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Abstract:

This article focuses on recent research on the cytochrome P450 2D (CYP2D) catalyzed synthesis of the monoaminergic neurotransmit-
ters dopamine and serotonin in the brain and on the influence of psychotropic drugs on the activity of brain CYP2D. Recent in vitro and
in vivo studies performed in rodents indicate that dopamine and serotonin may be formed in the brain via alternative CYP2D-mediated
pathways, i.e., tyramine hydroxylation and 5-methoxytryptamine O-demethylation, respectively. The contribution of these alternative
pathways to the total synthesis of brain neurotransmitters may be higher in humans and may be significantly increased under specific
conditions, such as tyrosine hydroxylase and amino acid decarboxylase or tryptophan hydroxylase deficiency. These alternative path-
ways of neurotransmitter synthesis may also become more efficient when the CYP2D enzyme is mutated or activated by inducers (e.g.,
alcohol, nicotine, psychotropics), which may be of importance in some neurodegenerative or psychiatric diseases.

In addition to the previously observed influence of antidepressants and neuroleptics on CYP2D in the liver, the investigated drugs
also produce an effect on CYP2D in the brain. However, their effect on brain CYP2D is different than that in the liver and is
structure-dependent. The observed psychotropic drug-brain CYP2D interactions may be important for the metabolism of endoge-
nous neuroactive substrates (e.g., monoaminergic neurotransmitters, neurosteroids) and for the local biotransformation of drugs.
The results are discussed with regard to the contribution of CYP2D to the total synthesis of neurotransmitters in the brain in vivo as
well as the possible significance of these alternative pathways in specific physiological and pathological conditions and in the phar-
macological actions of psychotropic drugs.
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extensive reviews [16, 30, 36]. The present article
focuses on recent research on the CYP2D-catalyzed
synthesis of the monoaminergic neurotransmitters do-

Introduction

pamine and serotonin in the brain and on the influence

Cytochrome P450 (CYP) is a hemoprotein enzyme that ’ o .
of psychotropic drugs on the activity of brain CYP2D.

is present in the liver and extrahepatic tissues. The

distribution of CYP isoforms in the body is isoform-
and tissue-specific. In the brain it catalyzes local
metabolism of drugs and endogenous substrates, such
as steroids. The present state of knowledge on the bio-
logical significance and drug metabolism of brain CYP
has recently been well described and discussed in a few

The results are discussed regarding the contribution of
CYP2D to the total synthesis of neurotransmitters in
the brain in vivo as well as the possible significance of
alternative pathways in specific physiological and
pathological conditions and in the pharmacological ac-
tions of psychotropic drugs.
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The functional role of the CYP2D
subfamily in the brain

The CYP2D subfamily of cytochrome P450 enzymes
consists of six isoforms in rats (CYP2DI1-5 and
CYP2D18) but has only one representative isoform,
CYP2D6, in humans. The amount of CYP2D protein
in rat hepatic microsomes increases with development
until 14 weeks of age. However, in contrast to other
rat CYP isoforms, the observed increase in CYP2D
isoforms is not sex dependent [10].

CYP2D4 is regarded as the main CYP2D isoform in
the rat brain, whereas CYP2D1 and CYP2D2 are the
most abundant CYP2D isoforms in the liver [16]. The
presence of CYP2D mRNA, protein, and activity in the
rodent brain is predominantly observed in the basal
ganglia (substantia nigra) and cerebellum [5, 26, 29].
Brain CYP2D isoforms, similar to their hepatic ho-
mologs, exhibit enzymatic competence toward endo-
and xenobiotics, including psychotropic drugs [40].
The metabolism of codeine, amitriptyline, imipramine,
and desipramine by rat brain CYP2D has been de-
scribed [8, 21, 36]. Moreover, testosterone [1], cloza-
pine and nefazodone [18, 22], resveratrol [35], nicotine
[27, 43], and alcohol [28, 41] induce CYP2D in the
brains of humans, monkeys, and rats, while MPTP at-
tenuates the expression of mouse CYP2D22 [34].

