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Abstract

Studies are described on the cytochrome P450 (CYP) isoenzyme dependence of the main metabolic steps of the Eschscholtzia californica

alkaloids californine and protopine using rat liver microsomes. Preparations of E. californica are in use as phytopharmaceuticals and as

herbal drugs of abuse. CYP isoenyzme dependences were studied using specific chemical inhibitors for CYP1A2, CYP2D1, and CYP3A2

(a-naphthoflavone, quinine, and ketoconazole, respectively). CYP2C11 was inhibited by specific antibodies for lack of specific chemical

inhibitors. Californine N-demethylation was mainly catalyzed by CYP3A2 and to a minor extent by CYP1A2 and CYP2D1, but not by

CYP2C11. CYP2D1 and CYP2C11 were shown to be mainly involved in demethylenation of both, californine and protopine, while CYP1A2

and CYP3A2 showed only minor contribution. Kinetic parameters of the reactions were established. Km and Vmax values for the californine

N-demethylation were 4.5F 4.7 AM and 22.9F 13.7 min/mg protein (high affinity) and 161.3F 16.7 AM and 311.8F 39.4 min/mg protein

(low affinity), respectively. Californine demethylenation and protopine demethylenation showed substrate inhibition and Km and Vmax values

were 5.0F 0.5 and 7.1F 0.6 AM and 83.3F 2.6 and 160.7F 4.0 min/mg protein, respectively.
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1. Introduction

Californine, (5S,12S)-5,6,12,13-tetrahydro-15-methyl-

cycloocta[1,2-f:5,6-f V]bis[1,3]benzodioxol-5,12-imine, and

protopine, 4,6,7,14-tetrahydro-5-methyl-bis[1,3]benzodiox-

olo[4,5-c:5V,6V-g]azecin-13(5H)-one, are main alkaloids of

Eschscholtzia californica CHAM. (papaveraceae) (Gertig,

1965; Guedon et al., 1990; Manske and Shin, 1965). Until

today, phytopharmaceuticals based on this traditional me-

dicinal plant are in world-wide use, especially in France

and the USA. In recent years, the biological effects of E.

californica extracts have been investigated in various

animal models and in in vitro studies. From these studies,

various effects were concluded, e.g. sleeping time prolon-

gation or spasmolytic, sedative, and anxiolytic activities,

which may be related to the alkaloids (Rolland et al., 1991,

2001; Vincieri et al., 1988). Protopine, widely distributed
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among members of various plant families, showed benzo-

diazepine-like activity in an in vitro study with rat brain

synaptic membrane receptors (Kardos et al., 1986).

According to several in vitro and in vivo studies in

animals, also antiallergic, antispasmodic, anticholinergic,

antiarrhythmic, antiplatelet, or antibacterial activities of

protopine have been reported (Ko et al., 1989; Song et

al., 2000; Ustunes et al., 1988). However, little is known

about the pharmacology and toxicology of both alkaloids

and of Eschscholtzia preparations in humans. Nevertheless,

besides its use as phytopharmaceutical, Eschscholtzia has

been described as a substitute drug for marijuana as it

should evoke mild euphoria after ingestion or smoking

lasting for 20–30 min (Duke, 1985; Gottlieb, 2002;

Haensel et al., 1993; Siegel, 1976). Gradual increase of

the dose is recommended until the desired effect occurs

(Raetsch, 1998). In the 1960s, Cheney (1964) reported

regular and prolonged use not to be habit-forming.

As a basis for toxicological risk assessment, the metab-

olism of the alkaloids californine and protopine has been

investigated in a previous in vivo study in rats (Paul and

Maurer, 2003). Californine was mainly metabolized by
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N-demethylation and demethylenation. The demethylena-

tion of either of the two methylenedioxy groups resulted in

the same metabolite because of the symmetric structure of

the molecule, whereas protopine was demethylenated only

at the 2,3-methylenedioxy group. N-demethylation of pro-

topine was not observed. The demethylenated metabolites

were further altered by methylation of one of the catecholic

hydroxy groups, resulting in two isomeric hydroxy methoxy

metabolites.

