membranes and probed with anti-NADPH cytochrome P450 reductase antibodies and visualized by using

enhanced chemiluminescence, as described in Section 2. The representative immunoblot (E) shows NADPH cytochrome P450 reductase protein levels in brain

microsomes isolated from rats treated with vehicle or with anandamide acutely and chronically. Each lane was loaded with 80 Ag of proteins. Data denote

relative levels of expression determined by comparison with levels of expression in vehicle-injected rats, determined by computer-programmed densitometric

analysis with NIH Image programs. Each value represents meanF S.E.M. for four to eight rats. Statistical differences were assessed by Kruskal–Wallis

ANOVA applied to the medians followed by Rayan’s test. *P < 0.05, significant as compared to vehicle-treated rats; jP < 0.05, significant as compared to

acute anandamide-treated rats.
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tively present in liver, was not changed by either acute or

chronic treatment with anandamide (data not shown). The

acute and chronic treatment with endocannabinoid increased

the level of cytochrome P450 2B1/2 immunoreactive pro-

tein (Fig. 3(B)). The relative densitometric values were

significantly enhanced by about 90% and 300% versus

vehicle after single and repeated doses, respectively (Fig.

3(A)). These increases were significantly different from

each other. Also, the level of the constitutive cytochrome

P450 3A2 isozyme was increased (Fig. 3(D)) by single and

repeated treatment with cannabinoid by about 50% and

60%, respectively (Fig. 3(C)).

3.2. Effects of acute and chronic anandamide treatment on

brain microsomal cytochrome P450 system

Only the acute treatment with endocannabinoid increased

the total cytochrome P450 content (by about 45%) of brain

microsomes, whereas the chronic treatment did not change it

significantly (Fig. 4(A)). Both the acute and chronic treat-

ments induced a large increase (100%) in the cytochrome b5
content (Fig. 4(B)). Finally, only the repeated treatment with

cannabinoid significantly increased the activity of NADPH

cytochrome P450 reductase (22%) (Fig. 4(C)). This increase

in activity could be explained by the increase (93%) in the

relative abundance of the brain microsomal protein (Fig.

4(D) and (E)).

4. Discussion

Results from this study demonstrate for the first time that

anandamide administration in rats increases the expression

and the activity of liver cytochrome P450. Bornheim and

Correia (1989) and Bornheim et al. (1994) reported that

specific cytochrome P450 isozymes (2B, 3A and 2C) were

induced in liver microsomes when cannabidiol, a major

non-psychoactive constituent of marijuana (Hollister, 1973),

was chronically administered to mice at 120 mg/kg i.p. for 4

days, and that the increased content of cytochrome P450 2B

was consistent with the increase in cytochrome P450 2B

mRNA and in cytochrome P450 2B-specific activity (7-

pentoxyresorufin O-dealkylase activity). The effect of anan-

damide treatment to increase total liver cytochrome P450

content was associated with an increase in the level of

immunoreactive proteins, namely the isozymes 2B and 3A

of cytochrome P450, and in cytochrome P450-mediated

enzyme activity, especially cytochrome P450 2B-mediated

7-pentoxyresorufin O-dealkylase activity. In addition, anan-

damide administration altered the liver activity and expres-

sion of NADPH cytochrome P450 reductase, an essential

component of the monooxygenase system. The increases in

P450 2B and NADPH cytochrome P450 reductase expres-

sion were much greater than the increases in the activity of

7-pentoxyresorufin O-dealkylase and NADPH cytochrome

P450 reductase, probably because these proteins were not

necessarily active and because other enzymes might depend

on the cytochrome P450 2B isoform and on NADPH

cytochrome P450 reductase protein. In our hands, treatment

of rats with the classical cytochrome P450 2B inducer,

phenobarbital (80 mg/kg, i.p., 4 days), increased the cyto-

chrome P450 2B by 2000% but increased cytochrome P450

2B-mediated 7-pentoxyresorufin O-dealkylase activity by

only 336% (data not shown). Bornheim et al. (1994) showed

that the inducer cannabidiol increased cytochrome P450 2B

content and activity by more than 50-fold over control

values in mice, but in rats increased the amount of immu-

noquantified cytochrome P450 2B by only 9-fold and

cytochrome P450 2B-catalyzed 7-pentoxyresorufin O-deal-

kylase activity by 7-fold (Bornheim et al., 1994). The same

authors showed also that the 2-fold increase in cytochrome

P450 3A mRNA detected after repeated cannabidiol admin-

istration was consistent with the increase in the amount of

immunoquantified cytochrome P450 3A protein, but not

with the increase in cytochrome P450 3A activity, suggest-

ing inactivation of the induced cytochrome P450 3A. The

repeated cannabidiol treatment increased the cytochrome

P450 2C mRNA content 2-fold, but did not increase either

the amount of cytochrome P450 2C or its activity.

