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Abstract:

The aim of the present study was to investigate the influence of antidepressants with different chemical structures and mechanisms of
action affecting serotonergic and/or noradrenergic systems — tricyclic antidepressant drugs (TAD), selective serotonin reuptake
inhibitors (SSRIs) and novel antidepressants (mirtazapine, nefazodone) — on the activity of rat CYP2B measured as the rate of
16B-hydroxylation of testosterone. The reaction was studied in control liver microsomes in the presence of antidepressants, as well
as in microsomes of rats treated intraperitoneally for one day or two weeks (twice a day) with pharmacological doses (mg/kg) of the
drugs (imipramine, amitriptyline, clomipramine, nefazodone 10; desipramine, fluoxetine, sertraline 5; mirtazapine 3). The obtained
K| values indicated that nefazodone and the SSRIs sertraline and fluoxetine were the most potent inhibitors of the studied reaction
(Kj = 10-20 uM). The inhibitory eftects of TADs were modest (K; = 62—-85 uM), while mirtazapine was a very weak inhibitor of
CYP2B activity (K; =286 uM). After a one-day exposure of rats to the investigated antidepressants, a significant increase in CYP2B
activity was only observed after sertraline exposure (300% of the control). Chronic treatment with the antidepressants led to a sig-
nificant enhancement of CYP2B activity after sertraline, fluoxetine and desipramine (580, 200 and 150% of the control, respec-
tively) treatment, which positively correlated with the observed elevation in CYP2B protein levels. In summary, two different
mechanisms of the antidepressant-CYP2B interaction are postulated: 1) a direct inhibition of CYP2B shown in vitro by nefazodone,
SSRIs and TADs; 2) in vivo induction of CYP2B produced by prolonged administration of SSRIs and desipramine, which suggests
their influence on enzyme regulation. The marked CYP2B-induction produced by SSRIs corresponds with their selective serotonin
reuptake inhibition, while the effect of desipramine corresponds with its selective inhibition of noradrenaline reuptake.
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Introduction three CYP2BI, CYP2B2, and CYP2B3, produce de-
tectible transcripts in the liver. The isoforms CYP2B1

and CYP2B2 share 97% amino acid sequence homol-

Cytochrome P450 2B (CYP2B) belongs to the impor-
tant CYP subfamilies, which are mainly involved in
the metabolism of xenobiotics. The CYP2B gene sub-
family in the rat consists of eight genes, of which

ogy, and CYP2B1 has about 75% identity with the hu-
man CYP2B6. The constitutive level of CYP2B ex-
pression in the liver is low and does not exceed 5% of
the total CYP content. The presence of CYP2B activ-
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ity was shown not only in the liver, but also in the il-
eum, adrenal glands, kidneys, lungs and brain [2, 16,
20, 57]. Significant regional differences exist in the
expression of CYP2B1 and CYP2B2 isoforms in rat
brain, which may be attributed to the differences in
the cell type expressing these CYP isoforms [21, 39,
51, 59]. Accordingly, recent studies revealed that neu-
ronal cells exhibited two-fold higher activity of
CYP2B than glial cells [34]. The activities of the con-
stitutive and induced form of CYP2B1 have recently
been demonstrated in rat brain in vivo [42].

The catalytic competence of rat isoforms CYP2B1
and CYP2B2 is similar, and in many cases overlaps
that of the human isoform CYP2B6. However, each of
the CYP2B isoforms exhibits different substrate/reac-
tion preferences [24]. The N-demethylation of benz-
phetamine and 16B-hydroxylation of testosterone are
CYP2BI1-specific reactions, though the reactions are
also catalyzed (but at a lower rate) by CYP2B2. The
rat CYP2B1/2 enzymes and human CYP2B6 demon-
strate partially similar substrate specificity as indi-
cated by their ability to hydroxylate testosterone and
lidocaine [3, 22, 27, 33, 38, 49]. Moreover, CYP2B6
was shown to metabolize many drugs, such as
S-mephenytoin (N-demethylation), benzodiazepines,
bupropion, mianserin, and tamoxifen, and to activate
cyclophosphamide and ifosfamide [17, 29, 44, 48].
Both rat and human CYP2B isoforms are of high toxi-
cological significance, since they activate natural and
synthetic procarcinogens, such as aflatoxin B;, 6-amino-
chrysene, benzo[a]pyrene, 7,12-dimethylbenz[a]anthra-
cene, and dibenz[a,h]anthracene [44]. The subfamily
of CYP2B isoforms is inhibited by metyrapone
(CYP2B1/2) and orphenadrine (CYP2B1/2/6) [44, 48].

CYP2B genes are regulated physiologically by thy-
roid hormones, glucocorticoids and growth hormone
[31, 45], which all remain under the control of the
central nervous system [18, 65, 64]. At a molecular
level, the nuclear receptors — constitutive androstane
receptor (CAR), pregnane X receptor (PXR), and glu-
cocorticoid receptor (GR) participate in their regula-
tion [31, 32, 35, 36]. The CAR regulation of CYP2B
genes is species-specific [61]. CYP2B isoforms (ex-
cept CYP2B3) are induced by phenobarbital, and
CYP2B6 is also induced by the classical CYP3A in-
ducers dexamethasone and rifampicin [20, 28, 46, 47,
48, 55]. CYP2BI1 is highly inducible, while CYP2B2
is only moderately inducible by phenobarbital in the
liver. Phenobarbital also induces the expression of ex-
trahepatic CYP2B isoforms. Lee et al. [37] observed
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phenobarbital CYP2B6 induction in monkey brain.
Recently Kapoor et al. [34] observed that cultured rat
brain glial cells exhibited greater magnitude of pheno-
barbital induction than neuronal cells; moreover,
a greater magnitude of induction of CYP2B2 than
CYP2BI1 was seen in the brain cells. On the other hand,
ethanol induces CYP2B1/2 in rat liver but not in rat
brain [52]. Interestingly, CYP2B1 is inducible by nico-
tine in the brain, but not in the liver [39], which may
have some relevance to Parkinson’s disease [42].

