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Abstract:

Our previous studies, carried out using rat cDNA-expressed cytochrome P450 (CYP) isoforms, liver microsomes and specific CYP
inhibitors, showed that the 1-N- and 3-N-demethylation of caffeine at a therapeutic concentration was predominantly catalyzed by
CYP1A2 and CYP2C, its 7-N-demethylation was governed by P450s of the CYP2C subfamily, while its 8-hydroxylation was spe-
cifically mediated by CYP1A2. The present study was aimed at corroborating the above-described results using another experimen-
tal model, i.e. a study of caffeine metabolism in the liver microsomes and specific CYP inducers. Animals received one of the
following inducers: 3-naphthoflavone (100 mg/kg ip for 4 days), phenobarbital (10 mg/kg for 6 days or 100 mg/kg ip for 4 days),
pregnenolone 16a-carbonitrile (100 mg/kg ip for 4 days) or 15% ethanol (= 11 g/kg in drinking water for 6 days). Sixteen hours after
the last dose of an inducer liver microsomes were prepared and the caffeine metabolism and CYP isoform activities (testosterone
2a-, 2B-, 6B-, 7a-, 16B-hydroxylation and warfarin 7-hydroxylation) were investigated. 3-Naphthoflavone (mainly a CYPIA in-
ducer and CYP2C11 inhibitor) potently accelerated the metabolism of caffeine, the effect on 7-N-demethylation being the weakest.
Moreover, the influence of B-naphthoflavone on caffeine metabolism was more potent at the substrate concentration of 100 pM than
800 uM, in particular in the case of 7-N-demethylation and 8-hydroxylation. Pregnenolone-16a.-carbonitrile (mainly a CYP3A in-
ducer and CYP2C11 inhibitor) moderately induced 8-hydroxylation only. Phenobarbital (an inducer of CYP2B and other CYPs and
a CYP2Cl11 inhibitor) moderately stimulated the metabolism of caffeine, but practically did not affect 7-N-demethylation. Ethanol
(mainly a CYP2E1 inducer) modestly increased the rates of the N-demethylation reactions. The presently obtained data confirm the
pivotal role of CYP1A2 in the metabolism of caffeine, as well as the involvement of CYP3A in the 8-hydroxylation of caffeine and
that of CYP2C11 in its 7-N-demethylation.

Key words:
rat, liver microsomes, cytochrome P450 induction, -naphthoflavone, phenobarbital, pregnenolone 16o.-carbonitrile, ethanol,
testosterone hydroxylation, warfarin 7-hydroxylation, caffeine metabolism

Introduction 1,3,7-trimethyluric acid (Fig. 1). While in man 3-N-
demethylation is quantitatively the main oxidation

pathway, in the rat 8-hydroxylation seems to be a do-

Caffeine (1,3,7-trimethylxanthine), a purine alkaloid
is oxidized in a few positions of its structure. The
compound undergoes 1-N-demethylation to theobro-
mine, 3-N-demethylation to paraxanthine, 7-N-deme-
thylation to theophylline and 8-hydroxylation to
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minant metabolic reaction [4, 6, 20]. 3-N-demethyl-
ation to paraxanthine is regarded as a reaction specifi-
cally catalyzed by CYP1A2 [2, 4, 6, 10, 24, 27].
Therefore, caffeine is often used for phenotyping of
human cytochrome P450, being applied as the selecti-
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Fig. 1. The contribution of cytochrome P450 (CYP) isoforms to the oxidative metabolism of caffeine inrat liver, according to Kot and Daniel [16]

ve CYP-specific method or in the “cocktail approach”
[5, 12, 26]. On the other hand, the CYP3A subfamily
seems to contain the main isoenzyme catalyzing the
8-hydroxylation of caffeine to 1,3,7-trimethyluric acid
[20, 27], though other data also suggest the contribu-
tion of CYP2B1 and CYP2E] to the catalyzing of this
reaction in the rat [6]. It has also been suggested that
1-N-demethylation and mainly 7-N-demethylation,
are likely to engage CYP2B isoforms in rats [3], or
CYP2ELI isoform in humans [27]. However, the most
of the studies on caffeine metabolism carried out so
far have been conducted at high (10 mM) caffeine
concentrations [6, 11, 20], often using unspecific
P450 inducers or inhibitors [6] or not including all
CYP isoforms [11, 20].