The aim of the present study was to identify the

cytochrome P450 (CYP) isoenzyme dependence of the

main CYP-dependent metabolic steps of the alkaloids in

rats: N-demethylation for californine and demethylenation

for californine and protopine. Using rat liver microsomes,

inhibition studies were performed on those isoenzymes,

which have been described to be mainly involved in

metabolism of xenobiotics.
2. Materials and methods

2.1. Chemicals

NADP+ was obtained from BIOMOL (Hamburg, Ger-

many) and isocitrate dehydrogenase, isocitrate, EDTA,

naphthoflavone, ketoconazole, phenacetin, acetaminophen,

and goat nonimmune serum from Sigma-Aldrich (Deisen-

hofen, Germany). Ammonium formate (analytical grade)

and superoxide dismutase were obtained from Fluka

(Neu-Ulm, Germany). Codeine, diazepam, midazolam,

a-hydroxymidazolam, morphine, morphine-d3, acetamino-

phen-d4, and quinine were obtained from Promochem

(Wesel, Germany). Californine and protopine were kindly

provided by Boehringer Ingelheim Pharma GmbH & Co.

KG (Ingelheim, Germany). Acetonitrile (HPLC grade)

and all other chemicals (analytical grade) were obtained

from E. Merck (Darmstadt, Germany). Selective anti-rat

CYP2C11 goat serum was from Daiichi and delivered by

NatuTec (Frankfurt/Main, Germany).

2.2. Preparation and characterization of rat liver

microsomes

Livers of male Wistar rats were kindly provided by the

Institute of Physiology, Homburg. Liver microsomes were

prepared from pooled livers by fractional ultracentrifuga-

tion as described before (Kraemer et al., 2000) and

resuspended in 1.15% potassium chloride buffer containing

0.1 mM EDTA. All processes were performed at 0 to 4jC.
The obtained microsomal preparation was aliquoted

and stored at � 80 jC until further use. Microsomal

protein concentration was determined according to Brad-

ford (1976) by the Bio-Rad protein assay (Muenchen,

Germany) using a BSA standard solution. Total CYP

content was measured by the method of Omura and

Sato (1964).
2.3. Microsomal incubations of californine and protopine

The incubation mixtures consisted of rat liver micro-

somes at a protein concentration of 0.5 mg/ml, substrate

and 200 U/ml superoxide dismutase in a final volume of

50 Al of 0.1 M potassium phosphate buffer (pH 7.4). The

substrates were dissolved in incubation buffer. After pre-

incubation at 37 jC for 10 min to adjust temperature,

reactions were initiated by addition of a NADPH-generat-

ing system (1.2 mM NADP+, 5 mM isocitrate, 5 mM

MgCl2, and 2 U/ml isocitrate dehydrogenase final concen-

tration) and carried out at 37 jC for 2 min (modified

according to Maurer et al., 2000). Time period and protein

content were associated with reaction linearity to assure

initial rate conditions. Reactions were terminated by addi-

tion of 5 Al of perchloric acid (60%, w/w). Methanolic

internal standard (californine for protopine and vice versa)

was added before centrifugation in a microcentrifuge

(10000� g, 5 min), and 5 Al of the supernatants were

analyzed by high-performance liquid chromatography

(HPLC) with fluorescence detection (FLD). Controls were

assayed in the same manner, except for the presence of the

NADPH-generating system, which was added after termi-

nation of the reactions. Blank samples were assayed

without substrates to be able to exclude analytical inter-

ferences by the matrix.

2.4. Determination of californine, protopine and their

metabolites by HPLC–FLD

A Hewlett-Packard HPLC system 1050 (Agilent, AT,

Waldbronn; Germany) with a LiChroCART 125-2

Superspher 60 RP-select B column (Merck) and a HP

1046 A fluorescence detector were used for analysis of

the supernatants of the incubation mixtures. The mobile

phase consisted of aqueous 20 mM ammonium formate

buffer, adjusted to pH 3 with formic acid, and acetoni-

trile at a ratio of 83:17 (v/v) at a flow rate of 0.4 ml/min.

