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ABSTRACT

The regulation of brain cytochrome P450 enzymes (CYPs) is different compared with respective
hepatic enzymes. This may result from anatomical bases and physiological functions of the two
organs. The brain is composed of a variety of functional structures built of different intercon-
nected cell types endowed with specific receptors that receive various neuronal signals from
other brain regions. Those signals activate transcription factors or alter functioning of enzyme
proteins. Moreover, the blood-brain barrier (BBB) does not allow free penetration of all substan-
ces from the periphery into the brain. Differences in neurotransmitter signaling, availability to
endogenous and exogenous active substances, and levels of transcription factors between neur-
onal and hepatic cells lead to differentiated expression and susceptibility to the regulation of
CYP genes in the brain and liver. Herein, we briefly describe the CYP enzymes of CYP1-3 families,
their distribution in the brain, and discuss brain-specific regulation of CYP genes. In parallel, a
comparison to liver CYP regulation is presented. CYP enzymes play an essential role in maintain-
ing the levels of bioactive molecules within normal ranges. These enzymes modulate the metab-
olism of endogenous neurochemicals, such as neurosteroids, dopamine, serotonin, melatonin,
anandamide, and exogenous substances, including psychotropics, drugs of abuse, neurotoxins,
and carcinogens. The role of these enzymes is not restricted to xenobiotic-induced neurotoxicity,
but they are also involved in brain physiology. Therefore, it is crucial to recognize the function
and regulation of CYP enzymes in the brain to build a foundation for future medicine and neuro-
protection and for personalized treatment of brain diseases.
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Introduction cell type possesses its own pre- and postsynaptic recep-
tors that mediate interneuronal and interstructural con-
nections. Therefore, the physiological regulation of
particular genes differs between brain regions. These
differences in the regulatory modes concern also the
genes encoding cytochrome 450 enzymes which are
expressed in the brain, though in much lower levels
than in the liver.

Moreover, the specific anatomic construction of the
blood-brain barrier (BBB), endowed with an efflux trans-
port system, does not allow free penetration of all
endogenously produced substances or xenobiotics
from the periphery into the brain, except for some BBB-
free areas localized around cerebral ventricles. The
above-mentioned distinct innervations, receptor-trans-

Studies of the last years indicate that the regulation of
brain cytochrome P450 enzymes (CYPs) is different
compared with respective hepatic enzymes. This may
result from anatomical bases and physiological func-
tions of the two organs. The brain is a heterogeneous
organ, consisting of various functional structures that
contain different cell types receiving extensive neuronal
inputs from other regions of the brain. For instance,
noradrenergic, dopaminergic and serotonergic innerva-
tions come to the forebrain from the brain stem, while
glutamatergic neurons of the cortex, hippocampus or
amygdala send their projections to other brain areas
(Stahl 2013). Inputs that reach the cell are transmitted
into the neuronal cell interior via specific membrane or

intracellular receptors and corresponding signal trans-
duction pathways, to activate transcription factors or to
alter protein functioning (e.g. enzyme activity). Each
brain structure receives unique innervations, and each

duction pathways, and availability of endogenous and
exogenous compounds may be a reason for inter-
regional differences in the regulation of CYP gene
expression and enzyme activity in the brain, as well as
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for inter-organ differences in the regulation of those
enzymes between the brain and the liver.

For example, some hormones excreted into the
blood (e.g. growth hormone) or drugs/drug metabolites
do not easily penetrate the BBB (Lai et al. 1991; Nyberg
and Burman 1996), and there is an essential difference
in levels of CYP gene-regulating receptors (e.g. CAR,
PXR, AhR, PPAR, RXR, GHR) between the brain and liver
(Lobie et al. 1993; Nyberg and Burman 1996; Petersen
et al. 2000; Nishimura et al. 2004). Therefore, it seems
that differences in neurotransmitter signaling, availabil-
ity to endogenous and exogenous active substances,
and levels of transcription factors between neuronal
and hepatic cells lead to differentiated expression and
susceptibility to the regulation of CYP genes in the
brain (brain areas) and liver.