Our earlier results on the influence of psychotropic
drugs on the rate of caffeine metabolism showed in-
tra- and inter-drug differences in the inhibitory effects
on the four oxidation pathways of caffeine in rat liver
microsomes [8, 9]. The observed reaction-dependent
effects of psychotropics on caffeine metabolism pro-
vided an indirect evidence that CYP1A2 was not the
only isoenzyme important for catalyzing the biotrans-
formation of caffeine, which incited further pharma-

cological investigations. Our recent results obtained
using rat cDNA-expressed P450s and liver micro-
somes (correlation and inhibition studies) indicate
that the main oxidation pathway of caffeine in the rat
is 8-hydroxylation, which is specifically catalyzed by
CYPI1A2 at caffeine therapeutic (up to 100 pM) con-
centration, and may be used as a marker reaction for
this enzyme in the above-mentioned species [16].
1-N- and 3-N-demethylations are also preferentially
catalyzed by CYP1A2, but to a lesser degree than
8-hydroxylation, while 7-N-demethylation is governed
by isoforms of the subfamily CYP2C, mainly CYP2C6
and CYP2CI1. At higher substrate concentrations, the
contribution of CYP1A2 to the metabolism of caf-
feine decreases in favor of the other P450s: CYP2C11
(N-demethylation reactions) and CYP3A2 (mainly
8-hydroxylation).

In the present study, we attempted to support the
results of our recent in vitro study, using another ex-
perimental model, i.e. a study of caffeine metabolism
in the liver microsomes of rats treated with some se-
lected cytochrome P450 inducers at a lower (100 uM)
and a higher (800 uM) concentration of the sub-
strate.
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Materials and Methods

Drugs and Chemicals

Caffeine and its metabolites — theobromine, paraxan-
thine, theophylline and 1,3,7-trimethyluric acid, as
well as B-naphthoflavone, pregnenolone 16a-carbon-
itrile, NADP, DL-isocitric acid (trisodium salt),
isocitric dehydrogenase and corn oil were purchased
from Sigma (St. Louis, USA). Phenobarbital (Lumi-
nalum) was provided by Pliva (Krakow, Poland),
ethanol was obtained from Polmos (Krakow, Poland).
All organic solvents with HPLC purity were supplied
by Merck (Darmstadt, Germany).

Animals

All the experiments with animals were performed in
accordance with the Polish governmental regulations
(Decree on Animal Protection DZ.U. 97.111.724, 1997).
The experiments were carried out on male Wistar rats
(230-260 g) kept under standard laboratory conditions.
Animals received one of the following inducers:
B-naphthoflavone (100 mg/kg ip for 4 days), pheno-
barbital (PB; 10 mg/kg for 6 days or 100 mg/kg ip for
4 days), pregnenolone 16a.-carbonitrile (100 mg/kg ip
for 4 days) or 15% ethanol (= 11 g/kg in drinking wa-
ter for 6 days) [1, 17, 19, 21]. The control animals re-
ceived an appropriate volume of solvent, i.e. water
(experiment with phenobarbital and ethanol) or corn
oil (experiment with B-naphthoflavone and pregne-
nolone 16a-carbonitrile). Sixteen hours after the last
dose of an inducer rats were decapitated and their liv-
ers were immediately removed, weighed, and placed
into ice-cold 20 mM Tris/KCl buffer (pH = 7.4). Liver
microsomes were prepared by differential centrifuga-
tion in 20 mM Tris/KCl buffer (pH = 7.4), including
washing with 0.15 M KCl, according to a conven-
tional method. The metabolism of caffeine and CYP
isoform activities were studied in the liver micro-
somes of control and inducer-treated rats as described
below.

Caffeine metabolism in liver microsomes

Studies into caffeine metabolism in liver microsomes
were carried out at the linear dependence of product
formation on time, protein and substrate concentra-
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tion. Incubation mixture contained the liver micro-
somes (ca. 1 mg of protein/ml), a phosphate buffer
(0.15 M, pH = 7.4), MgCl, x 6H,O (6 mM), and
NADPH generating system: NADP (1.2 mM), DL-
isocitric acid (6 mM) and isocitric dehydrogenase
(1.2 U/ml). The final incubation volume was 1 ml.
The reaction was initiated by adding caffeine (100 or
800 uM). After a 50-min incubation, the reaction was
terminated by adding 700 pl of a 2% ZnSO, and 50 pl
of 2 M HCI. Caffeine and its metabolites were ana-
lyzed by a high-performance liquid chromatography
method (HPLC) described below.