It has been reported that CYP2D6 polymorphism
may influence personality traits, as poor metabolizers
of debrisoquine are more anxiety prone and less suc-
cessfully socialized than extensive metabolizers of
debrisoquine. Studies on the effect of the CYP2D6
genotype on resting brain perfusion support the hy-
pothesis of a functional role of the enzyme in the hu-
man brain [25], suggesting the importance of CYP2D
in the metabolism of endogenous neuroactive sub-
strates in the brain [4, 17].

Brain CYP2D isoforms play an important role in
the local metabolism of neurosteroids, and rat cyto-
chromes CYP2D1 and CYP2D4 and the human pro-
tein CYP2D6 are reportedly involved in the metabo-
lism (e.g., steroid 21-hydroxylation) of progesterone
and allopregnanolone [24, 26]. Additionally, rat
CYP2D18 mediates the w-hydroxylation and epoxi-
dation of arachidonic acid and may support the oxida-
tion of dopamine to aminochrome, which is likely in-
volved in the destruction of dopaminergic neurons in
Parkinson’s disease [38]. Several studies suggest that
CYP2D may be involved in the metabolism of
monoaminergic neurotransmitters in the brain. Hiroi
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et al. [23] showed that human CYP2D6 was capable
of catalyzing the aromatic hydroxylation of tyramine
to dopamine, and Yu et al. [42] demonstrated the abil-
ity of CYP2D6 to catalyze the O-demethylation of
5-methoxytryptamine to serotonin. Recent research
on that subject was aimed at determining whether
these reactions in fact occur in the brain.

Dopamine

The largest pathway in the brain dopaminergic system is
the nigro-striatal pathway, combining the substantia ni-
gra (neuronal group A9) with the striatum and control-
ling voluntary motor movement. Anatomically associ-
ated with this route is the mesolimbic pathway, which
starts mainly from dopaminergic neurons in the ventral
tegmental area (neuronal group A10) and connects them
to the structures of the limbic system, which are in-
volved in emotional behavior. Another route starting in
the ventral tegmental area is the mesocortical pathway,
which ends in different cortical areas and is engaged in
intellectual processes. Directly related to the regulation
of the endocrine system is the tuberoinfundibular path-
way, which begins in the arcuate nucleus (neuronal
group A12) and the perivenricular area of the hypothala-
mus and continues to the median eminence, releasing
dopamine into the pituitary portal circulation.

In the classical pathway, dopamine is synthesized
from phenylalanine, which is transformed into tyro-
sine via phenylalanine hydroxylase and then oxidized
by tyrosine hydroxylase to dihydroxyphenylalanine
(L-DOPA); the latter is further metabolized by aro-
matic amino acid decarboxylase into dopamine. The
alternative way of dopamine formation in the brain
may involve the hydroxylation of tyramine via
CYP2D, which was first demonstrated for human
cDNA-expressed CYP2D6 and liver microsomes
[23]. Although tyramine derived from food does not
cross the blood-brain barrier, it can be formed in the
brain from phenylethylamine [3]. Hence, this pathway
may constitute an alternative to tyrosine hydroxylase-
mediated dopamine synthesis (Fig. 1).

In vitro studies

Tyramine is an endogenous compound that occurs in
the brain as a trace amine in the form of m- and p-ty-
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Fig. 1. Alternative pathways of the synthesis of the monoaminergic
neurotransmitters dopamine and serotonin with the contribution of
cytochrome P450 2D (CYP2D)
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B. Serotonin formation from 5-methoxytryptamine
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Fig. 2. The rate of the tyramine hydroxylation (A) and 5-methoxy-
tryptamine O-demethylation (B) for thirteen rat cDNA-expressed
CYPs: Supersomes-HR (CYP1A1/2, 2A1/2, 2B1, 2C6/ 11/13, 2D1/2,
2E1, and 3A2) and Bactosomes-LR (CYP2D4/18). Recombinant rat
cytochromes P450 were co-expressed with a ‘high’ CYP reductase in
Baculovirus-infected insect cells (Supersomes-HR, Gentest) or a
‘low’ CYP reductase in Escherichia coli(Bactosomes-LR, Cypex). Ty-
ramine (250 uM) or 5-methoxytryptamine (500 uM) was added to the
incubation mixture containing Supersomes-HR or Bactosomes-LR.
Each bar represents the mean value of two independent analyses.
HR or LR - ‘high’ or ‘low’ CYP reductase (i.e., the high or low co-
expression of CYP reductase, respectively); V — reaction velocity
(pmol of serotonin/pmol CYP/min). According to Bromek et al. [5] (A)
and Haduch et al. [19] (B)