Brain CYP enzymes exert a direct impact on a wide
range of processes, with confirmed effects on behavior,
neurotoxicity, and drug response (e.g. analgesics, anes-
thetics, antidepressants, antipsychotics) (Toselli et al.
2016; McMillan and Tyndale 2018), playing a potential
role in the metabolism of important endogenous mole-
cules, drugs, and neurotoxins in the brain. Local brain
metabolism of endogenous substrates and drugs that
cross the BBB may contribute to inter-individual vari-
ability in therapeutic responses. This may be implicated
in human behavioral reactions, as well as in stress,
depression, schizophrenia, cognitive processes, learn-
ing, and memory (Haduch et al. 2018; Stingl 2018).

This article briefly describes the catalytic competence
and distribution of CYP1-3 families in the brain and dis-
cusses brain-specific regulation of CYP genes compared
to the regulation of liver CYP genes.

General characteristics and origin of
cytochrome P450s

Cytochrome P450s are a superfamily of enzymes ubiqui-
tously expressed in all kingdoms of life: animals, insects,
plants, fungi, protists, bacteria, archaea, and viruses.
Currently, more than 52,675 CYP sequences have been
documented with a variety of critical physiological
roles. Humans are regularly exposed to diverse chemi-
cals, drugs, food additives, and pollutants that could
eventually impair cellular stability and disrupt metabol-
ism with damaging health effects. The unique defense
systems that contain hemeprotein, termed cytochrome
P450 enzymes, have been known since the 1960s (Raw
et al. 1960; Omura and Sato 1962), and the number of
P450s classified in the superfamily has grown to more
than 21,000 members by August 2013 (Cytochrome
P450 Stats. (2013) https://drnelson.uthsc.edu/P450.stats.

Aug2013.png (accessed 20 January 2020). Naming of
these enzymes is based on their spectral absorption
wavelength. The spectrum of the reduced form of the
enzymes exhibits a Soret peak at 450nm when the
enzyme is saturated with carbon monoxide, reflecting
the retention of cysteine thiolate proximal coordination
in this form of the enzyme (Omura and Sato 1962; to
1964). In mammals, CYP enzymes are engaged in the
biosynthesis and metabolism of steroid hormones
(Ryan and Engel 1957; Estabrook et al. 1963), various
lipid biofactors (Das et al. 1968; Lu and Coon 1968),
including eicosanoids (Chacos et al. 1983; lliff et al.
2007), vitamin D3 (Bhattacharyya and Deluca 1973; ca
1974; Fukushima et al. 1978) and retinoids (Swindell
et al. 1999), and can catalyze alternative pathways of
neurotransmitter synthesis, especially dopamine (Hiroi
et al. 1998) and serotonin (Yu et al. 2003).

Diverse CYP enzymes are found in different tissue
and cell types co-occur in several separate subcellular
compartments  simultaneously. Most cytochrome
enzymes are bound to membranes, such as the outer
nuclear membrane, endoplasmic reticulum, mitochon-
dria, Golgi, peroxisomes, and plasma membrane
(Khandwala and Kasper 1973; Sagara et al. 1978;
Williams et al. 2000). Soluble forms also exist, but rather
in yeast and prokaryotes. The highest quantity of
CYP1A1 protein occurs in the brain tissue and was iden-
tified in the cytosolic fraction (Meyer et al. 2002).

It has been proposed that CYPs originated from the
prokaryotic sterol 14a-demethylase CYP51, which is
regarded as an ancient cytochrome P450 (Yoshida et al.
1997; Parvez et al. 2016). Primordial CYP gene products in
vertebrates perhaps first evolved to fulfill vital life func-
tions, then handling plant substrate degradation and
drug metabolism abilities. Although the CYP2G and CYP2T
subfamilies encode functional genes in rodents, they only
seem to encode pseudogenes in humans, suggesting that
whatever functions these genes had approximately 80
million years ago (at the time of the mammalian radi-
ation), they are no longer needed in humans. Mice defi-
cient in the Cyp2el gene seem to be outwardly healthy,
but are very resistant to benzene’s toxic effects, indicating
a role in xenobiotic metabolism for this subfamily
(Gonzalez and Kimura 2001; Nebert and Russell 2002).