Determination of P450 isoform activities

The activity of CYP1A2 was studied by measuring
the rate of caffeine 8-hydroxylation at the substrate
concentration of 100 uM as described above.

The activity of CYP2C6 was studied by measuring
the rate of warfarin 7-hydroxylation at the substrate
concentration of 60 uM as described previously [7].
Incubations were carried out in a system containing
liver microsomes (1 mg of protein in 1 ml), Tris/KClI
buffer (0.1 M, pH = 7.4), MgCl, (2.5 mM), NADP
(0.33 mM), glucose 6-phosphate (7.85 mM) and glu-
cose-6-phosphate-dehydrogenase (5.6 U in 1 ml). The
final incubation volume was 0.5 ml. After a 15-min
incubation at 37°C, the reaction was stopped by add-
ing 10 pl of 70% perchloric acid and then by cooling
it down in ice.

The activities of CYP2A, CYP2B, CYP2CI11 and
CYP3A2 were studied by measuring the rate of
P450-specific reactions: the 7a-, 16-, 20-, 2B- and
6B-hydroxylation of testosterone (respectively) at the
substrate concentration of 100 uM as described previ-
ously [13]. Incubations were carried out in a system
containing liver microsomes (1 mg of protein in 1 ml),
Tris/KCl buffer (50 mM, pH = 7.4), MgCl, (3.0 mM),
EDTA (1 mM), NADP (1.0 mM), glucose 6-phos-
phate (5 mM) and glucose-6-phosphate-dehydrogen-
ase (1.7 U in 1 ml). The final incubation volume was
1 ml. After a 15-min incubation, the reaction was
stopped by adding 200 pul of methanol and then by
cooling it down in ice.

Determination of caffeine and its metabolites

Caffeine and its four primary metabolites were as-
sessed using the HPLC method based on Rasmussen
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et al. [23] as previously described [8]. Briefly, after
incubation, samples were centrifuged and the water
phase containing caffeine and its metabolites was ex-
tracted with 6 ml of an organic solvent mixture con-
sisting of ethyl acetate and 2-propanol (8:1, v/v). The
residue obtained after evaporation of the microsomal
extract was dissolved in 100 ul of the mobile phase
described below. An aliquot of 20 pl was injected into
the HPLC system. The Merck-Hitachi chromato-
graph, “LaChrom” (Darmstadt, Germany), equipped
with a L-7100 pump, an UV detector and a D-7000
System Manager was used. The analytical column
(Supelcosil LC-18, 15 cm x 4.6 mm, Sum) was from
Supelco (Bellefonte, USA). The mobile phase con-
sisted of 0.01 M acetate buffer (pH = 3.5) and metha-
nol (91:9, v/v). The flow rate was 1 ml/min (0-26.5
min), followed by 3 ml/min (26.6-35 min). The col-
umn temperature was maintained at 30°C. The absor-
bance of caffeine and its metabolites was measured at
a wavelength of 254 nm. The compounds were eluted
in the following order: theobromine (9.7 min), para-
xanthine (15.8 min), theophylline (16.9 min), 1,3,7-
trimethyluric acid (23.4 min), caffeine (30.5 min).
The sensitivity of the method allowed for quantifica-
tion of theobromine content of 0.001 nmol, paraxan-
thine 0.004 nmol, theophylline 0.005 nmol, 1,3,7-
trimethyluric acid 0.01 nmol and caffeine 0.005 nmol
in one sample. The accuracy of the method was
1.2-2.3%. The intra- and inter-assay coefficients of
variance were about 4 and 6%, respectively for all
metabolites.

