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Abstract

Our previous studies carried out on rats showed that mirtazapine given intraperitoneally at a dose of 3 mg/kg, twice a day for two

weeks, increased the activity of CYP2D measured as ethylmorphine O-deethylation in liver microsomes. The aim of the present

work was to find out whether the mirtazapine-induced increase in the CYP2D activity observed in vivo is connected with the central

action of mirtazapine or the drug acts directly on hepatocytes. For this purpose, we studied the influence of pharmacological

concentrations of mirtazapine (0.1, 1.0, 10 µM for 96 h) on the activity of CYP2D measured as the rates of ethylmorphine

O-deethylation and dextromethorphan O-demethylation in the primary culture of rat hepatocytes. Additionally, we tested the ability

of CYP isoforms to catalyze ethylmorphine O-deethylation, using cDNA-expressed CYPs and CYP inhibitors applied to liver

microsomes. The obtained results indicate that mirtazapine applied at pharmacological concentrations can moderately increase the

activity of rat CYP2D in hepatocytes, and CYP2D2 isoform contributes mostly to this effect. Similar result was previously obtained

after in vivo administered mirtazapine in liver microsomes, but not in brain microsomes, the latter containing mainly CYP2D4

isoform. Mirtazapine appears to act directly on hepatocytes and its effect does not seem to depend on the central pharmacological

action of the antidepressant. CYP2D2 is the main isoform catalyzing ethylmorphine O-deethylation while CYP2A2, CYP2C6 and

CYP2C11 are of minor importance.
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Introduction

The isoenzymes of human CYP2D subfamily are en-

coded by one active CYP2D6 gene and two pseudo-

genes, while in the rat five genes CYP2D1-5, as well

as CYP2D18 have been identified. The isoforms of

CYP2D subfamily mediate the metabolism of en-

dogenous substrates (dopamine, serotonin, steroids

and arachidonic acid) and numerous drugs (psycho-

tropics, �-blockers, antiarrhythmic agents, codeine,

amphetamines), carcinogens and neurotoxins [5, 7].

Our earlier studies showed that the most of the in-

vestigated antidepressants (tricyclic antidepressants

TADs, selective serotonin reuptake inhibitors SSRIs

and novel antidepressant drugs mirtazapine, nefazo-

done) produced significant changes in the activity of

CYP2D in the rat liver. Apart from direct effects of

the parent drugs on CYP2D activity (via binding with

enzyme protein), the investigated antidepressants ex-
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erted also substantial indirect effects, produced by

longer exposure to the drugs, which were drug- and

time-dependent [5]. Three different mechanisms of

the antidepressants-CYP2D interaction were postu-

lated: 1) competitive inhibition of CYP2D shown in

vitro, with stronger inhibitory effects of TADs and

SSRIs than nefazodone or mirtazapine; 2) in vivo in-

hibition of CYP2D produced by both one-day and

chronic treatment with TADs and SSRIs, which sug-

gests enzyme inactivation by reactive metabolites; 3)

in vivo CYP2D inhibition by nefazodone and its in-

duction by mirtazapine, produced only by chronic

treatment with the drugs, which suggests their influ-

ence on the enzyme regulation.

It may seem surprising that CYP2D activity was

increased by prolonged administration of mirtazapine,

since inducers of CYP2D have not been found so far

and the mechanisms of regulation of the activity of

the CYP2D subfamily isoenzymes are not well

known. Recent studies indicate that CYP2D subfam-

ily may be regulated by hepatic nuclear factor

(HNF)-4, an orphan receptor, for which no physio-

logically relevant activator or ligand is known yet

[10]. However, the state of pregnancy can induce

CYP2D, which suggests a certain regulatory influence

of steroids. Bergh and Strobel [2] and Baum and

Strobel [1] demonstrated the regulation of CYP2D

mRNA expression in the rat brain with steroid hor-

mones (an increase by testosterone and a decrease by

progesterone).

The aim of the present work was to find out

whether the observed increase in the activity of

CYP2D in vivo is connected with the central action of

mirtazapine or the drug acts directly on hepatocytes.

For this purpose the influence of pharmacological

concentrations of mirtazapine on the activity of

CYP2D in the primary culture of rat hepatocytes was

studied. Additionally, we tested the ability of CYP

isoforms to catalyze ethylmorphine O-deethylation.

Materials and Methods

Animals and enzyme preparations

All the experiments with animals were performed in

accordance with the Polish governmental regulations

(Animal Protection Act DZ.U. 97.111.724, 1997).