The eluate was monitored using fluorescence detection

at an excitation wavelength of 230 nm for californine

and its metabolites, 241 nm for protopine, and 232 nm

for demethylene protopine and emission wavelengths

of 334, 330, and 336 nm, respectively. The column

temperature was maintained at 28 jC. For analysis

of the incubation mixtures with protopine, a time table

was set: 0–8 min 232/336 nm, 8–14 min 241/330 nm,

and 14–20 min 230/334 nm with different sensitivities

(gain adjustment). Peak area ratios of the monitored

metabolite and the corresponding internal standard were

determined.

2.5. Confirmation of the HPLC–FLD peak identity by gas

chromatography–mass spectrometry (GC/MS)

For identification of metabolites underlying the peaks

in the HPLC–FLD chromatograms, incubations were

Pharmacology 485 (2004) 69–79
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conducted under large-scale conditions (200 AM of cali-

fornine or protopine, 60 min). The metabolites were

isolated by collecting the corresponding fractions of

several HPLC–FLD runs. The eluates were flash frozen

in liquid nitrogen and lyophilized using a LYOVAG GT2

(FINN-AQUA Santasalo-Sohlberg, Muenchen, Germany).

The residues were analyzed by GC/MS after acetylation

and the mass spectra underlying the peaks were identified

by comparison with reference spectra of the metabolites,

which have been published recently (Paul and Maurer,

2003).

2.6. Kinetic assays

Linearity of metabolite formation and a sufficient me-

tabolite production with respect to time and protein concen-

tration was achieved with an incubation period of 2 min and

a microsomal protein concentration of 0.5 mg/ml for both

alkaloids (data not shown). The enzyme kinetic assays were

performed with incubations of 2, 5, 10, 20, 30, 50, 100, or

200 AM of californine or of 1, 2, 5, 10, 15, 20, 40, 50, 100,

200, 300, or 500 AM of protopine dissolved in potassium

phosphate buffer. The incubations were carried out in

triplicate at each concentration level.

Initially, Eadie–Hofstee plots were applied for visual

inspection of the data, since deviations from simple Michae-

lis–Menten enzyme kinetics could be readily seen. If the

corresponding Eadie–Hofstee plot was linear indicating

simple Michaelis–Menten kinetics, Eq. (1) was applied

for calculating the kinetic values Km and Vmax using

nonlinear regression analysis. In case of a concave Eadie–

Hofstee plot indicating biphasic kinetics, Eq. (2) was

applied for calculating the kinetic values (V, velocity; Vmax,

maximal velocity; Km, substrate concentration at half-max-

imal velocity; [S], substrate concentration).

V ¼ Vmax � ½S�
Km þ ½S� ð1Þ

V ¼ Vmax;1 � ½S�
Km;1 þ ½S� þ Vmax;2 � ½S�

Km;2 þ ½S� ð2Þ

If substrate inhibition occurred, data were fitted to Eq. (3)

to determine kinetic parameters, using nonlinear regression

analysis.

V ¼ Vmax

1þ Km

½S� þ
½S�
Ki

ð3Þ

2.7. Determination of Ki values of specific chemical

inhibitors

CYP isoenzyme-specific inhibitors and substrates were

used to study the main metabolic steps of californine and
protopine in pooled rat liver microsomes. The Km values

of isoenzyme specific probe substrates for the selected

isoenzymes were determined according to the incubation

conditions used for californine and protopine except for

incubation times and substrate concentrations. Reaction

rates were shown to be linear under the conditions used

(data not shown). Ki determinations of isoenzyme specific

chemical inhibitors were carried out as mentioned above

by incubating probe substrates at concentrations near the

respective Km values and different concentrations of

corresponding inhibitors. After preincubation of microsomes

with probe substrate and inhibitor at 37 jC for 10 min,

the reaction was started with NADPH-generating system.