ramine [3]. Bromek et al. [S5] were the first to demon-
strate that the hydroxylation of tyramine to dopamine
may occur in rat brain microsomes, with m-tyramine
as the preferred substrate over p-tyramine. Quinine,
a CYP2D inhibitor, and anti-CYP2D4 antibodies de-
crease the aromatic hydroxylation of tyramine to do-
pamine, indicating that CYP2D plays an important
role in dopamine formation.

Among the rat CYP isoforms, only CYP2D2,
CYP2D4 — the main brain isoforms — and CYP2D18
(but not CYP2D1) are capable of forming dopamine
from tyramine (Fig. 2A). The rat CYP2D isoforms in-
volved in dopamine formation (CYP2D2, 2D4, and
2D18) were less efficient than human CYP2D6, and
the efficiency of both the human and rat enzymes was
higher for m-tyramine than for p-tyramine. Therefore,
it may be assumed that the CYP2D-mediated biosyn-
thesis of dopamine in the brain is more pronounced in
humans than in rodents.

Our study of rat brain CYP2D activity [5], which was
measured as the rate of bufuralol 1’-hydroxylation in
several cerebral regions, indicated a relatively high level
of CYP2D activity in the substantia nigra, cerebellum,
nucleus accumbens, and brain stem (containing neurons
initiating the mesolimbic and mesocortical pathways).
Therefore, it appears that this alternative pathway of do-
pamine formation in the brain may have some implica-
tions for Parkinson’s disease and addiction in view of
the relatively high level of CYP2D activity in the sub-
stantia nigra and nucleus accumbens, respectively.

In vivo studies

In the brain, tyramine may be formed via the aromatic
hydroxylation of phenylethylamine or via the decar-
boxylation of tyrosine. Both tyramine [3] and CYP2D
protein/activity are present in the same structures and
cell types of the brain, particularly in the basal gan-
glia. CYP2D is present in the cellular membranes of
neurons [28], whereas tyramine is only partly seques-
tered into synaptic vesicles [3]. Because CYP2D iso-
forms and tyramine are both present in the catechol-
aminergic structures of the brain, it is possible that the
CYP2D-mediated pathway of dopamine synthesis
may occur in these structures in vivo.

In our study performed on reserpinized rats with
a blockage of the classical pathway of dopamine synthesis
using two complementary experimental in vivo models, we
showed that the hydroxylation of tyramine to dopamine
may occur in the brain [6]. In an experiment in which do-
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pamine was synthesized from endogenous tyramine,
quinine decreased the level of dopamine in the stria-
tum and nucleus accumbens and showed a similar ten-
dency in the substantia nigra and frontal cortex. The
different effects of quinine on brain structures appears
to be a result of the pharmacological mechanism of
action of reserpine, which prevents dopamine accu-
mulation in synaptic vesicles. For this reason, the ef-
fect of reserpine was stronger in those structures
abundant in dopaminergic nerve terminals and rich in
synaptic vesicles (e.g., the striatum, nucleus accum-
bens, frontal cortex) than in those containing the bod-
ies of neurons (e.g., the substantia nigra, brain stem).