Examination of the genomes of divergent organisms
has revealed that many of the CYP genes are present in
accumulated clusters on chromosomes (Doddapaneni
et al. 2005). Such clustering presents strong evidence that
these genes originated via gene duplication, either as dis-
crete events or as a part of whole-genome duplications
(Kumar and Hedges 1998; Finta and Zaphiropoulos 2000;
Turman et al. 2006; Feyereisen 2011).


https://drnelson.uthsc.edu/P450.stats.Aug2013.png
https://drnelson.uthsc.edu/P450.stats.Aug2013.png

Structure

Structures of all of the cytochrome P450s share certain
elements and show several similarities. These proteins
are organized into a similar series of helices and folds.
The folds are predominantly a-helical, with a small pro-
portion of B-sheets. Its twelve helices are designated A
to L and are named in alphabetical order starting from
the N-terminus (Poulos et al. 1987). Substrate recogni-
tion sequences, the most critical structural regions of
CYPs (Gotoh 1992; Yasukochi and Satta 2015; Tietz et al.
2017), include a highly conserved I-helix bearing a
threonine amino acid, which plays an essential role in
catalytic processes, the F/G-loop, and the F and G-heli-
ces, together with the B/C-loop, which form a ‘lid’ over
the active site cavity (Otyepka et al. 2007). The active
site is deeply embedded within the structure and is
coupled to the outer region through a complex net-
work of access and exit channels (Wade et al. 2004;
Cojocaru et al. 2007). It houses a protoporphyrin IX
(heme b) cofactor, which is connected to the CYP cata-
lytic domain by a Fe-S bond to the thiolate group of a
highly conserved cysteine (Mestres 2004; Srejber et al.
2018). Interestingly, structural analysis of the CYP1A1
gene reveals an arrangement on Exon 6 that appears to
be the protein domain responsible for activating cere-
bral activity of the enzyme (Figure 1) (Kommaddi et al.
2007; Annalora et al. 2017). Furthermore, alternative
splicing might result in multiple transcript variants
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encoding distinct CYP enzymes (Zhuge and Yu 2004;
Ren et al. 2005; Annalora et al. 2017).

In humans, 57 genes encoding various cytochrome
P450 enzymes have been identified. These genes are
classified into 18 families and 57 subfamilies based on
their amino acid sequence similarity (Nelson 2011).
Members of CYP 1, 2, and 3 families are primarily
involved in xenobiotic metabolism and physiological
processes in the brain, whereas other families are
employed in metabolism of endogenous substrates.

Distribution, function, and regulation of brain
cytochrome P450 — overview

Xenobiotic metabolism principally occurs in the liver,
which also exhibits the highest expression and concen-
tration of transmembrane cytochrome P450 proteins.
Total CYP protein content in the brain is significantly
lower compared to the liver and is estimated to be
0.5%-2% of hepatic CYP content (Hedlund et al. 2001).
The subcellular distribution of CYP1-3 family enzyme
expression (mRNAs, proteins, activities) within the
human brain has been thoroughly described in a com-
prehensive review by Toselli et al. (2016). Expression
levels and activities of particular CYP enzymes vary
between brain structures (Figure 2), and enzyme pro-
teins are usually present in both microsomal and mito-
chondrial fractions. Although total CYP protein content
in the brain is significantly lower than in the liver, in

Human Cytochrome P450 1A1 in complex with alpha-naphthoflavone

Exon 5 (Dark Yellow) Helix J
to B1-4 sheet (348-389) |

Exon 7 (Red) K'-K” to
C-terminus (419-519)

Exon 6 (Orange) Brain- //
specific B1-4 sheet to
K’-K” Loop (390-418)

Exon 4 (Deep Yellow) across
Helix | to Helix J (318-347)

/ Q_; Exon 3 (Yellow) across G-H
e Loop to Helix| (276-317)

Exon 2 (Blue and Light Blue)
from N-terminus to G-H
Loops (1-274)

Figure 1. Human Cytochrome P450 1A1 in complex with alpha-naphthoflavone. Exon 2 (1-275) rainbow blue extends from the
N-terminus to G-H Loop; Exon 3 (276-317) G-H Loop to Helix I; Exon 4 (318-347) Helix | to Helix J; Exon 5 (348- 389) Helix J to
[1-4 sheet, Exon 6 (390-418) Brain-specific f1-4 sheet to K'-K” Loop; and Exon 7 (419-512) K'-K” to C-terminus red. PDB ID: 418V

(Walsh et al. 2013; Annalora et al. 2017; Rose et al. 2018).
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Figure 2. The expression of human cytochrome P450 enzymes involved in the metabolism of xenobiotics in the selected brain

regions shown in coronal, sagittal, and horizontal brain sections.

some cell types, it reaches levels similar to that
observed in the liver (Miksys and Tyndale 2013).