As the solutions of chemical inhibitors were prepared

in methanol, pure methanol was included in the control

incubations (without inhibitors) to correct for any effects

of the solvent on the microsomal activity. The maximal

concentration of methanol did not exceed 1%. Ki values

were calculated according to Cheng and Prusoff (1973),

using GraphPad Prism 3.02 software (GraphPad Software,

San Diego, CA). Use of this equation was possible, as

all chosen inhibitors acted competitively (Boobis et al.,

1990; Kotegawa et al., 2002). The immunoinhibition of

CYP2C11 was examined by preincubating rat liver micro-

somes with various amounts of CYP2C11 selective anti-

serum at room temperature for 30 min, before the other

components of the incubation medium were added and

the reaction was carried out as described above. In the

control experiments, goat nonimmune serum was added

instead of CYP2C11 antiserum. The amount of the

CYP2C11 selective antibodies used was estimated accord-

ing to data sheets of Gentest. Antiserum was diluted 1:2.5

with buffer and 3.13 Al of the dilution was added to the

incubation mixture (5 Al antiserum/100 Ag microsomal

protein).

2.8. CYP1A2 inhibition assay

A phenacetin O-deethylase assay (Butler et al., 1989;

Sesardic et al., 1988; Shimada et al., 1997) was used for

Ki determination of a-naphthoflavone (Clarke, 1998;

Nakajima et al., 1999; Ono et al., 1996). The concentra-

tion range of phenacetin for Km determination was 2–500

and 0.1–100 AM of a-naphthoflavone for Ki determina-

tion. In this assay, the incubations were carried out as

described above for 10 min and terminated by addition of

50 Al of ethyl acetate. After addition of acetaminophen-d4
as internal standard, shaking and centrifugation, 2 Al of

the organic layer (supernatant) were injected into the

liquid chromatography–mass spectrometry (LC/MS) ap-

paratus for separation and determination. An AT 1100

atmospheric pressure chemical ionization electrospray

(APCI) LC/MS, SL version, including an AT 1100 Series

HPLC system which consisted of a degasser, a binary

pump and an autosampler with the A.08.03 software was

used. The liquid chromatographic conditions were as



Fig. 1. Typical HPLC–FLD chromatograms of microsomal incubations of

50 AM each of californine (A) or protopine (B). Lines in B indicate the time

of switch between the monitored wavelengths and gains.
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follows: gradient elution was achieved on a Merck

LiChroCART column (125� 2-mm internal diameter)

with Superspher 60 RP Select B as stationary phase

and a LiChroCART 10-2 Superspher 60 RP Select B

guard column. The mobile phase consisted of aqueous

ammonium formate (5 mM, adjusted to pH 3 with formic

acid, eluent A) and acetonitrile (eluent B). Until the

beginning of the analysis, the HPLC system was flushed

with a 60:40 mixture of the two eluents. The gradient and

the flow rate were programmed as follows: 0–4 min 40%

B (flow: 0.4 ml/min), 4–7 min 90% B (flow: 0.6 ml/min),

7–10 min 40% B (flow: 0.4 ml/min). The following APCI

inlet conditions were applied: drying gas, nitrogen (7 l/min,

300 jC), and nebulizer gas, nitrogen (172.5 kPa); capillary

voltage, 4000 V; vaporizer temperature, 400 jC; corona

current, 5.0 AA; positive selected-ion monitoring (SIM)

mode for quantification, fragmentor voltages 100 and 200

V. The following target and qualifier ions were selected

from the full mass spectra: ions m/z 152 (fragmentor voltage

100 V) and 110 (200 V) for acetaminophen and 156

(100 V) and 114 (200 V) for acetaminophen-d4. The

metabolite concentration was calculated by comparison of

the peak area of the metabolite to that of the deuterated

internal standard.

2.9. CYP2D1 inhibition assay

Codeine O-demethylation was carried out as probe

assay for CYP2D1 (Xu et al., 1995, 1997) and quinine

was used as a specific inhibitor (Boobis et al., 1990;

Kobayashi et al., 1989). Concentration range of codeine

was 5–500 AM for Km determination and that of quinine

was 0.01–200 AM for Ki determination. The incubation

was performed as described above for a period of 5 min

except for the final volume of 500 Al. The reaction was

terminated by adding 500 Al of carbonate buffer (1 M, pH

8.7), 5 ml of an ethyl acetate-diethyl ether mixture (1:1 v/v)

and the internal standard morphine-d3. After phase

separation by centrifugation, the organic layer was evapo-

rated to dryness and the residue was pentafluoropropiony-

lated according to Maurer (2000). After evaporation to

dryness, the residue was dissolved in 50 Al of ethyl acetate
and an aliquot of 2 Al of this solution was analyzed by