In an in vivo microdialysis model, reserpinized rats
with a blockage of the classical dopamine synthesis
pathway were administered exogenous tyramine into
the striatum (in the absence or presence of the CYP2D
inhibitor quinine). A large increase in the extracellular
dopamine level and its decrease in the presence of
quinine provide good in vivo evidence for possible
dopamine synthesis in the brain and indicate that this
pathway is catalyzed by brain CYP2D.

Hence, both in vitro [5] and in vivo [6] experiments
indicate the existence of a functional, alternative
CYP2D-mediated pathway of dopamine synthesis in
the rat brain. This pathway appears to be quantitatively
modest under normal physiological conditions in rats
but may be more efficient in the human brain and be-
come important under specific conditions, such as tyro-
sine hydroxylase or aromatic amino acid decarboxy-
lase deficiency, which may occur as a result of neuro-
degeneration or mutagenesis. Moreover, the synthesis
of dopamine via an alternative CYP2D6-mediated
pathway may be relatively significant in individuals
expressing more than one CYP2D6 gene (e.g., in Medi-
terranean populations). In such cases, the tyramine
pathway of dopamine synthesis may alleviate symp-
toms of neurotransmitter deficiency in the brain, par-
ticularly under conditions of enzyme induction.

The physiological function of the brain CYP2D
forms has not been fully recognized to date. As men-
tioned elsewhere, it has been observed that CYP2D6
polymorphism may affect personality traits [4, 17],
and some studies have indicated an increased risk of
Parkinson’s disease in CYP2D6-deficient individuals.
However, the available data are contradictory, as
negative (lack of) associations between CYP2D6
polymorphisms and personality traits or Parkinson’s
disease have also been published (reviewed in [30]).
The protective effect of nicotine in smokers may stem
from not only its known receptor action but also from
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the increased dopamine synthesis and neurotoxin de-
toxification via nicotine induction of brain CYP2D6.
Furthermore, the relatively high CYP2D activity and
tyramine content in the substantia nigra may be of im-
portance in Parkinson’s disease. The CYP2D-
mediated synthesis of dopamine may attenuate the de-
crease in dopamine synthesis in the substantia nigra
and VTA, thereby supporting compensatory processes
in the brain (discussed in [6]).

CYP2D-mediated dopamine synthesis and nicotine-
evoked CYP2D induction in the mesolimbic and ni-
grostriatal pathways [27, 43] may also be involved in
the addiction process. Addictive drugs, including nico-
tine, preferentially increase extracellular dopamine lev-
els in the nucleus accumbens and dorsal striatum [14,
15], i.e., brain structures that are involved in the devel-
opment and maintenance of addiction.

Thus, the CYP2D-mediated synthesis of dopamine
from tyramine, shown in vitro for human recombinant
CYP2D6 [23] and later for rat CYP2D forms
(CYP2D2/4/18) and brain microsomes [5], has re-
cently been in vivo demonstrated to function in the
brain [6]. This pathway may be important under spe-
cific conditions and may also be considered as a target
for the pharmacological action of drugs in the brain in
the course of treatment of neurodegenerative diseases
and some psychiatric diseases.

Serotonin

Serotonin pathways in the brain originate from 5-HT-
containing groups (B1-B9) of neurons of the raphe
nuclei in the brain stem. Serotonergic neurons from
these cell groups project to almost all parts of the
CNS; the dorsal and median raphe nuclei (B5-BS)
and B9 project to distal forebrain structures and ac-
count for approximately 80% of the forebrain seroto-
nergic terminals. The concentration of serotonin in the
brain depends on the free plasma tryptophan levels,
the activity of the system that transports tryptophan to
the brain, or the activity of tryptophan hydroxylase 2,
which is considered to be the concentration-limiting
step in the synthesis of serotonin. Serotonin is in-
volved in some basic elements of behavioral and
physiological control (e.g., food intake, impulsivity,
aggression) and, subsequently, in the pathophysiology
of various psychiatric syndromes.
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Using CYP2D6-transgenic mice, liver microsomes,
and recombinant enzymes, Yu et al. [42] demon-
strated that the human CYP2D6 isoform was capable
of catalyzing the O-demethylation of 5-methoxy-
tryptamine to serotonin. The functional importance of
that reaction was shown in peripheral tissues by meas-
uring the plasma concentration of serotonin after iv
injection of 5-methoxytryptamine into wild-type and
CYP2D6-transgenic mice. The reaction of serotonin
regeneration from S5-methoxytryptamine closes the
cycle of melatonin-serotonin biochemical transforma-
tions [42], and the chemistry of the O-demethylation
reaction of S5-methoxytryptamine to serotonin by
CYP2D6 was demonstrated by Schyman et al. [33].
5-Methoxytryptamine is an endogenous trace amine
that is formed mainly by the deacetylation of mela-
tonin in the pineal gland [2]. However, 5-methoxy-
tryptamine has also been found in the raphe nuclei in
the brain stem [31], with the latter containing the cell
bodies of serotonin neurons.