Determination of the concentration of testoster-
one and its metabolites in liver microsomes

Testosterone and its metabolites were determined as
described previously [13]. Briefly, they were extracted
from the microsomal suspension with dichlorometh-
ane and assessed by the HPLC method based on Son-
derfan et al. [25]. The residue obtained after evapora-
tion of the extracts was dissolved in 100 pl of 50%
methanol. An aliquot (20 pl) was injected into the
HPLC system (LaChrom, Merck-Hitachi), equipped
with UV detector, L-7100 pump and D-7000 System
Manager. The analytical column (Supelcosil™ LC-18,
5 uM, 4.6 x 150 mm) was purchased from Supelco
(Bellefonte PA, USA). The mobile phase was applied
as a gradient from solvent A (100% methanol : water :
acetonitrile, 39:60:1) to solvent B (70% methanol :
water : acetonitrile, 80:18:2) over 22 min at a flow rate

of 1.5 ml/min. The column temperature was 40°C.
The absorbance was measured at a wavelength of
254 nm. The compounds were eluted in the following
order: 6p-hydroxytestosterone 7.45 min, 7o-hydroxy-
testosterone 8.17 min, 16p-hydroxytestosterone 10.55
min, 2o-hydroxytestosterone 12.32 min, 23-hydroxy-
testosterone 12.87 min, testosterone 16.85 min. The
sensitivity of the method allowed for quantification of
hydroxytestosterone metabolites at 0.001-0.005 nmol
(depending on the hydroxylation position) in one sam-
ple. The accuracy of the method was 1.3-2.7%. The
inter- and intra-assay coefficients of variance were
about 6% for all metabolites.

Determination of the concentration of warfarin
and its metabolite 7-hydroxywarfarin in liver
microsomes

Concentrations of warfarin and its metabolite 7-hy-
droxywarfarin formed in liver microsomes were as-
sessed by the high performance liquid chromatogra-
phy (HPLC) method of Lang and Bocker [18]. After
incubation samples were centrifuged (20 min, 3000
x g). An aliquot (20 pl) was injected into the HPLC
system (LaChrom, Merck-Hitachi), equipped with
L-7480 fluorescence detector, L-7100 pump and
D-7000 System Manager. The analytical column (Su-
pelcosil™ LC-18, 5 uM, 4.6 x 150 mm) was pur-
chased from Supelco (Bellefonte PA, USA). The mo-
bile phase consisted of 0.25% H;PO, (pH = 2.2) and
acetonitrile in proportion 62:38 (v/v). The flow rate
was 2.0 ml/min. The column temperature was 25°C.
The fluorescence was measured at a wavelength of
320 nm (excitation) and 415 nm (emission). The com-
pounds were eluted in the following order: 7-
hydroxywarfarin 4.6 min and warfarin 9.6 min. The
sensitivity of the method allowed for quantification of
7-hydroxywarfarin content of 0.001 nmol in one sam-
ple. The accuracy of the method amounted to 2%. The
intra- and inter-assay coefficients of variance were be-
low 5% and 7%, respectively.

Calculations and statistics

Statistical significance was assessed using an analysis
of variance followed by Duncan’s test or Student’s
t-test.
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Results

The effect of cytochrome P450 inducers on the
activities of CYP2A, CYP2B, CYP2C and CYP3A

Pregnenolone-16a-carbonitrile elevated the activity
of CYP3A measured as the rate of 2B- and 6p-hy-
droxylation of testosterone, diminishing at the same
time the activity of CYP2C11 (Fig. 2). Phenobarbital
potently stimulated the activity of CYP2B both at
a dose of 10 and 100 mg/kg (to about 2600 and
4000% of the control value, respectively), raising also
the activity of CYP3A (to 300-500% of the control
value, depending on the dose and reaction measured),
CYP2A (to nearly 300% of the control value after
a higher dose) and CYP2C6 (to 150% of the control
value after a lower dose) (Fig. 2, 3). At the same time,
phenobarbital markedly decreased the activity of
CYP2Cl11, especially after a higher dose (to 5% of the
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control value). Ethanol only slightly diminished the
activity of CYP2A (Fig. 2).

B-Naphthoflavone potently increased the activity
of CYP1A2 measured as the rate of caffeine 8-hy-
droxylation at the substrate concentration of 100 uM
(to about 1800% of the control value) (Fig. 4) and
moderately stimulated the CYP2A activity, measured
as the rate of testosterone 7o-hydroxylation (to 240%
of the control value) (Fig. 2). At the same time,
B-naphthoflavone decreased the activity of CYP2C11
(the rate of 2a-hydroxylation), CYP2B (the rate of
16B-hydroxylation) (Fig. 2) and CYP2C6 (the rate of
7-hydroxylation of warfarin) (Fig. 3).