Antidepressant drugs that increase noradrenergic
and serotonergic transmission in the brain may affect
the secretion of anterior pituitary hormones by regu-
lating the hypothalamic secretion of the respective re-
leasing and inhibiting factors [53], which, in turn,
may stimulate the expression of some CYP isoforms.
Accordingly, we have shown that some antidepres-
sants stimulate the expression of rat proteins CYP2C
and CYP3A [8, 10, 27]. Since CYP2B isoenzymes are
of considerable pharmacological and toxicological
importance, the aim of the present study was to inves-
tigate the effect of antidepressants with different
chemical structures and mechanisms of action affect-
ing serotonergic and/or noradrenergic systems (tricyc-
lic antidepressant drugs — TAD, selective serotonin re-
uptake inhibitors — SSRIs, and the novel antidepres-
sants nefazodone and mirtazapine) on the activity and
protein levels of CYP2B1/2 in liver microsomes (ex
vivo study). We also examined the direct interactions
of antidepressants with rat CYP2B in vitro (binding
with cytochrome protein). The obtained results indi-
cate drug- and time-dependent changes in the activity
of rat CYP2B1/2 produced by antidepressants.

Materials and Methods

Drugs and chemicals

Imipramine hydrochloride was provided by Polfa (Je-
lenia Gora, Poland), amitriptyline by H. Lundbeck A/S
(Copenhagen, Denmark), while clomipramine was from
RBI (Natick, MA, USA) and desipramine from Ciba-
Geigy (Wehr, Germany). Fluoxetine hydrochloride was
purchased from Eli Lilly (Indianapolis, USA) and ser-
traline hydrochloride from Pfizer Corp. (Brussels,
Belgium). Mirtazapine hydrochloride was donated by
Organon (The Netherlands) and nefazodone by Bri-
stol-Myers Squibb International, Ltd. (Uxbridge, UK).
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Testosterone and its metabolite, 163-hydroxytestoste-
rone, were from Steraloids (Newport, USA). NADP,
glucose-6-phosphate and glucose-6-phosphate-dehy-
drogenase, as well as anti-goat IgG (secondary anti-
body) and nitrocellulose membranes, were purchased
from Sigma (St. Louis, USA). All organic solvents
were supplied by Merck (Darmstadt, Germany). A po-
lyclonal antibody, anti rat CYP2B1 goat serum and rat
Supersomes CYP2B1 were obtained from Gentest
Corp. (Woburn, USA). A LumiGLO chemiluminescent
substrate was provided by KPL (Gaithersburg, USA).

Animal procedures

All the experiments on animals were performed in ac-
cordance with the Polish governmental regulations
(Animals Protection Act, DZ.U. 97.111.724, 1997).
The experiments were carried out on male Wistar rats
(230260 g) kept under standard laboratory condi-
tions. The investigated antidepressant drugs were ad-
ministered intraperitoneally (ip), twice a day for one
day or two weeks at the following pharmacological
doses (mg/kg): imipramine, amitriptyline, clomi-
pramine, and nefazodone: 10, desipramine, fluoxetine
and sertraline: 5, mirtazapine: 3. The control animals
were injected with saline. The rats were sacrificed at
15 h (one-day treatment) or 24 h (two-week treat-
ment) after drug withdrawal, 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. The
above procedure deprives microsomes of the presence
of drugs administered in vivo.

In vitro studies into CYP2B activity — measure-
ment of the rate of 163-hydroxylation of testos-
terone in liver microsomes

The activity of CYP2B was studied by measurement
of the rate of the CYP2B-specific reaction, testoster-
one 16B-hydroxylation in the liver microsomes, as de-
scribed previously [26]. To distinguish between a di-
rect effect of antidepressants on the activity of
CYP2B and the changes produced by their one-day or
two-week administration, three experimental models
were used. Model I: The experiment was conducted
on pooled liver microsomes from three control rats.
The rate of testosterone 16p-hydroxylation (testoster-
one concentration between 50-200 uM) was assessed
in the absence and presence of one of the antidepres-
sants added in vitro (antidepressants concentration be-

tween 50-200 uM). Each sample was prepared in dupli-
cate. Model II: The experiment was carried out on liver
microsomes from rats exposed to an antidepressant for
24 h. Testosterone was added to the incubation mixture
in vitro at a concentration of 200 uM. The 163-hydrox-
ylation of testosterone was studied in the absence of an-
tidepressants. Model III: Liver microsomes from rats
subjected to two-week antidepressant treatment were in-
vestigated. Testosterone was added to the incubation
mixture in vitro at a concentration of 200 uM. The reac-
tion was studied in the absence of antidepressants.

Incubations (Models I, II and III) were carried out
in a system containing liver microsomes (1 mg of pro-
tein in 1 ml), Tris/KCI buffer (50 mM, pH = 7.4),
MgCl, (3.0 mM), EDTA (1 mM), NADP (1.0 mM),
glucose 6-phosphate (5 mM), and glucose-6-phos-
phate-dehydrogenase (1.7 U in 1 ml). The final incu-
bation volume was 1 ml. After a 15 min incubation,
the reaction was stopped by adding 200 ul of metha-
nol, and then by cooling it down in ice.

Determination of the concentration of testoster-
one and its metabolite 163-hydroxytestosterone,
in liver microsomes

Testosterone and 16B-hydroxytestosterone were ex-
tracted from the microsomal suspension with dichlo-
romethane, and their concentrations were assessed by
the high performance liquid chromatography (HPLC)
method based on Sonderfan et al. [54]. The residue
obtained after evaporation of the extracts was dis-
solved in 100 pl of 50% methanol. An aliquot (20 pl)
was injected into the HPLC system (LaChrom,
Merck-Hitachi), equipped with a 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 sol-
vent A (100% methanol:water:acetonitrile, 39:60:1
v/v/v) to solvent B (70% methanol:water:acetonitrile,
80:18:2 v/v/v) 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 com-
pounds were eluted in the following order: 16p-hy-
droxytestosterone, 9.6 min and testosterone, 15.6 min.
The sensitivity of the method allowed for quantifica-
tion of 16B-hydroxytestosterone down to 0.005 nmol
in one sample. The accuracy of the method amounted
to 4.7% (16B-hydroxytestosterone). The inter- and
intra-assay coefficients of variance were below 6%.
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Western blot analyses