Because 5-methoxytryptamine and CYP2D are in
close proximity in the brain, the O-demethylation of
S-methoxytryptamine to serotonin may occur to pre-
vent the deprivation of the biological activity of indol-
ethylamines by monoamine oxidase (MAO). This
may constitute an alternative pathway (to tryptophan
hydroxylation) of serotonin formation in the brain.

In vitro studies

A recent in vitro study of ours provided new evidence
for the hypothesis that the O-demethylation of 5-me-
thoxytryptamine to serotonin may occur in the brain
[19]. Serotonin was found to be synthesized from
S-methoxytryptamine in different rat brain structures,
with the highest rate being observed in cerebellum-
derived microsomes. The two selective CYP2D in-
hibitors used in our study, quinine and fluoxetine, de-
creased the rate of this reaction, with quinine being
an approximately fourfold more potent inhibitor of
S5-methoxytryptamine O-demethylation to serotonin
than of tyramine hydroxylation to dopamine [5, 19].
Essentially, the isoforms of the CYP2D subfamily,
CYP2D1/2 and CYP2D4/18 (the major brain CYP2D
isoforms), are capable of catalyzing the O-demethyl-
ation of 5-methoxytryptamine to serotonin (Fig. 2B).
Of the other rat CYP isoforms studied (1A1/2, 2A1/2,
2B1, 2C6/11/13, 2E1, and 3A1/2), isoform CYP2C13
showed an activity of approximately one-third of that
of CYP2D2, whereas the other CYP isoforms (2B,
2C6, 2E1, and 3A) displayed low activity in this re-

spect (one-fifth of that of CYP2D2). Thus, the reac-
tion of 5-methoxytryptamine O-demethylation to se-
rotonin in rats is less specifically catalyzed by
CYP2D than is the reaction of tyramine hydroxylation
to dopamine [5, 19].

An experiment with human liver microsomes de-
rived from individuals possessing the allelic variant
CYP2D6*4*4 indicated that a genetic defect in
CYP2D influences serotonin metabolism. The results
of our study demonstrate that rat CYP2D isoforms are
less efficient at catalyzing 5-methoxytryptamine O-
demethylation to serotonin than is human CYP2D6
and suggest that this reaction proceeds in the human
brain at a higher rate than in the rat brain [19]. Thus,
brain CYP2D is likely to positively influence the nor-
mal levels of the indolamines serotonin and mela-
tonin, with both being of antidepressive importance.

In vivo studies

As mentioned above, the CYP2D-catalyzed O-de-
methylation of 5-methoxytryptamine has been shown
in vitro using rat brain microsomes [19]. The follow-
up study on rat brain demonstrated the in vivo forma-
tion of serotonin from 5-methoxytryptamine via cyto-
chrome P450 in a brain microdialysis model [7]. The
microdialysis probe was implanted into the striatum,
and an increase in the extracellular serotonin level
was observed after 5S-methoxytryptamine given intra-
structurally. The CYP2D inhibitor quinine decreased
this 5-methoxytryptamine-elevated concentration of
serotonin in the striatum, and the effect was more pro-
nounced after the inhibition of the classical pathway
of serotonin synthesis. The results indicate that the in
vivo CYP2D-catalyzed synthesis of serotonin from
5-methoxytryptamine may occur in the rat brain.