The experiments were carried out on male Wistar rats

(230–260 g) kept under standard laboratory condi-

tions. The rats were sacrificed and liver microsomes

were prepared by differential centrifugation in 20 mM

Tris/KCl buffer (pH = 7.4), including washing with

0.15 M KCl according to a conventional method.

Supersomes – microsomes prepared from baculovi-

rus-infected insect cells expressing individual rat

CYPs: 1A2, 2B1, 2C6, 2C11, 2C13, 2D1, 2D2, 2E1,

3A2 (cDNA-expressed rat CYPs) were obtained from

Gentest Corp. (Woburn, MA, USA). Rat hepatocytes

were prepared from male Wistar rats by three-step

collagenase perfusion and cultured as described be-

low [14].

Drugs and chemicals

Mirtazapine hydrochloride was donated by Or-

ganon (Netherlands). Ethylmorphine, NADP, glucose-

6-phosphate, glucose-6-phosphate-dehydrogenase, qui-

nine, cimetidine, sulfaphenazole were purchased from

Sigma (St. Louis, USA), morphine was from Polfa

S.A. (Kutno, Poland). All chemicals for hepatocyte

culture were purchased from Sigma Chemie GmbH

(Deisenhofen, Germany). All organic solvents of

HPLC purity were supplied by Merck (Darmstadt,

Germany).

Preparation and culture of primary rat hepato-

cytes

Rat hepatocytes were prepared from male Wistar rats

(200–250 g; Charles River, Budapest) by in situ liver

collagenase perfusion according to the method of

Seglen [14]. Cell viability (> 90%) was determined by

trypan blue exclusion. All procedures were approved

by the Institutional Animal Care and Use Committee.

Hepatocytes were plated at a density of 1.8 × 105 cells/cm2

in 30 mm dishes pre-coated with 0.15 ml of rat tail

collagen type I solution (1.6 mg/ml) in Williams Me-

dium E containing 5% of fetal calf serum, 100 nM in-

sulin, 2.5 µg/ml amphotericin B, 0.1 mg/ml gentami-

cin, 30 nM Na2SeO3, and 0.1 µM dexamethasone.

Calf serum and amphotericin B were present for the

first 24 h and then omitted. Cells were maintained at

37°C in a humidified atmosphere of 95% air and 5%

CO2. One hour after plating, and every day thereafter,

the medium was changed to Williams Medium E sup-

plemented with insulin, gentamicin, dexamethasone

and Na2SeO3.
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The effect of mirtazapine on the CYP2D activity

measurement of the rates of ethylmorphine

O-deethylation and dextromethorphan

O-demethylation in the primary culture of rat

hepatocytes

Induction of rat hepatocytes with mirtazapine at con-

centrations of 0.1, 1.0 and 10.0 µM (in 0.1% DMSO)

was initiated 2.5 h after seeding and lasted for 96 h.

Control cells were cultured with the vehicle (0.1%

DMSO). The final concentrations of CYP2D-specific

substrates were: ethylmorphine 500 µM and dex-

tromethorphan 50 µM in Hank’s Balanced Salt Solu-

tion (HBSS). 10-min incubation with ethylmorphine

and 20-min incubation with dextromethorphan were

carried out at 37°C in the atmosphere of 5% CO2.

The medium was filtered and its 20 µl aliquots were

applied to HPLC system.

Identification of CYP isoforms catalyzing ethyl-

morphine O-deethylation using cDNA-expressed

rat CYPs

The incubation mixture (total volume 0.5 ml) con-

tained Tris/KCl buffer (20 mM, pH = 7.4), MgCl2
(3.2 mM), nicotinamide (30 mM), NADP (1.3 mM),

glucose 6-phosphate (3.2 mM) and glucose-6-phosp-

hate-dehydrogenase (0.3 U), cDNA-expressed rat

CYP (100 pmol of CYP protein/1 ml) and ethylmor-

phine (500 µM). After a 20-min incubation at 37°C,

the reaction was stopped by adding 100 µl of metha-

nol and then by cooling it down in ice. Each sample

was prepared in duplicate.

Ethylmorphine O-deethylation in rat liver micro-

somes in the presence or absence of CYP spe-

cific inhibitors

The incubation mixture (total volume 1 ml) contained

Tris/KCl buffer (20 mM, pH = 7.4), MgCl2 (2 mM),

nicotinamide (30 mM), NADP (0.2 mM), glucose 6-

phosphate (2 mM) and glucose-6-phosphate-dehydro-

genase (0.5 U) and rat liver microsomes (1 mg of pro-

tein/1 ml). Ethylmorphine was added to the incuba-

tion mixture in vitro at a concentration of 300 µM.

