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Caffeine is a marker drug for testing the activity of CYP1A2 (3-N-de-
methylation) in humans and rats. Moreover, CYP3A seems to be essential for
its metabolism (8-hydroxylation). In the case of 1-N- and, in particular, 7-N-
demethylation of caffeine, apart from CYP1A2, other CYP isoenzymes play
a considerable role, probably CYP2B and/or CYP2E1. The aim of the present
study was to investigate the influence of two classic neuroleptics (promazine
and haloperidol) and two atypical ones (risperidone and sertindole) on cyto-
chrome P-450 activity measured by caffeine oxidation in rat liver microsomes.

The obtained results showed that promazine, a phenothiazine neuroleptic
with the simplest chemical structure, significantly inhibited 1-N- and 3-N-
demethylation and 8-hydroxylation of caffeine via competitive or mixed
mechanism (Ki = 21.8, 25.4 and 58.2 �M, respectively). This indicates inhi-
bition by promazine of CYP1A2 (inhibition of 3-N- and 1-N-demethylation),
and possibly CYP3A2 (inhibition of 8-hydroxylation), but not of other CYP
isoenzymes involved in 7-N-demethylation of caffeine (e.g. CYP2B2 and/or
CYP2E1). In contrast to promazine, haloperidol had no effect on the oxida-
tion reactions of caffeine in the applied in vitro metabolic model. The po-
tency of inhibition of caffeine oxidation by risperidone and sertindole resem-
bled rather haloperidol than promazine. Risperidone appeared to be a very
weak inhibitor of 3-N-demethylation and 8-hydroxylation (Ki = 202.5 �M)
and had no effect on 1-N- and 7-N-demethylation of caffeine. Sertindole was
a very poor inhibitor of 1-N- and 7-N-demethylations and 8-hydroxylation
pathways of the marker substance (Ki = 132.1, 434.1 and 173.3 �M, respec-
tively); even the observed in vitro inhibition of 3-N-demethylation of caf-
feine by sertindole (Ki = 68.9 �M) cannot be of practical significance in
vivo, considering extremely low pharmacological and therapeutic doses of
the neuroleptic. In summary, among the investigated neuroleptics, only pro-
mazine showed significant inhibitory activity towards caffeine metabolism
in vitro (inhibition of CYP1A2 and possibly CYP3A), which may be of
pharmacological and clinical importance in vivo. In contrast to promazine,
haloperidol and the investigated atypical neuroleptics had no or very weak
effect on caffeine oxidation in vitro, of no in vivo significance. Considering
the results of the present and previous studies, it seems highly likely that
promazine may cause pharmacokinetic interactions, while atypical neurolep-
tics seem to be safe in this respect. Moreover, the observed reaction-
dependent effects of promazine and sertindole provide indirect evidence that
CYP1A2 is not the only isoenzyme important for the metabolism of caffeine,
which requires further pharmacological and clinical consideration.
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INTRODUCTION

Caffeine (1,3,7-trimethylxanthine) is extensi-
vely metabolized in a few positions of its structure,
both in humans and laboratory animals. The pri-
mary metabolic pathways of caffeine are 3-N-de-
methylation to paraxanthine (1,7-dimethylxanthine),
1-N-demethylation to theobromine (3,7-dimethyl-
xanthine), and 7-N-demethylation to theophylline
(1,3-dimethylxanthine) [1, 2, 3, 17, 20, 26]. Caf-
feine is a specific substrate for evaluating the acti-
vity of CYP1A2 (3-N-demethylation) in humans
and rats. Moreover, CYP3A seems to be important
for its metabolism via 8-hydroxylation [24, 30]. In
the case of 1-N- and, in particular, 7-N-demethyl-
ation of caffeine, apart from CYP1A2, other cyto-
chrome P-450 isoenzymes play a significant role,
e.g. CYP2B and/or CYP2E1 [7, 30]. However, the
qualitative and quantitative estimation of the con-
tribution of individual CYP isoenzymes to particu-
lar oxidation pathways of caffeine still requires elu-
cidation.