The involvement of CYP2D in melatonin-serotonin
transformation in the brain was investigated in an-
other in vivo study in rats [20]. Melatonin (ip) raised
the concentration of serotonin in different brain struc-
tures, whereas quinine, a CYP2D inhibitor, adminis-
tered prior to melatonin prevented this elevation in se-
rotonin concentration. The obtained results provide
further in vivo evidence that the CYP2D-mediated
synthesis of serotonin occurs in the rat brain.

Recently, Cheng et al. [9] observed that the level of
serotonin and its metabolite 5-HIAA in the brain of
CYP2D6-transgenic mice was higher than in wild-
type mice and that the CYP2D6-transgenic mice were
less susceptible to anxiety. Thus, parallel studies per-
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formed on rats and mice provide convincing evidence
to indicate that serotonin may be synthesized from
S-methoxytryptamine via the alternative CYP2D-
mediated pathway in rodents. It may be assumed that
the same pathway also functions in the human brain.

Brain serotonin has been implicated in the patho-
physiology of different psychiatric disorders (such as
depression, anxiety, schizophrenia) and in the mecha-
nism of action of psychotropic drugs (e.g., antidepres-
sants, anxiolytics, antipsychotics). The in vivo studies
indicate that this alternative pathway of serotonin syn-
thesis may contribute to the overall serotonin content
in different regions of the brain, and this situation may
particularly occur when the classical pathway via
tryptophan hydroxylase is deficient and/or when
CYP2D is activated by inducers. Therefore, the alter-
native pathway of serotonin synthesis may be consid-
ered as a target for the pharmacological action of
drugs in the course of treatment of psychiatric dis-
eases.

The effect of psychotropic drugs
on brain CYP2D

The interactions between psychotropics and liver cy-
tochrome P450 have been extensively reviewed [11].
It has been emphasized that, in addition to the direct
action of psychotropic drugs on cytochrome P450
(i.e., the binding of the parent drug or its metabolites
to the enzyme), indirect mechanisms of CYP-psy-
chotropic interactions, namely their influence on en-
zyme regulation, are also very important. Further-
more, the described interactions, which are time-,
drug-, and CYP isoform-dependent, may overlap
during long-term treatment. However, the effect of
psychotropics on brain CYP2D appears to be different
than that found in the liver and is cerebral structure
dependent [18].

Direct inhibition of CYP2D activity
by psychotropics in vitro

Certain antidepressants and phenothiazine neurolep-
tics (e.g., imipramine, fluoxetine, nefazodone, thiorid-
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azine, perazine) added in vitro to brain microsomes
inhibited CYP2D activity to a lower extent (K; =
255-485 uM) than when added to liver microsomes
(Ki = 1-45 puM). This finding may be due to the
stronger affinity of these drugs for liver CYP2D2 (K;
=2.7 and 1.25 pM for imipramine and fluoxetine, re-
spectively) than for brain CYP2D4 (K; = 25 and
10 uM for imipramine and fluoxetine, respectively)
[18]. Imipramine, fluoxetine, and thioridazine inhib-
ited the activity of the cDNA-expressed CYP2D2
isoenzyme (hepatic) several times more potently than
the activity of CYP2D4 (cerebral). However, perazine
diminished the activities of both isoforms to a similar
extent, whereas nefazodone only inhibited the activity
of CYP2D4, without affecting that of CYP2D2. The
observed differences in the inhibitory effect of psy-
chotropics in the brain and liver may also be due to
different levels of non-specific binding and the rela-
tively low CYP level in the brain and, subsequently,
higher protein concentration used for experiments
with brain microsomes [18]. However, the low K; val-
ues for recombinant CYP2D4 suggest that the men-
tioned antidepressants (except for mirtazapine) and
phenothiazines may directly affect CYP2D4 at phar-
macological concentrations in vivo.