The level of CYP2B in liver microsomes of rats
treated chronically with antidepressants (Model I1I)
was estimated by Western blot analysis. SDS-PAGE
and immunoblot assays were performed using a meth-
odology provided by Gentest, USA. Briefly, 10 ng of
microsomal protein was separated on a 0.75 mm-thick
sodium dodecyl sulfate-polyacrylamide 4% (w/v)
stacking gel and a 12% (w/v) resolving gel employing
a MINIPROTEAN II electrophoresis system (Bio-Rad,
Hemmel Hempstead, UK; 130 V, 65 min). Protein
was electroblotted onto a nitrocellulose membrane
(100 V, 100 min) and blocked overnight with 5%
dried nonfat milk in PBS (phosphate-buffered saline,
pH = 7). After incubation with primary antibody
(polyclonal goat anti-rat antibody raised against
CYP2BI1, which recognized also the CYP2B2 form),
the blots were incubated with secondary antibody, i.e.,
the appropriate species-specific horseradish peroxi-
dase-conjugated anti-IgG. Rat CYP2B1 Supersomes
(cDNA-expressed rat isoenzyme) were used as a stan-
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dard. Immunoreactivity was assessed using an en-
hanced LumiGLO chemiluminescent substrate. The
intensities of the bands corresponding to the enzyme
protein on the nitrocellulose membrane were meas-
ured with the Luminescent Image analyzer LAS-1000
using the Image Reader LAS-1000 and the Image
Gauge 3.11 program (Fuji Film, Japan).

Statistical analysis

K, values were estimated from Dixon’s plots. Statistical
significance (Model II and Model III) was assessed us-
ing an analysis of variance followed by Dunnett’s test.
All values are the means + SEM from 5-8 animals.

Results

The obtained results show that some of the investi-
gated antidepressant drugs exert a direct inhibitory ef-
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Fig. 1. Kinetics of the inhibition of 16B-hydroxylation of testosterone by imipramine (A), amitriptyline (B), sertraline (C) and nefazodone (D)
(Dixon plots). V — velocity of the reaction (nmol of 16p-OH-testosterone/mg of protein/min); | — inhibitor concentration (uM). K; values are pre-

sented in Table 1
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Tab. 1. The influence of antidepressants added to rat liver micro-
somes in vitroon CYP2B activity measured as the rate of testosterone
16p-hydroxylation (Model /). The presented inhibition constants (K))
were calculated using Dixon analysis (Fig. 1A-1D)

Antidepressants (inhibitors) Inhibition of CYP2B activity
Ki (uM)
I, Tricyclic antidepressants (TADS)
Imipramine 78
Desipramine 85
Clomipramine 62
Amitriptyline 70

Il. Selective serotonin reuptake inhibitors (SSRIs)

Fluoxetine 20
Sertraline 10

lll. Novel antidepressants
Mirtazapine 286
Nefazodone 13

fect on CYP2B in vitro. The antidepressants, added
to liver microsomes of control rats, directly inhibited
the activity of CYP2B, specifically, testosterone
16B-hydroxylation (Tab. 1). Figures 1A—D show ex-
amples of the Dixon plots obtained in our studies,
which served as the basis for calculation of the K;
constants. The obtained K; values indicated that nefa-
zodone and the SSRIs sertraline and fluoxetine were
the most potent inhibitors of the studied reaction (K; =
10, 13, and 20 puM, respectively), while mirtazapine
was the weakest inhibitor in this respect (K; =286 uM)
(Tab. 1). The potency of the antidepressants to inhibit
the CYP2B-specific reaction was as follows (accord-
ing to the K; values): sertraline ~ nefazodone >
fluoxetine > clomipramine ~ amitriptyline = imi-
pramine ~ desipramine > mirtazapine.

After a one-day (i.e., 24 h) exposure to sertraline,
increased CYP2B activity was observed (up to 300%
of the control) (Fig. 2A). Other studied antidepres-
sants did not produce any significant changes in the
rate of the CYP2B-specific reaction.

The two week-treatment with the investigated anti-
depressants caused more changes in the rate of testos-
terone 16B-hydroxylation than one-day treatment
(Fig. 2B). The increased CYP2B activity observed af-
ter chronic treatment with sertraline (580% of the
control) was almost two times higher than after one-
day exposure to this antidepressant. Moreover, desi-
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Fig. 2. The activity of CYP2B after one-day (A) and two-week treat-
ment (B) with antidepressants (Model Il and /1], respectively). The ac-
tivity was measured as the rate of testosterone 16p3-hydroxylation in
rat liver microsomes. All values are the means + SEM of 7-8 animals;
*p < 0.05 * p < 0.01 (Dunnett’s test) compared to the control
(A: 0.022 + 0.003 nmol of 16B-OH-testosterone/mg of protein/min;
B:0.026 + 0.003 nmol of 16B-OH-testosterone/mg of protein/min). IMI
— imipramine, DMI — desipramine, AMI — amitriptyline, CLO — clomi-
pramine, FLX —fluoxetine, SRT — sertraline, MRT — mirtazapine, NEF —
nefazodone

pramine and fluoxetine produced a significant in-
crease in CYP2B activity (to 150% and 200% of the
control, respectively), which was not observed after
24 h exposure to desipramine, and in the case of
fluoxetine, only a slight increase was observed. Other
studied antidepressants did not produce any signifi-
cant effects on CYP2B activity when administered
in vivo for two weeks, though a tendency of enhance-
ment of enzyme activity was seen with imipramine
and mirtazapine (Fig. 2B).