The knowledge of interaction of neuroleptics
with the cytochrome P-450 is of a great practical
value, since it allows to predict their metabolic/
pharmacokinetic interaction with other co-adminis-
tered drugs, e.g. antidepressants. It has been shown
that isoenzymes CYP1A2 and CYP3A contribute
significantly to the metabolism of neuroleptics and
antidepressants, both in humans and animals, though
certain species-differences were noticed. Those en-
zymes are responsible for ring sulfoxidation of
phenothiazines and N-demethylation of both phe-
nothiazines and antidepressants [6, 12, 23, 28, 35,
36]. Moreover, CYP3A participates in the metabo-
lism of haloperidol, risperidone and sertindole [18,
19, 32, 37].

Our previous studies with phenothiazine neuro-
leptics with different chemical structures (chlorpro-
mazine, levomepromazine, thioridazine, perazine)
showed that all the investigated drugs competi-
tively inhibited caffeine oxidation in rat liver mi-
crosomes, with their potency to inhibit particular
metabolic pathways being drug- and reaction-de-
pendent [13]. Levomepromazine exerted the most
potent inhibitory effect on caffeine oxidation path-
ways via inhibition of CYP1A2 (inhibition of 3-N-
and 1-N-demethylation; Ki = 36 and 32 �M, re-
spectively), CYP3A2 (inhibition of 8-hydroxyla-
tion; Ki = 20 �M), and possibly other CYP isoen-

zymes (inhibition of 7-N-demethylation; Ki = 58
�M). The potency of inhibition of caffeine oxida-
tion by perazine was similar to levomepromazine.
Thioridazine was a weaker inhibitor of caffeine
3-N- and 7-N-demethylation (Ki = 73 and 100 �M,
respectively), while chlorpromazine was weaker
in inhibiting caffeine 1-N- and 7-N-demethylation
(Ki = 76 and 123 �M, respectively), compared to
levomepromazine. The effect of the simplest phe-
nothiazine neuroleptic promazine on the metabo-
lism of caffeine has not been studied so far.

The aim of the present study was to investigate
the influence of two classic neuroleptics, promazine
and haloperidol and two atypical ones, risperidone
and sertindole, on cytochrome P-450 activity meas-
ured by caffeine oxidation in rat liver microsomes.
The obtained results show that promazine, display-
ing distinct inhibition of caffeine oxidation, differs
from the other investigated neuroleptics in their ef-
fects on the metabolism of the marker substance.

MATERIALS and METHODS

Chemicals

Promazine was provided by Polfa (Jelenia
Góra, Poland) and haloperidol was from RBI (Na-
tick MA, USA). Risperidone was donated by Jans-
sen Pharmaceutica (Beerse, Belgium), sertindole
by Lundbeck (Copenhagen, Denmark). Caffeine
and its metabolites, NADP, DL-isocitric acid (triso-
dium salt) and isocitric dehydrogenase were pur-
chased from Sigma (St. Louis, USA). All organic
solvents with HPLC grade were supplied by Merck
(Darmstadt, Germany).

Animals

All the experiments with animals were per-
formed in accordance with the Polish governmental
regulations (Animal Protection Act DZ.U. 97.111.724,
1997). The procedure used were accepted by the
Local Ethics Committee. The experiments were
carried out on male Wistar rats (230–260 g) kept
under standard laboratory conditions. Liver micro-
somes were prepared by differential centrifugation
in 20 mM Tris/KCl buffer (pH = 7.4) including
washing with 0.15 M KCl, according to a conven-
tional method.
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In vitro studies into caffeine oxidation in rat liver