Effects of chronic antidepressant
treatment on brain CYP2D

A differential effect of psychotropic drugs on CYP2D
activity in the brain and liver is also observed after
chronic treatment (Tab. 1). Unlike in the liver [12],
the prolonged administration of imipramine or mir-
tazapine did not affect the activity of the enzyme in
the brain [18]. Moreover, nefazodone, which de-
creased CYP2D activity in the liver after chronic
treatment [12], increased the activity of the enzyme in
the brain stem, though no change in the CYP2D4 pro-
tein level was found in that structure. This result may
suggest post-translational enzyme regulation. As in
the liver, fluoxetine significantly decreased CYP2D
activity in the striatum and nucleus accumbens but in-
creased it in the cerebellum. Fluoxetine-induced
changes in CYP2D activity were found to correlate
positively with the CYP2D4 protein level in the brain,



Brain cytochrome P450 and monoaminergic neurotransmitters
Anna Haduch et al.

Tab. 1. The effect of chronic treatment with psychotropic drugs on the activity and protein levels of CYP2D in different brain structures (a com-
parison to the liver). T — increase or  — decrease in enzyme activity; 1 — increase or U — decrease in enzyme protein level; “~” no change in ac-
tivity or protein level. According to Haduch et al. [18] and Hedlund et al. [22]2

Drug Liver Brain structures
(chronic)
Nucleus Frontal Striatum Subst.  Cerebellum Brainstem  Bulbus Rest of
accumb. cortex nigra olfact. brain
IMI J - - - - - - - -
FLU y U - U - ) - - -
MRT 0 - - - - - - - -
NEF J - - - - - - - -
TIOR l LU - T L T - - -
cLOZ —a LU - - U f) T ) T

IMI = imipramine, FLU - fluoxetine, MRT — mirtazapine, NEF — nefazodone, TIOR - thioridazine, CLOZ - clozapine

suggesting an effect of the drug on the expression of
the gene coding for this CYP isoform.

It may be assumed that the investigated antidepres-
sants (except for mirtazapine) may exert an inhibitory
effect on CYP2D in the brain, which stems from a di-
rect interaction with the enzyme (binding), and — in
the case of fluoxetine — also from a down-regulation
in enzyme expression. Consequently, the inhibition of
CYP2D activity by antidepressants may enhance the
neurosteroid concentration in the brain (discussed in
[18]). Clinical studies have shown a significantly
lower level of allopregnanolone in the plasma and
cerebrospinal fluid of depressed patients, with the low
level being normalized by treatment with selective se-
rotonin reuptake inhibitors (SSRIs: fluoxetine and
fluvoxamine) or tricyclic antidepressant drugs (TADs)
[32, 37, 39].

In addition, by increasing CYP2D activity in the
brain stem (containing dopaminergic neurons of the
VTA and serotonergic neurons of the raphe nuclei),
nefazodone may accelerate the CYP2D-mediated ty-
ramine hydroxylation to dopamine and O-demethyla-
tion of 5-methoxytryptamine to serotonin. As both of
these neurotransmitters are important for the patho-
physiology and pharmacotherapy of depression, the
inhibition of neurosteroid metabolism by SSRIs and
TADs (via CYP2D inhibition) or the enhancement of
dopamine/serotonin synthesis by nefazodone (via an
increase in CYP2D activity) may be of pharmacologi-
cal and clinical importance.

Effects of chronic neuroleptic treatment
on brain CYP2D

The influence of neuroleptics on brain CYP2D after
chronic treatment is also different than in the liver and
is structure dependent (Tab. 1). Similar to the liver
[11], thioridazine decreased CYP2D activity in the
substantia nigra and nucleus accumbens but signifi-
cantly increased the enzyme activity in the striatum
and cerebellum [18]. Clozapine, which was previ-
ously shown to induce brain CYP2D4 in a post-
transcriptional phase [22], significantly increased
CYP2D activity in the brain stem and the remainder
of the brain though decreased the enzyme activity in
the nucleus accumbens. An opposite change in the ac-
tivity (decrease) and protein level (increase) of
CYP2D in the substantia nigra after thioridazine treat-
ment may have resulted from the formation of
thioridazine-reactive metabolites [13] by cytochromes
other than CYP2D (CYP2B/CYP2E1/CYP3A) pres-
ent in this brain area.