The effect of cytochrome P450-inducers on caf-
feine metabolism

B-Naphthoflavone (mainly a CYPlA inducer and
CYP2CI11 inhibitor) potently accelerated all the reac-
tions tested, the effect on 7-N-demethylation being
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Fig. 2. The effect of in vivo administered metabolic inducers on the activity of cytochrome P450, measured in vitro as the rates of testosterone-
specific reactions in rat liver microsomes: (A) 2a-hydroxylation (CYP2C11), (B) 7a-hydroxylation (CYP2A), (C) 16p-hydroxylation (CYP2B),
(D) 2B-hydroxylation and (E) 63-hydroxylation (CYP3A). All values are the means + SEM (n = 6); * p < 0.05; ** p < 0.01; *** p < 0.001 (Duncan’s
test for BNF, PCN, PB and Student’s t-test for ethanol), compared with control. The control values are (nmol/mg protein/min): (A) 0.104 + 0.024;
(B) 0.322 + 0.058; (C) 0.101 + 0.0232; (D) 0.524 + 0.102; (E) 0.230 + 0.040. BNF - B-naphthoflavone 100 mg/kg jp for four days, PCN —
pregnenolone-16a-carbonitrile 100 mg/kg jp for four days, PB-10 — phenobarbital 10 mg/kg ip for six days, PB-100 — phenobarbital 100 mg/kg
ip for four days, C,H;OH - 15% ethanol (11 g/kg) in drinking water for six days
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Fig. 4. The effects of in vivo administered B-naphthoflavone (mainly
a CYP1A inducer and CYP2C11 inhibitor) on the rates of caffeine oxi-
dative reactions in vitro in rat liver microsomes. All values are the
means + SEM (n = 6); “p < 0.05; ** p < 0.01; ** p < 0.001 (Duncan’s
test), compared with control. The control values are (nmol/mg pro-
tein/min): 0.0034 + 0.0004 for 1-N-demethylation; 0.0056 + 0.0004
for 3-N-demethylation; 0.0076 = 0.0004 for 7-N-demethylation; 0.0054
+ 0.0083 for 8-hydroxylation. For further explanation, see Fig. 2

the weakest (Fig. 4). Moreover, the influence of
B-naphthoflavone on caffeine metabolism was more
potent at the substrate concentration of 100 pM than
800 uM, in particular in the case of 7-N-demethyla-
tion and 8-hydroxylation.

Pregnenolone-16a-carbonitrile (mainly a CYP3A
inducer and CYP2CI11 inhibitor) moderately induced
8-hydroxylation only (Fig. 5).
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Fig. 5. The influence of in vivo administered pregnenolone-16a.-car-
bonitrile (mainly a CYP3A inducer and CYP2C11 inhibitor) on the rate
of caffeine metabolism in vitro in rat liver microsomes. All values are
the means + SEM (n = 6); * p < 0.05 (Duncan’s test), compared with
control. The control values are (nmol/mg protein/min): 0.0034 + 0.0004
for 1-N-demethylation; 0.0056 + 0.0004 for 3-N-demethylation; 0.0076
+ 0.0004 for 7-N-demethylation; 0.0054 + 0.0083 for 8-hydroxylation.
For further explanation, see Fig. 2
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Fig. 6. The effects of phenobarbital (an inducer of CYP2B and other
CYPs and a CYP2C11 inhibitor) administered at a dose of 10 mg/kg
(A) and 100 mg/kg (B) on the rate of caffeine metabolism in vitro in rat
liver microsomes. All values are the means = SEM (n = 6); * p < 0.05;
**p <0.01; " p <0.001 (Duncan’s test), compared with control. The
control values are (nmol/mg protein/min): 0.0037 + 0.0005 for 1-N-
demethylation; 0.0060 + 0.0006 for 3-N-demethylation; 0.0070 =
0.0004 for 7-N-demethylation; 0.046 + 0.0067 for 8-hydroxylation. For
further explanation, see Fig. 2
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Phenobarbital (an inducer of CYP2B and other
CYPs and a CYP2CI11 inhibitor) moderately stimu-
lated the oxidation pathways of caffeine both at a dose
of 10 mg/kg (a small decrease in CYP2CI11 activity)
and 100 mg/kg (a great decrease in CYP2C11 activity)
(Fig. 6A, B). An exception was 7-N-demethylation,
which was gently stimulated only after a phenobarbi-
tal dose of 10 mg/kg and at caffeine concentration of
100 uM. Moreover, the rate of 1-N-demethylation in-
creased only at a caffeine concentration of 800 uM.