microsomes

The in vitro metabolic studies were carried out
as previously described [13]. Pooled liver micro-
somes from six control rats were used. Each sample
was prepared in duplicate. The rates of 3-N-, 1-N-
and 7-N-demethylation and 8-hydroxylation of caf-
feine (caffeine concentrations: 100, 400, 800 nmol/
ml) were assessed in the absence or presence of one
of the neuroleptics added in vitro (neuroleptic con-
centrations: 200–800 nmol/ml). Incubations were
carried out in a system containing liver microsomes
(ca. 1 mg of protein/ml), phosphate buffer (0.1 M,
pH = 7.4), MgCl2 × 6 H2O (6 mM), NADP (1.2
mM), DL-isocitric acid (6 mM) and isocitric dehy-
drogenase (1.2 U/ml). The final incubation volume
was 0.5 ml. After a 2-min preincubation, the reac-
tion was started with the addition of NADPH gen-
erating system and the incubation lasted for 50 min.
Afterwards, the reaction was stopped by adding
350 �l of 2% ZnSO4 and 25 �l of 2 M HCl.

Determination of caffeine and its oxidized me-

tabolites

Caffeine and its metabolites were assessed using
the HPLC method [14]. After incubation, the sam-
ples were centrifuged for 10 min at 2000 × g. A wa-
ter phase containing caffeine and its metabolites
was extracted with 6 ml of organic mixture consist-
ing of ethyl acetate and 2-propanol (8:1, v/v). The
residue obtained after evaporation of microsomal
extract was dissolved in the mobile phase described
below and injected into the HPLC system. A Merck-
Hitachi chromatograph, “LaChrom” (Darmstadt,
Germany), equipped with an UV detector was used.
The analytical column (Supelcosil LC-18, 15 cm ×
4.6 mm, 5�m) was from Supelco (Bellefonte, USA).
The mobile phase consisted of 0.01 M acetate
buffer (pH = 3.5) and methanol (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 column temperature
was 30°C. The absorbance of caffeine and its me-
tabolites was measured at a wavelength of 254 nm.
The compounds were eluted in the following order:
theobromine (9.7 min), paraxanthine (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 quantification of theobro-
mine as low as 0.001 nmol, paraxanthine as low as
0.004 nmol, theophylline as low as 0.005 nmol,

1,3,7-trimethyluric acid as low as 0.01 nmol and
caffeine as low as 0.005 nmol in one sample.

Calculations

Ki values were estimated from Dixon’s plots.
The values of Km and Vmax were obtained by the
Lineweaver-Burk analysis. The values of Ki, Km
and Vmax were obtained graphically.

RESULTS and DISCUSSION

As mentioned in the Introduction, 3-N-deme-
thylation of caffeine is a specific reaction for test-
ing the activity of CYP1A2 in humans and rats [1,
7, 20, 26]. However, CYP3A seems also to be es-
sential for the metabolism of caffeine, but via the
8-hydroxylation pathway [24, 30]. In the case of
1-N- and, in particular, 7-N-demethylation of caf-
feine, apart from CYP1A2, other CYP isoenzymes
play a considerable role, probably CYP2B and/or
CYP2E1 [7, 30]. Therefore, caffeine has been cho-
sen for our studies to show interactions of classic
and atypical neuroleptics with cytochrome P-450
isoenzymes other than CYP2D.

The obtained results showed that promazine,
a phenothiazine neuroleptic with the simplest
chemical structure, significantly inhibited 1-N- and
3-N-demethylation and 8-hydroxylation of caffeine
in rat liver microsomes via competitive or mixed
mechanisms (Tab. 1). Dixon analysis of caffeine
metabolism carried out on control liver micro-
somes, in the absence and presence of the neurolep-
tics showed that the effect of promazine on 1-N-
and 3-N-demethylations was stronger than on 8-hy-
droxylation, while that on 7-N-demethylation was
very weak (Fig. 1A, B, C, D). This indicates inhibi-
tion by promazine of CYP1A2 (inhibition of 3-N-
and 1-N-demethylation), and possibly CYP3A2
(inhibition of 8-hydroxylation), but not of other
CYP isoenzymes involved in 7-N-demethylation of
caffeine (e.g. CYP2B2 and/or CYP2E1). Thus, the
results obtained with promazine provide further
evidence that 7-N-demethylation is governed by
other than CYP1A2 isoenzymes. The observed in-
hibitory effect of promazine on CYP1A2 was more
potent than those produced by the previously tested
phenothiazines (Tab. 2) or its dibenzoazepine ana-
logue imipramine [13, 14]. Hence, the interactions
of promazine with cytochrome P-450 observed in
vitro should be important in in vivo conditions,
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Table 1. The influence of classic and atypical neuroleptics on the metabolism of caffeine. The presented inhibition constants (Ki) for
inhibition of particular metabolic pathways were calculated using Dixon analysis. The character of inhibition was evaluated using
Lineweaver-Burk analysis