The weak-to-moderate induction of CYP2D in the
striatum or cerebellum after chronic thioridazine
treatment is likely to be abolished in vivo as a result of
direct CYP2D inhibition by the neuroleptic (via bind-
ing). In contrast, the ability of clozapine to increase
CYP2D activity in the brain stem (a structure com-
prising the VTA) may lead to increased dopamine
synthesis via a CYP2D-catalyzed pathway [5, 23],
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which — in addition to the receptor profile of the drug
— may become an extra add-on component of the
atypical neuroleptic action of the drug.

A possible explanation for the diverse effect of
chronic psychotropics on the level of CYP2D in the
liver and brain are the differences in the mechanisms
regulating the expression of these enzymes in the two
organs and in particular brain structures [30].

The results of recent research indicate that the psy-
chotropics examined (except for mirtazapine) may di-
rectly inhibit CYP2D activity in the brain, yet less
potently than in the liver. Their effect on brain
CYP2D after chronic treatment is different than in the
liver and is cerebral structure-dependent. The interac-
tions of psychotropic drugs with cytochrome P450 in
the brain may contribute to their pharmacological ef-
fect and clinical outcome.

Conclusions

Recent in vitro and in vivo studies performed in ro-
dents indicate that dopamine and serotonin may be
formed in the brain via alternative CYP2D-mediated
pathways, tyramine hydroxylation and 5-methoxy-
tryptamine O-demethylation, respectively. These al-
ternative pathways modestly contribute to the total
concentration of the neurotransmitter in the rodent
brain under normal physiological conditions. How-
ever, their contribution to the total synthesis of brain
neurotransmitters may be higher in humans and may
significantly increase under specific conditions, such
as deficiencies in tyrosine hydroxylase and amino
acid decarboxylase (catalyzing the classic pathway of
dopamine synthesis) or tryptophan hydroxylase (cata-
lyzing the classic pathway of serotonin synthesis).
These alternative pathways of neurotransmitter syn-
thesis may also become more efficient when the
CYP2D gene is mutated (duplicated or amplified) or
activated by such inducers as alcohol, nicotine, or
some psychotropic drugs, which may be of impor-
tance in some neurodegenerative or psychiatric dis-
eases.

In addition to the previously observed influence of
antidepressants and neuroleptics on CYP2D in the
liver, the investigated drugs also produce an effect on
CYP2D in the brain, though their effect on brain
CYP2D is different than that in the liver and is brain
structure-dependent. The observed psychotropics-
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brain CYP2D interactions may be important for the
metabolism of endogenous neuroactive substrates
(e.g., monoaminergic neurotransmitters, neuroste-
roids) and for the local biotransformation of drugs,
and such interactions may modify their pharmacologi-
cal action. The inhibition of CYP2D activity by clas-
sic antidepressants may contribute to the enhance-
ment of the neurosteroid concentration in patients
during the pharmacotherapy of depression, whereas
the ability of nefazodone and clozapine to induce
CYP2D (and CYP2D-mediated synthesis of mono-
aminergic neurotransmitters) in the brain stem (in the
VTA) may be an add-on component of the pharmacol-
ogical action of these drugs. It should therefore to be
ascertained in vivo whether the long-term exposure to
therapeutic concentrations of psychotropics affects
CYP2D6 activity in the human brain (as has been
shown for rat brain CYP2D4) and whether this effect
is important for the clinical outcome of these drugs. If
S0, genetic variations in the enzyme may have some
impact on the therapeutic action of psychotropics in
the brain and not merely on their metabolism in the
liver. Moreover, the interference of psychotropics
with brain CYP2D may contribute to the differences
in clinical effects among drugs acting via similar neu-
ronal mechanisms.
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