As shown in Figure 3, the antidepressants chosen
for further molecular studies increased the CYP2B
protein level in the liver microsomes of rats treated
chronically with antidepressants: fluoxetine to 165.7
+ 17.26% and sertraline to 137.7 = 11.02% of the con-
trol (the mean = SEM; n = 5).
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Fig. 3. The effect of two-week treatment (Model Ill) with sertraline (A)
and fluoxetine (B) on the level of CYP2B protein in rat liver microsomes
(n =5). 10 ug of microsomal protein was subjected to Western analy-
sis, and the immunoblot was probed with polyclonal goat anti-rat anti-
body raised against CYP2B. Supersomes CYP2B1 were used as
astandard. Results are typical of three separate animals per treatment

Discussion

The obtained results showed two mechanisms of in-
teractions of the antidepressant drugs with the CYP2B
subfamily, leading to opposite effects on CYP2B ac-
tivity. Thus most of the investigated drugs directly in-
hibited CYP2B activity in rats, which was demon-
strated by an inhibition of the rate of the CYP2B spe-
cific reaction, testosterone 163-hydroxylation by the
antidepressants added to the control liver microsomes
in vitro (Model I). On the other hand, prolonged ad-
ministration of some antidepressants to rats iz vivo in-
creased the activity of the enzyme (Model Il mainly),
and the effects correlated positively with the observed
enhancement of CYP2B protein level. Of the tested
drugs only sertraline, fluoxetine (selective serotonin
reuptake inhibitors) and desipramine (selective nor-
adrenaline reuptake inhibitor) induced CYP2B. TADs,
which, apart from the inhibition of noradrenaline and
serotonin reuptake, also display either o;-adrenergic
receptor (imipramine, amitriptyline, clomipramine) or
5-HT,-serotonergic receptor (amitriptyline) antago-
nistic activities [50], did not exert such an effect.
Also, newer antidepressants, such as nefazodone
(a 5-HT,-receptor antagonist and a moderate inhibitor
of serotonin and noradrenaline reuptake) and mir-
tazapine (an o,-adrenergic receptor antagonist at pre-
synaptic sites of noradrenergic and serotonergic neu-
rons and 5-HT,- and 5-HTj3-serotonergic receptor an-
tagonist), were not active in this respect [30, 50]. This
may imply that the observed effects of the tested anti-
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depressants on CYP2B regulation in vivo depends on
the different action of the drugs on the neuroendo-
crine regulation of the enzyme.

Analyzing the extent of changes in CYP2B activity
and protein levels, it may seem surprising that the
SSRI-produced increase in enzyme activity was much
more pronounced than the elevation in protein levels;
moreover, sertraline, which was more effective than
fluoxetine in enhancing CYP2B activity (580 and
200% of the control, respectively), increased the en-
zyme protein levels to a less than fluoxetine (137 and
165% of the control, repectively). In order to explain
these discrepancies, one has to take into account that
liver CYP2BI is an isoform with very low basal ex-
pression that is more inducible and more efficiently
hydroxylates testosterone in the 16f3-position, com-
pared to CYP2B2 [24, 33]. In addition, the antibody
used recognized both isoforms, CYP2B1 and CYP2B2,
which migrated close to each other and were deter-
mined jointly. It is therefore conceivable that the
CYP2BI induction produced by SSRIs was masked in
the presence of CYP2B2 (an isoform with a relatively
high basal expression), and the CYP2B1/CYP2B2 in-
duction ratio was higher for sertraline than fluoxetine.

Considering the two mechanisms of the antidepres-
sant-CYP2B interaction it seems possible that the ob-
served direct inhibitory effects on CYP2B may in
some cases attenuate the indirect enzyme-inducing
properties of antidepressants exhibiting a dual action
on CYP2B activity, since in vivo direct and indirect
effects of drugs overlap. However, the direct inhibi-
tory effects of the investigated drugs were very weak
(mirtazapine, K; = 286 uM), modest (TADs, K; =
62-85 uM), or moderate (nefazodone, sertraline and
fluoxetine, K; = 10-20 uM). Hence, mirtazapine should
practically be inactive in vivo toward rat CYP2B, due
to its pharmacological/therapeutic dosage and con-
centrations in the blood plasma and tissues, which are
lower compared to its respective K; value [1, 43, 56].
Furthermore, the direct inhibitory effect of tricyclic
antidepressants observed in vitro should be of minor
importance in vivo, since these drugs rarely reach
liver concentrations that approximate their relatively
high K; values, as gets out of their plasma concentra-
tions [9, 12, 23] and plasma/tissue distribution pat-
terns [6, 7, 13, 14, 62, 63].

On the other hand, the K; value observed for nefa-
zodone (K; = 13 puM) may be of pharmacologi-
cal/toxicological importance, since the antidepressant
may reach in vivo plasma concentrations close to its
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K, value [15]. Also, the K, values obtained for the
tested SSRIs sertraline and fluoxetine (K; = 10 and
20 uM, respectively) reflect the presumed concentra-
tion range of the antidepressants in a lipophilic phase
of the liver endoplasmic reticulum after chronic treat-
ment in vivo, according to results from their plasma
concentrations [4, 23, 60] and distribution characteris-
tics [5, 7, 13, 14, 19, 58, 62, 63]. It seems, therefore,
that the direct inhibitory effects of the investigated
SSRIs on CYP2B activity may attenuate the enzyme
induction produced by these drugs in vivo. However,
the high inducing potency of sertraline should pre-
dominate in vivo. Moreover, as soon as the antidepres-
sant concentrations fall below their respective K; val-
ues in the liver after cessation of treatment, the en-
zyme induction produced by sertraline or fluoxetine
will still continue not being attenuated by the direct
inhibitory effect of the SSRIs.

The results of the present study indicate that some
of the investigated antidepressants may interfere with
the metabolism of CYP2B substrates, such as steroids
and CYP2B-metabolized drugs, as well as natural and
synthetic toxins and procarcinogens, as mentioned in
the introduction. Therefore, the direct inhibitory ef-
fect of nefazodone and SSRIs on CYP2B activity and
SSRI-evoked CYP2B induction deserve further con-
sideration. It is still not known whether similar
CYP2B-induction by the investigated SSRIs also
takes place also in extrahepatic tissues. As mentioned
before, brain P450 isoforms are not always regulated
in the same way as their liver counterparts [39, 52].
The brain expression of some P450 isoforms (2B6,
2D6, 2E1), which can metabolize many neurotoxins is
higher in smokers and the rat counterparts of these hu-
man P450 isoforms are induced by nicotine [39, 40].
Since smoking is known to be protective against Park-
inson’s disease, Miksys and Tyndale hypothesized that
nicotine-induced elevation of brain P450s in smokers
may contribute to neuroprotection against Parkinson’s
disease [39, 42]. Therefore, it would be interesting to
investigate whether the CYP2B-induction found after
sertraline treatment in the liver also occurs in the brain,
and whether sertraline is neuroprotective.