GC/MS. A Hewlett Packard (AT) 5890 Series II gas

chromatograph combined with an HP 5989B MS Engine

mass spectrometer and an HP MS ChemStation (DOS

series) with HP G1034C software was used. The GC

conditions were as follows: splitless injection mode; column,

HP capillary (12 m� 0.2 mm I.D.), cross-linked methylsili-

cone, 330-nm film thickness; injection port temperature,

280 jC; carrier gas, helium; flow rate 1 ml/min; column

temperature, programmed from 100–310 jC at 30 jC/min,

initial time 3 min, final time 8 min. The MS conditions

were as follows: EI mode, ionization energy, 70 eV;

ion source temperature, 220 jC; capillary direct interface

heated at 260 jC. Selected ions used for quantification
were m/z 414 for morphine and 417 for the internal

standard morphine-d3.

2.10. CYP3A2 inhibition assay

The midazolam a-hydroxylation assay (Ghosal et al.,

1996; Gorski et al., 1994; Kronbach et al., 1989) was

used for Ki determination of ketoconazol (Baldwin et al.,

1995; Kotegawa et al., 2002). Concentration range of
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midazolam for Km determination was 1–200 AM and that

of ketoconazole 0.1–100 AM for Ki determination. The

incubations were performed as mentioned above and

terminated after 5 min with 50 Al of acetonitrile. After

addition of a methanolic solution of the internal standard
Fig. 2. EI mass spectra, gas chromatographic retention indices (RI) and structures o

are only labelled for spectrum 1.
diazepam and centrifugation, 2 Al was analyzed by LC/MS.

Standard conditions were used as described above with

a slightly modified gradient: 0–4 min 40% B (flow:

0.4 ml/min), 4–6 min 90% B (flow: 0.6 ml/min), 6–7 min

90% B (flow: 0.8 ml/min), 7 –10 min 40% B (flow:
f californine and protopine and their metabolites after acetylation. The axes
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0.4 ml/min). Selected ions for quantification werem/z 285 for

diazepam andm/z 342 for a-hydroxy midazolam (fragmentor

voltage 100 V).

2.11. Inhibition of californine and protopine metabolism

Inhibitor effects on the rat liver microsomal californine

demethylenation and N-demethylation as well as protopine

demethylenation activity were determined at substrate con-

centrations near Km (5 AM for californine and 6 AM for

protopine) and at inhibitor concentrations 10 times the
Fig. 3. Michaelis–Menten (A, C, E) and Eadie–Hofstee plots (B, D, F) for califor

protopine demethylenation (E, F). Squares are means of triplicate measurements w

ratio per min and mg microsomal protein). Solid lines in A, C and E are results of f

Eq. (3).
isoenzyme-selective Ki value (see Table 2): 6 AM for a-

naphthoflavone, 50 AM for quinine and 2 AM for ketocona-

zole. Control incubations were performed without inhibitor

but corrected for the methanol content. Immunoinhibition

experiments with CYP2C11 selective antiserum were per-

formed as described above and were compared with control

incubations using goat nonimmune serum. Inhibition of

reactions was expressed as the percentage of decrease in

metabolite production based on the peak areas of the metab-

olites obtained from incubations in presence or absence of

inhibitors. Vmax values and activities were expressed as peak
nine N-demethylation (A, B), for californine demethylenation (C, D) and for

ith error bars indicating S.E. (Vmax values given as dimensionless peak area

itting the data with nonlinear regression to Eq. (1), dotted lines in C and E to



Table 1

Kinetic data of the studied metabolic reactions of californine and protopine (Vmax values given as dimensionless peak area ratio per min and mg microsomal

protein)

Metabolic reaction Km [AM]a Km [AM]a Ki [AM]a Vmax [min/mg protein] Vmax [min/mg protein]