Ethanol (mainly a CYP2E1 inducer) modestly in-
creased the rate of the studied reactions, except for
8-hydroxylation (Fig. 7). As previously observed for
phenobarbital, 1-N-demethylation was stimulated
only at a caffeine concentration of 800 puM.

Discussion

Our previous studies, carried out using rat cDNA-
expressed CYP isoforms, liver microsomes and spe-
cific CYP inhibitors, showed that the 1-N- and 3-N-de-
methylation of caffeine at a therapeutic concentration
was predominantly catalyzed by CYP1A2 and CYP2C,
its 7-N-demethylation was governed by P450s of the
CYP2C subfamily, while its 8-hydroxylation (the
main oxidative pathway) was specifically mediated
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by CYP1A2 [16]. Hence, in the rat caffeine can be ap-
plied as a marker substance for assessing the activity
of CYPIA2 (using 8-hydroxylation), as well as for
a preliminary estimation of CYP2C activity (using
7-N-demethylation). The above-mentioned study also
indicated that at higher substrate concentrations, the
contribution of CYP1A2 to the metabolism of caf-
feine decreased in favor of the other P450s: CYP2C11
(N-demethylation reactions) and CYP3A2 (mainly
8-hydroxylation).

Therefore, our present study was aimed at corrobo-
rating the above-described results using another ex-
perimental model, i.e. a study of caffeine metabolism
in the liver microsomes of rats treated with selected
cytochrome P450 inducers at a lower (therapeutic;
100 uM ) and a higher (800 uM) concentration of
the substrate. Moreover, using the same animal liver
samples, we measured the direction and degree of
changes in CYP isoform activities. The obtained re-
sults showed that it was difficult to precisely estimate
the qualitative contribution of CYP isoforms to the
metabolism of caffeine, since the inducers turned out
not to be sufficiently selective, and some of them even
displayed a fairly wide spectrum of changes in CYP
isoform activities. The latter observation is consistent
with the results of other authors indicating non-
specificity of some of the CYP inducers used in our
study [1, 21]. However, the effect of these inducers on
CYP2C6 and that of pregnenolone-16a-carbonitrile
on CYP1A and CYP2CI11 have not been studied so
far. The cause of the above-mentioned non-specificity
may lie in partially overlapping regulatory mecha-
nisms of some CYP isoforms (mainly 2B, 3A, 2C),
which makes finding a specific inducer difficult or
even impossible [14, 22, 28]. Therefore, the use of in-
duced liver microsomes, though theoretically appro-
priate, may be recommended and regarded only as
complementary to other metabolic tests (e.g. cDNA-
expressed CYPs, control microsomes + a correlation
or an inhibition study); moreover, it only suggests that
involvement of an enzyme in the catalysis of the
metabolic pathways of caffeine is feasible. It seems,
however, that when such a test is applied, identifica-
tion of a CYP isoform engaged in a specific metabolic
reaction of caffeine should be carried out by compar-
ing the percentage of change in the rate of this reac-
tion with that in the rate of CYP isoform marker reac-
tions caused by the inducer under study. It is not only
the direction of changes in CYP activities that should
be taken into account.
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Thus B-naphthoflavone (mainly a CYP1A inducer
and a CYP2C11 inhibitor), which potently accelerated
all the four oxidation pathways of caffeine (exerting
the weakest effect on 7-N-demethylation), provides
evidence of the essential contribution of CYP1A2 to
caffeine metabolism and indicates a minor role of this
isoform in the 7-N-demethylation of the drug. The
relatively smaller influence of B-naphthoflavone on
caffeine metabolism at the substrate concentration of
800 uM than that at its concentration of 100 uM (in
particular in the case of 7-N-demethylation and 8-hy-
droxylation) corresponds well with the previously
observed diminished contribution of CYP1A2 and
the increased participation of other CYP isoforms
(CYP2C11 or CYP3A2) in caffeine metabolism at
a higher substrate concentration.

Pregnenolone-16a-carbonitrile (mainly a CYP3A
inducer and a moderate CYP2CI11 inhibitor), which
induced similarly potently 8-hydroxylation of caf-
feine as did the CYP3A-governed 2p3- and 6B-hydrox-
ylation of testosterone, suggests a role of CYP3A in
catalyzing this reaction, especially at a higher concen-
tration of caffeine.