The following concentrations of CYP specific inhibi-

tors were used: quinine (CYP2D inhibitor) – 10 µM,

sulfaphenazole (CYP2C6 inhibitor) – 5 µM, cimetidine

(CYP2C6 and 2C11 inhibitor) – 50 µM. After a 10-

min incubation at 37°C, the reaction was stopped by

adding 200 µl of methanol and then by cooling it

down in ice.

Determination of the concentration of morphine

and dextrorphan

Morphine was determined as described previously

[5]. Briefly, morphine formed from ethylmorphine

was extracted from the microsomal suspension (pH =

8.5) with chloroform containing 10% of 1-butanol.

Concentrations of morphine formed from ethylmor-

phine were assessed by high performance liquid chro-

matography method (HPLC). The residue obtained af-

ter evaporation of the extracts was dissolved in 1000

µl of the mobile phase described below. An aliquot

(20 µl) was injected into the HPLC system (LaChrom,

Merck-Hitachi), equipped with L-7480 fluorescence

detector. The analytical column (Econosphere C18,

5 µM, 4.6 × 250 mm) was purchased from Alltech

(Carnforth, England). The mobile phase consisted of

0.05 M KH2PO4 and acetonitrile (75 : 25). The flow

rate was 1.0 ml/min (1–8 min) and 2 ml/min (8.1–22 min).

The column temperature was 25°C. The fluorescence

was measured at a wavelength of 210 nm (excitation)

and 340 nm (emission).

Concentrations of dextrorphan formed from dex-

tromethorphan were assessed by the HPLC method,

using a Merck Hitachi HPLC system equipped with

an L-6200 A pump, an L-4250 UV detector and a D-

6000 A interface. For analytical separation, a Chro-

molith Performance RP 18e (100 × 4.6 mm) chroma-

tographic column (Merck, Darmstadt, Germany) was

applied. The loop volume was 20 µl. The mobile

phase was applied as a gradient elution with solvent A

(0.01 M K-phosphate buffer, pH = 3) and solvent B

(100% acetonitrile) in the following order: 0–3.5 min

A/B, 85:15; 3.5–6 min A/B, 10:90; 6–10 min A/B,

85:15 at a flow rate of 2 ml/min. The absorbance was

measured at a wavelength of 200 nm.

Calculations and statistics

Student’s t-test was used for statistical calculations in

the experiment with rat hepatocytes. Statistical sig-

nificance in experiment with liver microsomes was

assessed using an analysis of variance followed by

Dunnett’s test.
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Results and Discussion

Our previous studies carried out on rats showed that

mirtazapine given intraperitoneally at a dose of

3 mg/kg, twice a day for two weeks increased the ac-

tivity of CYP2D (to 150% of the control), measured

as ethylmorphine O-deethylation in liver microsomes

[5]. At the same time the antidepressant increased

also the activity of CYP2C6 [4], not affecting other

CYP isoforms [3, 8, 9]. On the other hand, mirtazap-

ine given in vitro to rat liver microsomes appeared to

be a weak inhibitor of CYP2D, displaying the Ki

value of 107 µM [5].

It has become interesting for us to distinguish

whether the mirtazapine-induced increase in CYP2D

activity observed in vivo depended on the effect of the

antidepressant on the central nervous system (e.g. via

the endocrine system) or the antidepressant acted di-

rectly on hepatocytes. The mechanism of action of

mirtazapine includes presynaptic �2 receptor and

postsynaptic 5-HT2 and 5-HT3 receptor blockade [6].

Thus, its effect on the regulation of CYP via the neu-

roendocrine system seemed possible.

However, our study indicated that mirtazapine was

able to increase the activity of rat CYP2D by acting

directly on hepatocytes (Tab. 1). Experiments carried

out on the primary culture of rat hepatocytes incu-

bated for 96 h with pharmacological concentrations of

mirtazapine (0.1, 1.0 and 10 µM) showed that the

antidepressant increased the rate of CYP2D-specific

reactions, i.e. ethylmorphine O-deethylation (135–149%

of the control, depending on mirtazapine concentra-

tion) and dextromethorphan O-demethylation (112–131%

of the control, depending on mirtazapine concentra-

tion). The magnitude of the increase in CYP2D activ-

ity in hepatocytes, measured as the rate of ethylmor-

phine O-deethylation, was similar to that observed in

liver microsomes after in vivo administered mirtazap-

ine [5]. The moderate increase in the enzyme activity

may result from relatively low, pharmacological

doses/concentrations of mirtazapine applied in vivo

and in vitro, respectively. However, such an effect

was not so visibly observed in brain microsomes [7],

which might result from different composition of

CYP2D isoforms in the two organs of the rat.