A few CYPs are primarily expressed in the brain.
These include CYP7B, explicitly existing in the hippo-
campus of rat and mouse (Stapleton 1995), CYP26B,
expressed in the cerebellum and pons (White et al.
2000), and CYP46, displaying widespread expression in
the brain (Lund et al. 1999). These three brain-specific
CYP enzymes are not involved in the metabolism of for-
eign compounds. Still, these enzymes are essential for
endogenous functions, such as regulation of neuroste-
roids, cholesterol, and vitamin A metabolism (Lin and
Smith 1974; Bjorkhem et al. 1997; Lund et al. 1999;
Sakai et al. 2001).

Additionally, the brain is protected by the vigorous
neurovascular defense of the BBB and the blood-cere-
brospinal fluid barrier against unwanted compounds
with selective entry restricted by ATP-binding cassette
(ABC) efflux transporters (Dauchy et al. 2008). CYP1B1 is
expressed at the human BBB, possibly acting in con-
junction with transport proteins to regulate xenobiotic
penetration (Dauchy et al. 2008; Dutheil et al. 2009). In
addition to CYP1B1 transcripts, CYP2U1 was also
detected in human brain microvessels (Shawahna et al.
2011). The highest expression of CYP2B was observed
in the dentate gyrus of the hippocampus and astrocytes
adjacent to cerebral blood vessels, possibly playing a
similar role to CYP1B1 in neuroprotection at the BBB by

cooperating with transporters (Miksys et al. 2003;
McMillan and Tyndale 2018). The BBB expresses high
levels of different CYP enzymes, forming a metabolic
barrier that regulates blood flow, compound flow, and
signal transmission during inflammation (Meyer
et al. 2007).

All cytochrome P450 enzymes exhibit characteristic
alternative splicing that results in multiple transcript
variants encoding distinct CYP enzymes. These enzymes
are primarily expressed extrahepatically. Evidence for
CYP1B1 and CYP2U1 expression in brain microvessels of
the BBB has been revealed by proteomics analysis
(Shawahna et al. 2011).

In neurons, cytochrome P450 has other functions: in
regions such as the hypothalamus (Tsuruo et al. 1994;
Abdelgadir et al. 1997), the hippocampus (Rosenbrock
et al. 1999; Hagemeyer et al. 2003; Hojo et al. 2004;
Meyer et al. 2006), and the striatum (Schilter and
Omiecinski 1993; Huang et al. 2000), it provides signal-
ing molecules (steroids and fatty acids) necessary for
neuronal formation and development. CYP enzymes are
differentially expressed in individual regions of the
brain and in specific neuronal and glial cells (Figure 2).
The highest CYP content is found in the brain stem (the
structure containing cell bodies of dopamine, noradren-
aline, and serotonin neurons), cerebellum (Purkinje cells
in particular; the structure engaged in motor control,
cognitive and emotional functions), hippocampus (the



structure involved in learning and memory), ventral stri-
atum containing the nucleus accumbens (the structure
engaged in cognitive functions, reward, and addiction),
and dorsal striatum (the structure involved in motor
functions) (Dutheil et al. 2008). Drug metabolizing CYPs,
1A1, 1A2, 2A6, 2B1, 2E1, and 3A4, occur predominantly
in neurons (Bhagwat et al. 2000; Singh et al. 2012),
whereas CYP1B1 and CYP2D6 are expressed in both
neurons and glial cells (Gilham et al. 1997,
Muskhelishvili et al. 2001; Miksys et al. 2003).