Neuroleptics
(inhibitors)

Inhibition of caffeine metabolism

Theobromine (caffeine
1-N-demethylation)

Paraxanthine (caffeine
3-N-demethylation)

Theophylline (caffeine
7-N-demethylation)

1,3,7-trimethyluric acid
(caffeine C-8-hydroxylation)

Ki [�M] Ki [�M] Ki [�M] Ki [�M]

Classic neurolepics

Promazine 21.8
mixed

25.4
competitive

190.7
mixed

58.2
competitive

Haloperidol no effect no effect no effect no effect

Atypical neuroleptics

Risperidone no effect 202.5
mixed

no effect 202.5
mixed

Sertindole 132.1
competitive

68.9
competitive

434.1
competitive

173.3
competitive
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Fig. 1. The influence of promazine on the metabolism of caffeine in rat liver microsomes (Dixon plots). Kinetics of the inhibition of
caffeine 1-N-demethylation: Km = 574 �M, Vmax = 0.011 nmol/mg protein/min, Ki = 21.8 �M (A); 3-N-demethylation: Km = 383
�M, Vmax = 0.014 nmol/mg protein/min, Ki = 25.4 �M (B); 7-N-demethylation: Km = 1000 �M, Vmax = 0.024 nmol/mg protein/min,
Ki = 190.7 �M (C); 8-hydroxylation: Km = 679 �M, Vmax = 0.172 nmol/mg protein/min, Ki = 58.2 �M (D). V – velocity of the reac-
tion, I – concentration of inhibitor



since the calculated Ki values were within the pre-
sumed concentration range of the inhibitor in the
liver in vivo (i.e. below 100 �M), both in pharma-
cological experiments and in psychiatric patients
[15, 29]. Therefore, promazine may lead to drug in-
teractions at a level of cytochrome P-450, mainly
CYP1A2, which is involved in ring sulfoxidation
and N-demethylation of phenothiazines, N-deme-
thylation of clozapine and antidepressants, as well
as in the metabolism of phenacetine, propranolol,
estradiol, neurotoxins and some carcinogens [8, 23,
35, 36]. Since promazine can also inhibit CYP2D
[10], there is a high possibility that the neuroleptic
will lead to many drug interactions, such as an ele-
vation of the concentration of tricyclic antidepres-
sants. This kind of interactions have been found for
other phenothiazines, both in humans [4, 5, 22, 25,
31] and rats [9, 11, 21].

In contrast to promazine, haloperidol had no ef-
fect on the oxidation of caffeine in the applied in vi-
tro metabolic model (Tab. 1), so it is unlikely to be
active in this respect in vivo after its use at low
doses (below 1 mg/kg). However, haloperidol may
inhibit other CYP isoenzymes (not contributing to
the metabolism of caffeine), e.g. CYP2D [10, 27],
since the neuroleptic is known to increase plasma
and brain concentrations of tricyclic antidepres-
sants [11, 22].