In summary, two different mechanisms of the anti-
depressant-CYP2B interaction are postulated: 1) a di-
rect inhibition of CYP2B shown in vitro by nefazo-
done, SSRIs, and TADs, the inhibitory effect of nefa-
zodone and SSRIs being the strongest; 2) in vivo
induction of CYP2B produced by prolonged admini-
stration of SSRIs and desipramine (the inducing effect

of sertraline being the most potent), which suggests
their influence on the enzyme regulation. The marked
CYP2B-induction produced by SSRIs corresponds
with their selective serotonin reuptake inhibition,
while the effect of desipramine corresponds with its
selective noradrenaline reuptake inhibition.

Thus, the influence of the investigated antidepres-
sants on rat CYP2B reminds rather that on CYP2C6
[10] than on CYP2D or CYP3A [11, 25, 27]. In both
cases, CYP2B and CYP2C6, TADs and SSRIs did not
cause enzyme inactivation by reactive metabolites
(observed for CYP2D and CYP3A after 24 h-expo-
sure), but SSRIs and some TADs led to enzyme in-
duction after prolonged administration. On the other
hand, the strongest direct inhibitory effect of these an-
tidepressants on P450 was attributed to CYP2D [11].

In conclusion, our study conducted on rats shows
that the investigated antidepressants exert a weak-
moderate direct effect on rat CYP2B, and some of
them also lead to enzyme induction after longer expo-
sure. However, we do not know yet how the results
we obtained apply to humans, since the rat and human
CYP2B isoforms differ slightly in their structure,
catalytic competence, and regulation. Extrapolating
from rat CYP2B to human CYP2B6 is not simple be-
cause of species differences concerning ‘cross-talk’
between PXR and CAR in the regulation of CYP2B
genes in rodents and humans [18]. Therefore, further
clinical studies in this direction are advisable to find
out whether similar effects of antidepressants occur in
human CYP2B6 during long-term therapy.

Acknowledgments:

This study was supported by Grant no. 4 PO5F 010 15 from

the State Committee for Scientific Research (KBN, Warszawa,
Poland) and by the statutory funds of the Institute of Pharmacology
of the Polish Academy of Sciences (Krakéw, Poland). Thanks are
due to Ms. Jadwiga Drabik for her excellent technical assistance.

References:

1. Anderson DT, Fritz KL, Muto JJ: Distribution of mir-
tazapine (Remeron) in thirteen postmortem cases. J Anal
Toxicol 1993, 23, 544-548.

2. Anzenbacher P, Anzenbacherova E: Cytochromes P450
and metabolism of xenobiotics. Cell Mol Life Sci, 2001,
58, 737-747.

3. Arlotto MP, Trant JM, Estabrook RW: Measurement of
steroid hydroxylation reactions by high-performance
liquid chromatography as indicator of P450 identity and
function. In: Methods in Enzymology. Ed. Waterman

Pharmacological Reports, 2008, 60, 957-965 963



10.

11.

13.

14.

15.

17.

18.

964

MR, Johnson EF, Academic Press Inc., Harcourt Brace
Jovanovich, Publishers, San Diego, California, USA,
1991, 206, 454-462.

. Baumann P: Pharmacology and pharmacokinetics of

citalopram and other SSRIs. Int Clin Psychopharmacol,
1996, 11, 5-11.

. Caccia S, Cappi M, Fracasso C, Garattini S: Influence

of dose and route of administration on the kinetics of
fluoxetine and its metabolite norfluoxetine in the rat.
Psychopharmacology (Berl), 1990, 100, 509-514.

. Coudore F, Fialip J, Eschalier A, Lavarenne J: Plasma

and brain pharmacokinetics of amitriptyline and its
demethylated and hydroxylated metabolites after acute
intraperitoneal injection in mice. Eur J Drug Metab
Pharmacokinet, 1994, 19, 5-13.

. Daniel WA: Mechanisms of cellular distribution of psy-

chotropic drugs. Significance for drug action and interac-
tions. Prog Neuropsychopharmacol Biol Psychiatry,
2003, 27, 65-73.

. Daniel WA: The influence of long-term treatment with

psychotropic drugs on cytochrome P450: the involve-
ment of different mechanisms. Expert Opin Drug Metab
Toxicol, 2005, 1, 203-217.

. Daniel WA, Adamus A, Melzacka M, Szymura J,

Vetulani J: Cerebral pharmacokinetics of imipramine in
rats after single and multiple dosages. Naunyn Schmie-
debergs Arch Pharmacol, 1983, 317, 209-213.

Daniel WA, Haduch A, Syrek M, Boksa J: Direct and
indirect interactions between antidepressant drugs and
CYP2C6 in the rat liver during long-term treatment.
Eur Neuropsychopharmacol, 2006, 16, 580-587.
Daniel WA, Haduch A, W¢jcikowski J: Inhibition and
possible induction of rat CYP2D after short- and long-
term treatment with antidepressants. J Pharm Pharmacol,
2002, 54, 1545-1552.

. Daniel W, Syrek M, Janczar L, Boksa J: The pharma-

cokinetics of promazine and its metabolites after acute
and chronic administration to rats — a comparison with
the pharmacokinetics of imipramine. Pol J Pharmacol,
1995, 47, 127-136.

Daniel WA, Wojcikowski J: Contribution of lysosomal
trapping to the total tissue uptake of psychotropic drugs.
Pharmacol Toxicol, 1997, 80, 62—68.

Daniel WA, Wojcikowski J: The role of lysosomes in the
cellular distribution of thioridazine and potential drug in-
teractions. Toxicol Appl Pharmacol, 1999, 158, 115-124.
Davis R, Whittington R, Bryson HM: Nefazodone.
Drugs, 1997, 53, 608—636.