The specific isoforms of cytochrome P450 induced by

treatment with the endocannabinoid anandamide were those

responsible for anandamide metabolism in vitro by mouse

liver microsomes (Bornheim et al., 1993). In fact, in liver

microsomes from mice pretreated with cannabidiol, which

inactivates specific cytochrome P450s belonging to the 2C

and 3A subfamilies (Bornheim and Correia, 1991), a

decrease in anandamide metabolite production was shown

(Bornheim et al., 1993). Bornheim et al. (1995) showed that

mouse liver microsomal cytochrome P450 in vitro metab-

olized anandamide to 20 different metabolites, and that the

cytochrome P450 isozymes involved in anandamide metab-

olism were principally 3A, 2B and 1A, even if the last

isoform had a minor role.

This increase in the liver cytochrome P450 system,

observed in anandamide-treated rats, could be ascribed to

anandamide per se, but also to arachidonic acid, which

results from the breakdown of anandamide (Deutsch and

Chin, 1993) and which is a known substrate of the cyto-

chrome P450 system (Capdevila et al., 1992). Recent and

preliminary results exclude this hypothesis, because intra-

peritoneal treatment of rats with an equimolar dose of

arachidonic acid did not change significantly the cyto-

chrome P450 system and particularly the content of 2B

isozyme (data not shown). The small increase in the P450

system after the acute treatment with anandamide in as little

as 30 min after endocannabinoid treatment suggests that this

increase may not be due to enzyme induction, which

typically requires 12–24 h, but may be related to some

other phenomena, such as altered degradation or higher

yield of enzyme in the microsomal preparation. There were

some differences in the increase in the cytochrome P450

system after acute and repeated anandamide: the enhance-
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ment induced by acute anandamide was smaller than that

after prolonged treatment, particularly regarding the

increase in cytochrome P450 2B1/2 content. On this basis

we cannot exclude that the increase in the liver cytochrome

P450 system after prolonged exposure to anandamide could

be related to the development of tolerance, with the partic-

ular involvement of the cytochrome P450 2B1/2 isozyme.

Since anandamide has been identified as a lipid constit-

uent of the brain and since the physiological effects of

cannabinoids are believed to be mediated through binding to

brain cannabinoid CB1 receptors, anandamide metabolism

at the brain level may be of relevance to the physiological

actions of the endocannabinoid (as well as in tolerance

development). Furthermore, enhancement of the cyto-

chrome P450 system in the brain could have profound

effects not only on the pharmacological responses to can-

nabinoids but also on the metabolism of exogenous (psy-

choactive drugs, nicotine, ethanol) and endogenous (neural

steroids, neurotransmitters) compounds. Bornheim et al.