CYP2D4 is the main CYP2D isoform in the brain,

while its relative amount in the liver is very low. In

contrast, CYP2D2 belongs to the main CYP2D iso-

forms in the liver.

Since the effect of mirtazapine on ethylmorphine

O-deethylation was more potent than that on dex-

tromethorphan O-demethylation, a question arouse

whether a part of it (measured by ethylmorphine

O-deethylation) could be derived from the ability of

the antidepressant to induce CYP2C6. As mentioned

above, mirtazapine administered chronically in vivo

increased both CYP2D [5] and CYP2C6 [4] activity.

Using individual CYP isoforms, it has been clearly

shown that dextromethorphan O-demethylation is se-

lectively catalyzed by CYP2D in the rat [11], while

such detailed studies concerning ethylmorphine

O-deethylation have not been carried out so far. How-

ever, the data obtained with the use of CYP2D-

selective inhibitor quinine and liver microsomes

showed the importance of CYP2D for the catalysis of

this reaction in the rat [15]. Moreover, it has been

shown that ethylmorphine O-deethylation cosegregates

with the debrisoquin polymorphic metabolism [13]

and quinidine inhibits this reaction in liver micro-

somes from extensive but not from poor metabolizers

of dextromethorphan [12]. Nevertheless, we have

made additional study to gain detailed data on the

relative ability of CYP isoforms to catalyze ethylmor-

phine O-deethylation. For this purpose we used

cDNA-expressed CYPs (Fig. 1) and CYP inhibitors

applied with liver microsomes (Fig. 2).

Experiments carried out on cDNA-expressed CYPs

showed that CYP2D2 was the main CYP isoform me-

diating ethylmorphine O-deethylation (Fig. 1). In con-

trast to CYP2D2, CYP2D1 was practically inactive in
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Treatment Ethylmorphine
O-deethylation

pmol/10� cells/min

Dextromethorphan
O-demethylation

pmol/10� cells/min

Control (0.1% of
DMSO)

128.62 ± 12.88 94.62 ± 2.30

Mirtazapine 0.1 µM 173.77 ± 14.22**
(135%)

106.15 ± 6.92**
(112%)

Mirtazapine 1.0 µM 191.90 ± 5.36***
(149%)

120.00 ± 8.07***
(127%)

Mirtazapine 10 µM 156.08 ± 10.47**
(121%)

123.85 ± 10.38***
(131%)
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this system. Out of other isoforms tested, CYP2A2

had the highest ability to catalyze this reaction (1/2.5

of CYP2D2 activity). Moreover, some of the CYP2C

subfamily isoforms (CYP2C6 and CYP2C11) showed

a modest tendency to O-deethylate ethylmorphine

(1/11 and 1/16 of CYP2D2 activity, respectively).

Since mirtazapine is able to increase the activity of

both CYP2D and CYP2C6 [4, 5], we compared the

effects of specific CYP2D and CYP2C inhibitors on

the rate of ethylmorphine O-deethylation in rat liver

microsomes in one experiment (Fig. 2). Quinine,

a CYP2D inhibitor, significantly decreased the rate of

ethylmorphine O-deethylation to 28% of the control.

The extent of the inhibition was similar to that previ-

ously observed by Xu et al. [15]. Sulfaphenazole,

a CYP2C6 inhibitor, decreased the rate of this reaction

only to 89% of the control. Cimetidine, a CYP2C6 and

CYP2C11 inhibitor, decreased the rate of ethylmor-

phine O-deethylation to 78% of the control. The

above results obtained with the use of cDNA-

expressed CYPs and specific CYP inhibitors indicate

that (1) CYP2D2 is the main isoform catalyzing ethyl-

morphine O-deethylation in the rat, (2) the

mirtazapine-induced increase in CYP2C6 activity [4]

could hardly affect the rate of CYP2D2-specific reac-

tion, i.e. ethylmorphine O-deethylation in vivo and in

hepatocytes in vitro.

The obtained results indicate that mirtazapine ap-

plied at pharmacological concentrations can moder-

ately increase the activity of rat CYP2D in hepato-

cytes, and CYP2D2 isoform contributes mostly to this

effect. Similar result was previously obtained after in

vivo administered mirtazapine in liver microsomes

[5], but not in brain microsomes [7], the latter con-

taining mainly CYP2D4 isoform. Mirtazapine appears

to act directly on hepatocytes and its effect does not

seem to depend on the central pharmacological action

of the antidepressant. Further studies examining

CYP2D2 mRNA and protein level are required to

confirm the observed inductive properties of mir-

tazapine.
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