. Desrochers M, Christou M, Jefcoate C, Belzil A,

Anderson A: New protein in the rat CYP2B subfamily:
presence in liver microsomes of the constitutive
CYP2B3 protein and the phenobarbital-inducible protein
product of alternatively spliced CYP2B2 mRNA.
Biochem Pharmacol, 1996, 52, 1311-1319.

Ekins S, Wrighton SA: The role of CYP2B6 in human
xenobiotic metabolism. Drug Metab Rev, 1999, 31,
719-754.

Faucette SR, Sueyoshi R, Smith CM, Negishi M,
LeCluyse EL, Wang H: Differential Regulation of
hepatic CYP2B6 and CYP3A4 genes by constitutive

Pharmacological Reports, 2008, 60, 957-965

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

androstane receptor but not pregnane X receptor.

J Pharmacol Exp Ther, 2006, 317, 1200—1209.

Fuller RW, Hemerick-Luecke SK, Littlefield ES,

Audia JE: Comparison of desmethylsertraline with ser-
traline as a monoamine uptake inhibitor in vivo. Prog
Neuropsychopharmacol Biol Psychiatry, 1995, 135-149.
Gervot L, Rochat B, Gautier JC, Bohnenstengel F,
Kroemer H, de Berardinis V, Martin H et al.: Human
CYP2B6: expression, inducibility and catalytic activities.
Pharmacogenetics, 1999, 9, 295-306.

Ghersi-Egea JF, Leninger-Muller B, Suleman G, Siest G,
Minn A: Localization of drug-metabolizing enzyme ac-
tivities to blood-brain interfaces and circumventricular
organs. J Neurochem, 1994, 62, 1089-1096.

Gokhale MS, Bunton TE, Zurlo J, Yager JD: Cyto-
chrome P450 isoenzymes activities in cultured rat and
mouse liver slices. Xenobiotica, 1997, 27, 341-355.
Goodnick PJ: Pharmacokinetic optimization of therapy
with newer antidepressants. Clin Pharmacokinet, 1994,
27, 307-330.

Guengerich FP: Comparisons of catalytic selectivity

of cytochrome P450 subfamily enzymes from different
species. Chem Biol Interact, 1997, 106, 161-182.
Haduch A, Bromek E, Kot M, Jemnitz K, Veres Z,
Vereczkey L, Daniel WA..: Effect of mirtazapine on

the CYP2D activity in the primary culture of rat hepato-
cytes. Pharmacol Rep, 2006, 58, 979-984.

Haduch A, Wéjcikowski J, Daniel WA: The activity of
cytochrome P450 CYP2B in rat liver during neuroleptic
treatment. Pharmacol Rep, 2007, 59, 606—612.

Haduch A, Wéjcikowski J, Daniel WA: The effect of
tricyclic antidepressants, selective serotonin reuptake
inhibitors (SSRIs) and newer antidepressant drugs on
the activity and level of rat CYP3A. Eur Neuropsycho-
pharmacol, 2006,16, 178-186.

Hanna [H, Reed JR, Guengerich FP, Hollenberg PF:
Expression of human cytochrome P450 2B6 in Escheri-
chia coli: characterization of catalytic activity and ex-
pression levels in human liver. Arch Biochem Biophys,
2000, 376, 206-216.

Heyn H, White RB, Stevens JC: Catalytic role of cyto-
chrome P450 2B6 in the N-demethylation of S-mephe-
nytoin. Drug Metab Dispos, 1996, 24, 948-954.

Holm KJ, Markham A: Mirtazapine. A review of its use
in major depression. Drugs, 1999, 57, 607-631.
Honkakoski P, Negishi M: Regulation of cytochrome
P450 (CYP) genes by nuclear receptors. Biochem J,
2000, 347, 321-337.

Honkakoski P, Zelko I, Sueyoshi T, Negishi M:

The nuclear orphan receptor CAR-retinoid X receptor
heterodimer activates the phenobarbital-responsive
enhancer module of the CYP2B gene. Mol Cell Biol,
1998, 18, 5652-5658.

Imaoka S, Yamada T, Hiroi T, Hayashi K, Sakaki T,
Yabusaki Y, Funae Y: Multiple forms of human P450
expressed in Saccharomyces cerevisiae. Systematic
characterization and comparison with those of the rat.
Biochem Pharmacol, 1996, 51, 1041-1050.

Kapoor N, Pant AB, Dhawan A, Dwiewedi UN,

Seth PK, Parmar D: Differences in the expression and
inducibility of cytochrome P450 2B isoenzymes in



CYP2B activity during antidepressants treatment
Anna Haduch et al.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

cultured rat brain neuronal and glial cells. Mol Cell
Biochem, 2007, 305, 199-207.

Kawamoto T, Kakizaki S, Yoshinari K, Negishi M:
Estrogen activation of the nuclear orphan receptor CAR
(constitutive active receptor) in induction of the mouse
Cyp2b10 gene. Mol Endocrinol, 2000, 14, 1897-1905.
Kawamoto T, Sueyoshi T, Zelko I, Moore R, Washburn
K, Negishi M: Phenobarbital-responsive nuclear translo-
cation of the receptor CAR in induction of the CYP2B
gene. Mol Cell Biol, 1999, 19, 6318-6322.

Lee AM, Miksys S, Tyndale RF: Phenobarbital increases
monkey in vivo nicotine disposition and induces liver
and brain CYP2B6 protein. Br J Pharmacol, 2006, 148,
786—794.

Lewis DFV, Lake BG: Molecular modeling of mam-
malian CYP2B isoforms and their interactions with
substrates, inhibitors and redox partners. Xenobiotica,
1997, 27, 443-478.

Miksys S, Hoffman E, Tyndale RF: Regional and cellular
induction of nicotine-metabolizing CYP2B1 in rat brain
by chronic nicotine treatment. Biochem Pharmacol,
2000, 59, 1501-1511.