Californine N-demethylation (high affinity) 4.5F 4.7b – – 22.9F 13.7b –

Californine N-demethylation (low affinity) 161.3F 16.7b – – 311.8F 39.4b –

Californine demethylenation 4.6F 0.4c 5.0F 0.5d 750.3F 173.5d 79.6F 1.7c 83.3F 2.6d

Protopine demethylenation 6.2F 0.3c 7.1F 0.6d 2297.0F 532.6d 152.4F 1.5c 160.7F 4.0d

a Best fit valueF S.E.
b Kinetic data estimated by nonlinear regression according to Eq. (2).
c Kinetic data estimated with truncated data sets by nonlinear regression according to Eq. (1).
d Kinetic data estimated by nonlinear regression according to Eq. (3), presenting the results of estimation of Km and Ki for substrate inhibition.
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area ratios of the metabolite vs. internal standard per min and

mg microsomal protein.

2.12. Statistical analysis

All statistics were calculated using GraphPad Prism 3.02

software (San Diego, CA) designed for nonlinear regression

analysis. The Michaelis–Menten parameters Km and Vmax

were calculated by fitting kinetic data to a one- or two-

binding site model or the substrate inhibitionmodel.Ki values

were calculated according to Cheng and Prusoff (1973) and

statistical significance of inhibition was determined using the

nonparametric one-tailed Mann–Whitney test.
Table 2

CYP isoenzymes assayed, index reactions, chemical inhibitors, and the

determined Km and Ki values

CYP Index reaction Km [AM]a Inhibitor Ki [AM]

1A2 phenacetin deethylation 3.8F 3.5b naphthoflavone 0.6

2D1 codeine O-demethylation 30.2F 3.2 quinine 5.0

3A2 midazolam a-hydroxylation 6.3F 0.9 ketoconazole 0.2

a Best fit valueF S.E.
b Km, 1 according to Eq. (2).
3. Results

3.1. Characterization of rat liver microsomes

The determined microsomal protein concentration

according to Bradford was 35.3 mg/ml and the total CYP

content was 1.4 nmol/mg protein.

3.2. Determination of californine, protopine and their

metabolites

For sensitive determination of the alkaloids and their

metabolites, an HPLC–FLD procedure was developed,

which required no special sample workup. Typical chroma-

tograms of microsomal incubations of 50 AM each of

californine (A) or protopine (B) are shown in Fig. 1. The

retention times were as follows: 3.4 min for demethylene

californine, 13.7 min for N-demethyl californine, 17.8 min

for californine, 3.9 min for demethylene protopine, and 12.0

min for protopine. Peak identity was confirmed by GC/MS.

The electron ionization (EI)–MS spectra of the parent

compounds and metabolites are presented in Fig. 2. The

molecular weights were confirmed by PICI–MS (Paul and

Maurer, 2003).

3.3. Enzyme kinetics

Fig. 3 shows the Michaelis–Menten (A, C, E) and

Eadie–Hofstee plots (B, D, F) of californine N-demethyla-
tion (A, B), of californine demethylenation (C, D) and of

protopine demethylenation (E, F). Californine demethyle-

nation and protopine demethylenation showed apparently

linear Eadie–Hofstee plots. Californine N-demethylation

exhibited clear biphasic kinetics with at least one low and

one high affinity component each, which could be readily

seen in the respective Eadie–Hofstee plot. In Table 1, the

Km and Vmax values of the studied metabolic reactions are

listed. Vmax values are expressed as arbitrary values, be-

cause quantification could not be carried out without

reference standards. They are given as dimensionless peak

area ratio per min and mg microsomal protein. The deter-

mined Km and Ki values of the specific CYP isoenzyme

index reactions and the used chemical inhibitors are given

in Table 2.

3.4. Inhibition studies

Fig. 4 shows the metabolite formation rates in the

presence of the given inhibitors (percent of control mean

without inhibitors) for californine N-demethylation (A),

for californine demethylenation (B), and for protopine

demethylenation (C). Californine N-demethylation was

inhibited by ketoconazole (74%), quinine (28%), and

a-naphthoflavone (21%), whereas anti-rat CYP2C11 se-

rum caused no inhibition. Californine demethylenation

was inhibited by quinine (81%), anti-rat CYP2C11 serum

(76%), ketoconazole (43%), and a-naphthoflavone (5%).