(1995) demonstrated that anandamide is metabolized by

mouse brain microsomes in vitro into two principal metab-

olites, hydroxylated or epoxidized. The antibody against the

hepatic cytochrome P450 3A isoform partially inhibited the

formation of only one of these metabolites, thus cytochrome

P450 3A seems to have a minor role in anandamide

metabolism in the brain. We showed that a single admin-

istration of anandamide increased both the function and the

content of the cytochrome P450 system in brain micro-

somes. In fact, the content of cytochromes P450 and b5 and

the activity and relative abundance of NADPH cytochrome

P450 reductase increased. We hypothesize that this increase

in cytochrome P450 could represent an early and regulatory

local protective response against the sudden increase in the

cerebral concentration of the endocannabinoid. To explain

the results obtained at a brain level after chronic anandamide

treatment, namely that was no change in the content of

cytochrome P450 and an increase in the activity and relative

abundance of NADPH cytochrome P450 reductase, we

hypothesized that the cytochrome P450-mediated increased

degradation of anandamide in the liver after chronic treat-

ment lowered the plasma concentration of anandamide, and

consequently the amount of anandamide which reaches the

brain. Surprisingly, the cytochrome b5 content significantly

increased after acute and chronic anandamide administra-

tion. Two homologues of cytochrome b5 were recently

identified in pig brain microsomes (Yoo, 1997); one of

these was present only in brain and differed from the hepatic

cytochrome b5. The brain cytochrome b5 had a maximum

absorbance at wavelength 425.42 nm, whereas that of liver

cytochrome b5 was at 426.48 nm. Thus, cerebral cyto-

chrome b5 may have a different amino acid sequence and,

hence, different functions. Cytochrome P450-catalyzed oxi-

dation of endogenous as well as exogenous substrates has

been reported to occur in the mammalian brain (Warner et

al., 1989; Miyairi et al., 1988; Perrin et al., 1990), so brain

cytochrome P450 may play a role in the metabolism of

centrally active compounds (Ravindranath et al., 1989).

These include the biotransformation of diverse drugs, such

as morphine, codeine, benzamphetamine (Minn et al.,

1991). It is unclear whether the expression and activity of

cytochrome P450 in the brain are subject to regulation, as

has been demonstrated for liver cytochrome P450. Studies

indicate that the cytochrome P450 in the brain may be

induced following chronic administration of phenobarbital

(Strobel et al., 1989; Anandatheerthavarada et al., 1990) and

nicotine in rats (Anandatheerthavarada et al., 1993). Since

the total cytochrome P450 content was not changed after

chronic treatment with anandamide, but the activity of

NADPH cytochrome P450 reductase was significantly

increased, we think that it is possible that repeated treatment

with anandamide results in the induction of a specific

cytochrome P450 isozyme at the expense of others, result-

ing in no net increase in total cytochrome P450 content. Our

future aim will be to measure the content of different

cytochromes P450 in distinct brain regions by using semi-

quantitative methods, such as RT-PCR, because of the low

level of the various isoforms.

In conclusion, this work shows that the cytochrome P450

system in both liver and brain was increased by single and

chronic administration of anandamide. A certain physiolog-

ical relevance needs to be mentioned, even if the observed

increase in the cytochrome P450 system was small, because

the levels of pharmacologically active endocannabinoid in

tissues may change during certain physiological or patho-

logical responses and other drugs may interfere with the

biosynthesis or degradation of endogenous anandamide. In

the future, anandamide or other analogs may be adminis-

tered therapeutically in single and repeated doses. Leweke et

al. (1999) measured elevated levels of anandamide in

schizophrenic patients, and Di Marzo et al. (2000a) found

increased levels in the external layer of the globus pallidus in

an animal model of Parkinson’s disease. Anandamide accu-

mulates in cultured immature neurons following neuronal

damage due to glutamate excitoxicity. In vivo, in neonatal

rat models characterized by widespread neurodegeneration

as a consequence of altered glutamatergic neurotransmis-

sion, cortical anandamide concentration increased 13-fold

24 h after intracerebral NMDA injection, and less severe

insults triggered by mild concussive head trauma or NMDA

receptor blockade produced a less pronounced anandamide

accumulation (Hansen et al., 2001). Many authors have

found a striking increase in the anandamide content both

in vivo and in vitro and even in patients (Kondo et al., 1998;

Varga et al., 1998; Wagner et al., 1997; Wang et al., 2001).

Bisogno et al. (1998) reported high levels of anandamide in

human breast cancer and rat pheocromocytoma cells, and

more recently Pagotto et al. (2001) showed that human

pituitary adenomas had a higher content of anandamide than

did the normal hypophysis.

A study by Di Marzo et al. (2000b) showed that chronic

treatment of rats with THC resulted in higher amounts of

anandamide in the limbic forebrain than in vehicle-treated
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rats, so the authors (Di Marzo et al., 2000b) suggested that it

was possible that dopamine released in the nucleus accum-

bens following chronic administration of THC or more potent

drugs of abuse, such as morphine and alcohol (Tanda et al.,

1997), stimulated the formation of anandamide in this region,

thus opening the way to the possibility that anandamide or

drugs derived from anandamide could be used in the treat-

ment of depression and related nervous disturbances.

Recently, Quistad et al. (2001) showed that organophos-

phorus pesticides induced the accumulation of anandamide

in the mouse brain, because they inhibit fatty acid amide

hydrolase activity.
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