Miksys S, Lerman C, Shields PG, Mash DC, Tyndale
RF: Smoking, alcoholism and genetic polymorphism
alter CYP2B6 levels in human brain. Neuropharmacol-
ogy, 2003, 45, 122-132.

Miksys S, Tyndale RF: Brain drug-metabolizing cyto-
chrome P450 enzymes are active on vivo, demonstrated
by mechanism-based enzyme inhibition. Neuropsycho-
pharmacology, 2008, doi: 10.1038/npp.2008.110.
Miksys S, Tyndale RF: Nicotine induces brain CYP
enzymes: relevance to Parkinson’s disease. J Neural
Transm (Suppl), 2006, 70, 177-180.

Moore KA, Levine B, Smith ML, Saki S, Schames J,
Smialek JE: Tissue distribution of mirtazapine (Remeron)
in postmortem cases. J Anal Toxicol, 1999, 23, 541-543.
Mugford CA, Kedderis GL: Sex-dependent metabolism
of xenobiotics. Drug Metab Rev, 1998, 30, 441-498.
Murayama N, Shimada M, Yamazoe Y, Kato R: Differ-
ence in the susceptibility of two phenobarbital-inducible
forms, P4501IB1 and P45011B2, to thyroid hormone-
and growth hormone-induced suppression in rat liver:
phenobarbital-inducible P4501IB2 suppression by thy-
roid hormone acting directly, but not through the pitui-
tary system. Mol Pharmacol, 1991, 39, 811-817.
Murray M: Inhibition and induction of cytochrome
P450 2B1 in rat liver by promazine and chlorpromazine.
Biochem Pharmacol, 1992, 44, 1219-1222.

Rane A, Liu Z, Levol R, Bjelfman C, Thys C, Ericson H,
Hansson T et al.: Differential effects of neuroleptic
agents on hepatic cytochrome P-450 isoenzymes in the
male rat. Biochim Biophys Acta, 1996, 1291, 60-66.
Rendic S, Di Carlo F: Human cytochrome P450 enzy-
mes: A status report summarizing their reactions, sub-
strates, inducers, and inhibitors. Drug Metab Rev, 1997,
29, 413-580.

Ryan DE, Levin W: Purification and characterization of
hepatic microsomal cytochrome P-450. Pharmacol Ther,
1990, 45, 153-239.

Sanchez C, Hyttel J: Comparison of the effects of anti-
depressants and their metabolites on reuptake of biogenic

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

amines and on receptor binding. Cell Mol Neurobiol,
1999, 19, 467-489.

Schilter B, Omiecinski CJ: Regional distribution and
expression modulation of cytochromeP-450 and epoxyde
hydrolase mRNAs in the rat brain. Mol Pharmacol, 1993,
44, 990-996.

Schoedel KA, Sellers EM, Tyndale RF: Induction of
CYP2B1/2 and nicotine metabolism by ethanol in rat
liver but not rat brain. Biochem Pharmacol, 2001, 62,
1025-1036.

Schiile C: Neuroendocrinological mechanisms of actions
of antidepressant drugs. J Neuroendocrinol, 2006, 19,
213-226.

Sonderfan AJ, Arlotto MP, Dutton DR, McMillen SK,
Parkinson A: Regulation of testosterone hydroxylation
by rat liver microsomal cytochrome P-450. Arch Bio-
chem Biophys, 1987, 255, 27-41.

Strom SC, Pisarov LA, Dorko K, Thompson MT,
Schuetz JD, Schuetz EG: Use of human hepatocytes to
study P450 gene induction. Methods Enzymol, 1996,
272, 388-401.

Timmer CJ, Sitsen JM, Delbressine LP: Clinical pharma-
cokinetics of mirtazapine, Clin Pharmacokinet, 2000, 38,
461-474.

Tirumalai PS, Bhamre S, Upadhya SC, Boyd BR, Ravin-
dranath V: Expression of multiple forms of cytochrome
P450 and associated mono-oxygenase activities in rat
brain regions. Biochem Pharmacol, 1998, 56, 371-375.
Tremaine LM, Welch WM, Ronfeld RA: Metabolism
and disposition of the 5-hydroxytryptamine uptake
blocker sertraline on the rat and dog. Drug Metab
Dispos, 1989, 17, 542-550.

Upadhya SC, Chinta SJ, Pai HV, Boyd MR, Ravin-
dranath V: Toxicological consequences of differential
regulation of cytochrome P450 isoforms in rat brain
regions by phenobarbital. Arch Biochem Biophys, 2002,
399, 56-65.

van Harten J: Clinical pharmacokinetics of selective
serotonin reuptake inhibitors. Clin Pharmacokinet, 1993,
24, 203-220.

Wang H, Kawashima H, Strobel HW: ¢cDNA cloning

of a novel CYP3A from rat brain. Biochem Biophys Res
Commun, 1996, 221, 157-162.

Wojcikowski J, Daniel WA: Distribution interactions
between perazine and antidepressant drugs. /n vivo
studies. Pol J Pharmacol, 2000, 52, 449-457.
Wojcikowski J, Daniel WA: Thioridazine — fluoxetine
interaction at the level of the distribution process in vitro.
Pol J Pharmacol, 2002, 54, 647-654.

Wojcikowski J, Gotembiowska K, Daniel WA: Regula-
tion of liver cytochrome P450 by activation of brain do-
paminergic system: physiological and pharmacological
implications. Biochem Pharmacol, 2008, 76, 258-267.
Wojcikowski J, Gotembiowska K, Daniel WA: The regu-
lation of liver cytochrome P450 by the brain dopaminer-
gic system. Curr Drug Metab, 2007, 8, 631-638.

Received:
September 10, 2008; in revised form: December 5, 2008.