Phenobarbital (an inducer of CYP2B and other
CYPs and an inhibitor of CYP2C11), which only mo-
derately stimulated the 1-N- and 3-N-demethylation
and 8-hydroxylation of caffeine (compared to strong
CYP2B induction) and practically did not affect 7-N-
demethylation, indicates lack of CYP2B involvement
in caffeine metabolism and suggests CYP2C11 contri-
bution to the 7-N-demethylation of the drug. While
the rate of 163-hydroxylation, a CYP2B-specific re-
action, increased 40 times after a higher dose of phe-
nobarbital, the rate of phenobarbital-induced caffeine
metabolism was raised 2—4 times only. On the other
hand, the observed dramatic decrease in CYP2CI11
activity seemed to counteract the stimulating effect of
phenobarbital on other CYP isoforms involved in the
7-N-demethylation of caffeine (mainly 1A and 3A),
and to prevent the increase in the rate of that reaction.

Finally, our study has shown that ethanol (mainly
a CYP2EI1 inducer) only modestly raises the rate of
caffeine N-demethylation reactions (twice) compared
to the strong increase (16 times) in the rate of p-ni-
trophenol hydroxylation (a CYP2EL specific reac-
tion), observed by other researchers [15]. The latter
findings indicate a non-significant role of this enzyme
in the metabolism of caffeine, which is consistent
with our previous studies using cDNA-expressed
CYPs [16].

Hence, the results presented above confirm the
pivotal role of CYP1A2 in the metabolism of caffeine,
as well as the involvement of CYP3A in the 8-hy-
droxylation of caffeine and that of CYP2CII in its
7-N-demethylation. The obtained results are only
partly in line with those of Chung et al. [6] who ob-
served — using less selective CYP inducers and con-
trolling CYP activity — that acetone (which induced
2E1, 3A and inhibited CYP2CI11), dexamethasone
(which induced 3A and inhibited 2A, 2C11) and phe-
nobarbital (which induced 2B, 3A and inhibited 2C11)
increased 8-hydroxylation only, whereas 3-methyl-
cholanthrene (which induced 1A, 2A, 3A and inhi-
bited CYP2CI11) increased all the caffeine reactions in
liver microsomes at a very high substrate concentra-
tion of 10 mM. On the basis of the obtained results,
the latter authors proposed that at the increased levels
of CYP2B, CYP3A and 2EI1, liver microsomes could
catalyze 8-hydroxylation at an elevated rate, while
microsomes with the enhanced activity of CYP1A2
catalyzed N-demethylation reactions at an increased
rate. The discrepancy between our present results and
those reported by Chung et al. [6] may arise from the
use of less selective inducers by the latter authors (and
relating the rates of caffeine reactions to the activity
of the main induced enzyme only), the choice of
a very high non-therapeutic concentration of caffeine,
as well as from disregarding CYP2C11 in data inter-
pretation. As has been mentioned elsewhere, our
recent studies show that 8-hydroxylation is mainly
catalyzed by CYP1A2 at a therapeutic concentration
of caffeine; however, at a higher level of caffeine,
CYP3A contribution to 8-hydroxylation markedly in-
creases and may even prevail over that of CYP1A2.
At the same time, CYP2C11 involvement in N-deme-
thylation processes is on the rise [16]. It is possible,
therefore, that Chung et al. [6] observed a decrease
after dexamethasone and no change after acetone or
phenobarbital (i.e. after inducers which decrease
CYP2CI1 activity) in the rates of N-demethylation
reactions as a result of a very high (10 mM) caffeine
concentration. The only exception was 3-methylchol-
anthrene, which — apart from decreasing CYP2C11
activity — increased the rate of caffeine N-demethyl-
ation, the latter effect being probably caused by the
concurrent positive regulation of CYP1A2 contribu-
tion to those reactions. However, the authors disre-
garded the relationship between CYP2CI11 activity
and caffeine metabolism in the interpretation of their
results.
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In summary, the results of our present study are in
line with our previous data, obtained in other experi-
mental models using recombinant enzymes and spe-
cific inhibitors. The presently obtained data confirm
the pivotal role of CYP1A2 in the metabolism of caf-
feine, as well as the involvement of CYP3A in the 8-
hydroxylation of caffeine and that of CYP2CI11 in its
7-N-demethylation. On the other hand, however, our
study gives no support to the contribution of CYP2B
and CYP2EI to caffeine metabolism, as suggested by
an analogous experiment conducted by other authors.
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