As reflected by Ki values, the potency of inhibi-
tion of caffeine oxidation by the atypical neuroleptics

risperidone and sertindole resembled rather halo-
peridol than promazine (Tab. 1). Risperidone ap-
peared to be a very weak inhibitor of 3-N-de-
methylation and 8-hydroxylation and had no effect
on 1-N- and 7-N-demethylation of caffeine. Alike,
sertindole was a very poor inhibitor of 1-N- and 7-
N-demethylation and 8-hydroxylation pathways of
the marker substance (Tab. 1), thus, the inhibition
of 3-N-demethylation of caffeine by sertindole (Ki
= 68.9 �M) observed in vitro cannot be of practical
significance in vivo, considering extremely low
pharmacological and therapeutic doses of the neu-
roleptic (about 0.1 mg/kg). Since the investigated
atypical neuroleptics are also very weak inhibitors
of CYP2D in rats and humans [10, 16], it seems un-
likely that they could be a cause of pharmacoki-
netic interactions at a level of cytochrome P-450.
Drug interactions produced by atypical neurolep-
tics have not been well described as yet, but clinical
studies indicate that risperidone and sertindole
have a low potential for drug-drug interactions [16,
33, 34, 38].

The obtained results provide also some addi-
tional data on substantial contribution of different
CYP isoenzymes to the metabolism of caffeine.
The observed differences in the control Km values
between 7-N-demethylation and other oxidation
pathways (Fig. 1), as well as differences in the Ki
values between inhibition of 7-N-demethylation and
the other investigated oxidation reactions of caf-
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Table 2. The influence of neuroleptics of different chemical structures on 1N-, 3N- and 7-N-demethylations and 8-hydroxylation of
caffeine. The neuroleptics are listed in each column according to the ascending Ki values. PROM – promazine, LVPZ – levomepro-
mazine, CPZ – chlorpromazine, THIOR – thioridazine, PER – perazine, HALO – haloperidol, RISP – risperidone, SERT – sertindole

Inhibition of caffeine metabolism

Theobromine (caffeine
1-N-demethylation)

Paraxanthine (caffeine
3-N-demethylation)

Theophylline (caffeine
7-N-demethylation)

1,3,7-trimethyluric acid
(caffeine C-8-hydroxylation)

Ki [�M] Ki [�M] Ki [�M] Ki [�M]

PROM: 21.8 PROM: 25.4 PER: 52.0(1) LVPZ: 20.0(1)

LVPZ: 32.0(1) LVPZ: 36.0(1) LVPZ: 58.0(1) PER: 32.0(1)

THIOR: 47.0(1) CPZ: 48.0(1) THIOR: 100.0(1) CPZ: 40.0(1)

PER: 50.0(1) PER: 52.0(1) CPZ: 123.0(1) THIOR: 40.0(1)

CPZ: 76.0(1) SERT: 68.9 PROM: 190.7 PROM: 58.2

SERT: 132.1 THIOR: 73.0(1) SERT: 434.1 SERT: 173.3

RISP: no effect RISP: 202.5 RISP: no effect RISP: 202.5

HALO: no effect HALO: no effect HALO: no effect HALO: no effect

(1) According to Daniel et al. [13]



feine by sertindole and promazine (Tab. 1) strongly
suggest that: (a) 7-N-demethylation is not governed
by CYP1A2; (b) a few isoenzymes are involved in
the I phase metabolism of caffeine.

In summary, among the investigated neurolep-
tics, only promazine shows significant inhibitory
activity towards caffeine oxidation, which is stronger
compared to the effects of the earlier studied phe-
nothiazines: chlorpromazine, levomepromazine, thio-
ridazine and perazine (1-N- and 3-N-demethylations).
This indicates an inhibition of CYP1A2. In contrast
to promazine, haloperidol and the investigated
atypical neuroleptics, risperidone and sertindole,
have no or very weak effect on caffeine oxidation
pathways. Considering the results of the present
and previous studies, promazine may be a cause of
pharmacokinetic interactions, while atypical neuro-
leptics seem to be safe in this respect. The obtained
results provide also further indirect evidence that
CYP1A2 is not the only isoenzyme essential for the
metabolism of caffeine, which requires further
pharmacological and clinical consideration in the
context of its application as a marker substance of
a broader CYP spectrum. This kind of a universal
metabolic substrate (test substance) would be of
a great value in view of development of pharmaco-
genetics and individualized approach to the treat-
ment of patients.
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