Pharmacological Reports, 2008, 60, 957-965 965



	755	Review Œ GABAB receptors in drug addiction.
	Ma³gorzata Filip, Ma³gorzata Frankowska
	771	Review Œ Antiapoptotic action of lithium and valproate.
	Anna M. Bielecka, Ewa Obuchowicz

	783	Review Œ Experimental asthma in rats.
	Iwona Kucharewicz, Anna Bodzenta-£ukaszyk, W³odzimierz Buczko

	789	Review Œ Caffeine as a marker substrate for testing cytochrome P450 activity in human and rat.
	Marta Kot, W³adys³awa A. Daniel
	798	Effects of serotonin (5-HT)1B receptor ligands on cocaine-seeking behavior in rats.
	Edmund Przegaliñski, Anna Go³da, Ma³gorzata Filip

	811	Inhibition of neophobia-stimulated c-Fos expression in the dorsomedial part of the prefrontal cortex in rats pretreated with midazolam.
	Aleksandra Wis³owska-Stanek, Ma³gorzata Lehner, Anna Skórzewska, Andrzej Bidziñski, Danuta Turzyñska, Alicja Sobolewska, Piotr Maciejak, Janusz Szyndler, Adam P³a�nik

	817	Repeated co-treatment with fluoxetine and amantadine induces brain-derived neurotrophic factor gene expression in rats.
	Zofia Rogó¿, Gra¿yna Skuza, Beata Legutko

	827	Repeated administration of the dopaminergic agonist apomorphine: development of apomorphine aggressiveness and changes in the interaction between dopamine D2 receptors and G-proteins.
	Ruth Rudissaar, Jaanus Harro, Katrin Pruus, Ago Rinken, Lembit Allikmets

	834	Alterations in g-aminobutyric acidB receptor binding in the rat brain after reinstatement of cocaine-seeking behavior.
	Ma³gorzata Frankowska, Karolina Wydra, Agata Faron-Górecka, Magdalena Zaniewska, Maciej Kuœmider, Marta Dziedzicka-Wasylewska, Ma³gorzata Filip

	844	Olfactory bulbectomy and amitriptyline treatment influences mGlu receptors expression in the mouse brain hippocampus.
	Joanna M. Wieroñska, Beata Legutko, Dorota Dudys, Andrzej Pilc

	856	Detrimental effect of postnatal blockade of N-methyl-D-aspartate receptors on sensorimotor gating is reversed by neuroleptic drugs.
	Krzysztof Wêdzony, Katarzyna Fija³, Marzena Maækowiak, Agnieszka Chocyk

	865	Antidepressant treatments-induced modifications of glutamatergic transmission in rat frontal cortex.
	Bartosz Bobula, Grzegorz Hess

	872	Chronic treatment with fluoxetine and sertraline prevents forced swimming test-induced hypercontractility of rat detrusor muscle.
	Sirri Bilge, Ayhan Bozkurt, Duygu B. Bas, Elif Aksoz, Evren Savli, Fatih Ilkaya, Yuksel Kesim

	880	Effects of co-administration of fluoxetine or tianeptine with metyrapone on immobility time and plasma corticosterone concentration in rats subjected to the forced swim test.
	Zofia Rogó¿, Gra¿yna Skuza, Monika Leœkiewicz, Bogus³awa Budziszewska

	889	Effects of selective s receptor ligands on glucocorticoid receptor-mediated gene transcription in LMCAT cells.
	Gra¿yna Skuza, Zofia Rogó¿, Magdalena Szymañska, Bogus³awa Budziszewska

	896	Central interaction between physostigmine and histamine during yawning in rats.
	Esmaeal Tamaddonfard, Hamid Soraya, Nasrin Hamzeh-Gooshchi

	904	Pharmacological preconditioning of the brain: a possible interplay between opioid and calcitonin gene related peptide transduction systems.
	Ashish K. Rehni, Thakur G. Singh, Amteshwar S. Jaggi, Nirmal Singh

	914	Increased synphilin-1 expression in human elderly brains with substantia nigra Marinesco bodies.
	Anna Krygowska-Wajs, Tomasz Lenda, Dariusz Adamek, Marek Moska³a, Katarzyna Kuter, Jerzy Kunz, Maria „mia³owska, Krystyna Ossowska

	925	Effects of new antiepileptic drugs and progabide on the mitogen-induced proliferative activity of mouse splenocytes.
	Agnieszka Basta-Kaim, Bogus³awa Budziszewska, Monika Leœkiewicz, Marta Kubera, Grzegorz Jag³a, Wojciech Nowak, Stanis³aw J. Czuczwar, W³adys³aw Lasoñ

	933	Heme oxygenase (HO-1) is involved in the negative regulation of contact sensitivity reaction.
	Monika Majewska, Katarzyna Zaj¹c, Józef Dulak, Marian Szczepanik

	941	Adaptive vasoactive response to modulatory effects of endothelin-1 in spontaneously hypertensive rats.
	Soòa Èaèányiová, Frantiıek Kristek

	950	Characteristics of adrenaline-driven receptor-mediated signals in human microvessel-derived endothelial cells.
	Anna Wiktorowska-Owczarek, Magdalena Namieciñska, Ma³gorzata Bereziñska, Jerzy Z. Nowak

	957	Effect of selected antidepressant drugs on cytochrome P450 2B (CYP2B) in rat liver. An in vitro and in vivo study.
	Anna Haduch, Jacek Wójcikowski, W³adys³awa A. Daniel

	966	Identification of factors mediating the effect of the brain dopaminergic system on the expression of cytochrome P450 in the liver.
	Jacek Wójcikowski, W³adys³awa A. Daniel

	972	Limited applicability of 7-methoxy-4-trifluoromethylcoumarin as a CYP2C9-selective substrate.
	Pálma Porrogi, László Kóbori, Krisztina Kõhalmy, Judit Gulyás, László Vereczkey, Katalin Monostory


	SHORT COMMUNICATIONS
	980	Effect of cocaine on responsiveness of a1-adrenergic receptors in rat cerebral cortex: modulation by GABA-mimetic drugs.
	Krzysztof Wieczerzak, Tadeusz Witarski, Marta Kowalska, Dominika Nawrat, Adam Roman, Adam Bielawski, Irena Nalepa


	985	Interaction between tobacco smoke and alcohol in animal models.
	Ewa Florek, Wojciech Piekoszewski, Maksymilian Kulza, Tamar Szind¿ikaszwili, Ewa Gomó³ka, Marek Chuchracki, Anna Sêdziak