Protopine demethylenation was inhibited by anti-rat

CYP2C11 serum (91%), quinine (75%), ketoconazole

(40%), and a-naphthoflavone (25%). All inhibitions were

significant using an one-tailed Mann–Whitney test

(P < 0.05).



Fig. 4. Metabolite formation rates in presence of the given inhibitors

(percent of control mean without inhibitors) for californine N-demethyla-

tion (A), for californine demethylenation (B), and for protopine

demethylenation (C). Each bar represents the mean of four in-

cubationsF S.E.
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4. Discussion

The metabolic pathways of californine and protopine in

rats have recently been described (Paul and Maurer, 2003).

Incubations with rat liver microsomes and NADPH indicat-

ed that the initial metabolic steps (californine N-demethyla-

tion and demethylenation and protopine demethylenation)

were catalyzed by P450. Therefore, in the present study, the

influence of the main CYP isoenzymes on these steps was

investigated using rat liver microsomes and specific inhib-

itors. In order to prevent possible oxidation of the formed

catechols, superoxide dismutase was added to the incubation

mixture, because it prevents oxidation by scavenging reac-

tive oxygen species (Hiramatsu et al., 1990).

An HPLC–FLD procedure was developed for determi-

nation of californine, protopine and their metabolites in the

supernatant of microsomal incubation mixtures. The advan-

tages of this procedure were that no extensive sample

preparation was necessary and that the sensitivity and

selectivity for the investigated analytes were higher com-

pared to HPLC-UV. The confirmation of the peak identity

by GC/MS was required, because reference substances of

the monitored metabolites were not available. The parent

compounds showed a linear response of the FLD signals.

Carrying the same chromophore, linearity has to be claimed

for the metabolites as well. For this reason, use of peak area

ratios instead of absolute metabolite concentrations was

possible. This neither affected the conclusions from the

kinetic calculations nor those from the inhibition studies.

Kinetic assays were performed under initial rate condi-

tions, a prerequisite for Michaelis–Menten kinetics (Clarke,

1998). The concentration ranges of the substrates for deter-

mination of Km and Vmax values were limited by the

detectability of the formed metabolites in the lower range

and by the solubility of the substrates in the upper range.

For inhibition experiments, Ki values for three isoen-

zyme-specific chemical inhibitors (a-naphthoflavone for

CYP1A2, quinine for CYP2D1, and ketoconazole for

CYP3A2) were estimated by measurement of the decrease

in metabolite formation rate of specific probe substrates.

Since no specific chemical inhibitor was available,

CYP2C11 was inhibited by specific antibodies. The deter-

mined Km and Ki values (Table 2) were in the range of

calculations by other authors, except for quinine, which had

a higher Ki value for the investigated rat microsome batch.

Boobis et al. (1990) determined a Ki of quinine of 1.7 AM
for the debrisoquine 4-hydroxylation. This was three times

below the Ki of 5 AM for codeine O-demethylation, deter-

mined in this study. Phenacetin O-deethylation showed

biphasic kinetics as described by Boobis et al. (1981) and

Kobayashi et al. (2002). The high affinity reaction (Km, 1

given in Table 2) was specified as catalyzed by CYP1A2

(Sesardic et al., 1990). The kinetic parameters were deter-

mined according to Eq. (2) and the corresponding Km, 1 was

selected as substrate concentration for the Ki determination

assay of a-naphthoflavone. It should also be considered that
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CYP2D1 is only one of six CYP2D isoenzymes in the rat.

However, these were very similar and difficult to purify

from rat tissues, because of their highly homologous amino

acid sequences. As a consequence, very little information on

the similarities and/or differences in catalytic properties

among these six isoenzymes is available at present (Hiroi

et al., 2002). Inhibition studies were performed at inhibitor

concentrations 10 times the Ki values. These inhibitor

concentrations did not affect the oxidative metabolism of

other isoenzyme-selective substrates (Bourrie et al., 1996).

As shown in Fig. 3, californine N-demethylation was not

saturable over the tested substrate range (A) and showed a

clear concave biphasic course in the corresponding Eadie–

Hofstee plot (B). It could be concluded that a minimum of

two different CYP isoenzymes with different Km values

were involved in this metabolic step (Clarke, 1998). Con-

sequently, Km and Vmax values for a high and a low affinity

component were estimated according to Eq. (2) (Table 1).

The results from the inhibition experiments given in Fig.

4A indicated that californine N-demethylation was mainly

catalyzed by CYP3A2 with minor involvement of CYP2D1

and CYP1A2. Obviously, CYP2C11 did not participate in

the californine N-demethylation. The biphasic course of the

plots suggested high and low affinity components among

the involved isoenzymes with clear differences in the Km

values.

Californine demethylenation (Fig. 3C, D) and protopine

demethylenation (E, F) showed a classical hyperbolic ki-

netic profile. However, a decrease in metabolite formation

rate at high substrate concentrations in the Michaelis–

Menten plot of californine demethylenation indicated sub-

strate inhibition, one of the most common deviations from

classical hyperbolic kinetics (Hutzler and Tracy, 2002; Lin

et al., 2001). This kinetic behaviour could be explained by

the model, that a second molecule of substrate can bind to

the enzyme–substrate complex to form an inactive ternary

complex (Copeland, 2000). For the determination of Km and

Vmax, data were fitted to the appropriative kinetic model

(Eq. (3)), using nonlinear regression analysis. Substrate

inhibition is usually realized only at high substrate concen-

trations. Therefore, in a second approach, only the low

concentration range of 2–50 AM was considered, using

the classic Michaelis–Menten Eq. (1). Classic Michaelis–

Menten kinetics were applied because of the linear Eadie–

Hofstee plot (Table 1). Nevertheless, different isoenzymes

with similar Km values could be involved (Clarke, 1998).

The results were virtually the same for both approaches and

the estimated Km values were taken as substrate concen-

trations for the inhibition studies. Substrate inhibition could

also be discussed for protopine demethylenation, but only at

substrate concentrations higher than 300 AM.

The CYP isoenzyme patterns involved in the demethyle-

nations of californine and protopine were very similar (Fig.

4B and C, respectively). Both metabolic reactions (califor-

nine demethylenation and protopine demethylenation)

showed marked involvement of CYP2D1 and especially
CYP2C11. The latter isoenzyme is known to be the most

abundant one in male rat liver microsomes (about 50% of

total CYP (Soucek and Gut, 1992)). Californine demethyle-

nation and protopine demethylenation were also catalyzed

by rat CYP3A2. CYP1A2 may also contribute to the

demethylenations, since there was a minor but significant

inhibition by a-naphthoflavone. Although various enzymes

took part in demethylenations of californine and protopine

(Fig. 4), the Michaelis–Menten and Eadie–Hofstee plots

(Fig. 3) did not indicate biphasic kinetics. There are two

explanations for this findings. Firstly, the differences in the

apparent Km values of californine demethylenation and

protopine demethylenation catalyzed by CYP2D1 and

CYP2C11 would be too little and therefore impossible to

identify in the plots (Clarke, 1998). Secondly, CYP3A2 and

CYP1A2 exhibited such marginal activity compared to

CYP2C11 and CYP2D1, that this components would not

notably influence the plots.

The obtained results on metabolism in rats may be useful

for predictions of the principal CYP isoenzymes in the

metabolic oxidations of californine and protopine also in

humans. Future studies using human liver microsomes will

show whether the CYP-dependent metabolism of the alka-

loids in rats and humans is comparable. This is a prerequi-

site for further toxicological risk assessment using this rat

model. For instance, formation of catechol metabolites is

discussed to contribute to toxicity of designer drugs of the

methylenedioxyphenylalkylamine type, likemethylenedioxy-

methamphetamine (Kraemer and Maurer, 2002). The cate-

chol metabolites may also play a role in a possible toxicity

of the Eschscholtzia alkaloids.
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