Cerebral CYP enzymes may generate a microenviron-
ment of various endogenous substrates, drugs, and
their metabolites, which cannot be monitored in the
blood (Miksys and Tyndale 2004). Many CYPs have cur-
rently been detected in the brain. Although in the brain
expression of CYP1-3 enzymes is generally lower than
in the liver, these enzymes may regulate local levels of
substances in particular regions and cell types of the
brain (Norman and Neal 1976; Sasame et al. 1977;
Warner et al. 1988; Miksys and Tyndale 2013; Toselli
et al. 2016). It should be taken into consideration that
due to analytical limitations, detection of CYP activity
ex vivo is still restricted due to low enzyme levels but
also due to rapid degradation. Notably, nearly 50% of
brain CYP2D activity is lost within a week of freezing
(Tyndale et al. 1999). There are also practical complica-
tions resulting from the use of antibodies raised against
hepatic CYP forms for enzymes found in the nervous
system since they can differ in immunoreactivity
(Miksys et al. 2002). These difficulties in performing
research on the regulation of brain cytochrome P450
expression and function (activity) deserve a great deal
of consideration as there is not always a good correl-
ation between mRNA, protein, and enzyme activity.
Another issue to consider is that altered cell signaling
(e.g. cAMP production) in response to neuroactive
drugs may affect the phosphorylation processes and, in
turn, enzyme protein synthesis, function, or degrad-
ation (Oesch-Bartlomowicz and Oesch 2003, 2005).
Furthermore, exposure to environmental xenobiotics or
treatment with drugs producing reactive metabolites

CYP1A2
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(e.g. some neuroleptics and antidepressants) may lead
to interference with protein synthesis or binding of
those metabolites to CYP proteins, affecting enzymatic
activity in this way (discussed in Daniel 2005).

CYP enzyme induction is mostly transcriptional, even
though non-transcriptional mechanisms, such as stabil-
ization of mRNA, enzyme stabilization, or inhibition of
the protein degradation pathway, have also been
reported. Noncoding RNAs, as microRNAs (miRNAs), are
involved in the posttranscriptional regulatory mecha-
nisms of major drug-metabolizing enzymes (Dluzen and
Lazarus 2015). miRNAs are non-coding RNAs with a
span of approximately 22 nucleotides and play a nega-
tive regulatory role by binding to the 3’- or 5'-UTR of
target mRNA to inhibit translation or initiate mRNA
degradation. All these mechanisms of CYP enzyme
regulation take place in the brain, though in a tissue-
specific manner, often differing for a particular CYP
enzyme compared to the liver.

The CYP1 family

The CYP1 family consists of two subfamilies, encom-
passing three functional genes, CYP1A1, 1A2, and 1B1,
in humans. CYPTAT and CYPIBIT are highly conserved
among species (Martignoni et al. 2006). Two related
family members, the CYPTAT and CYP1A2 genes, which
consist of seven exons and six introns, are located
approximately 233kb away from each other on
chromosome 15 (Figure 3), whereas CYP1B1 consists of
only three exons and is located on chromosome 2.
CYP1A-catalyzed reactions include hydroxylation of
aromatic compounds. Specifically, CYP1A1 is primarily
engaged in the metabolism of aromatic hydrocarbons,
while CYP1A2 transforms aromatic amines and hetero-
cyclic derivatives. Constitutive expression of CYP1A1
was found in both human and rat brain (McFadyen
et al. 1998; Chinta et al. 2005). CYPTAT mRNA and pro-
tein are localized predominantly in neurons of the cere-
bral cortex, Purkinje and granule cell layers of the

cerebellum, and pyramidal neurons of the
CYP1A1
_ > 1 2 3456 7 Qtel

.,

CYP1A Cluster on Chromosome 15

i
~1kb

Figure 3. An overview of human CYP1A cluster, located on chromosome 15g22-qgter with CYP1A1 reading toward the telomere
and CYP1A2 reading toward the centromere (Corchero et al. 2001). The distance between the start of transcription of CYP1AT
and CYPI1A2 is 23.3kb. There are 13 XRE (xenobiotic-responsive element) at the core DNA sequences that may participate in
CYP1A induction following activation of the Ah receptor (adapted from Galijatovic et al. 2004; Ye et al. 2019).
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hippocampus (in CA1, CA2, and CA3 subfields).
Moreover, the presence of a splice variant was demon-
strated in the human brain but not in the liver from the
same individual (Chinta et al. 2005). Specific CYP1A1
and CYP1A2 activity of 7-ethoxycoumarin O-deethylase
has been observed in mitochondria from several human
brain regions, showing the highest levels in the stri-
atum and pons and the lowest levels in the cortex and
cerebellum (Bhagwat et al. 2000).

CYP1A is a central enzyme during phase | drug metab-
olism and contributes to the biotransformation of nearly
9% of clinical drugs, such as caffeine, analgesics, antipyret-
ics, antipsychotics, antidepressants, and anti-inflammatory
drugs (Lu et al. 2020). In addition to medicines, CYP1A is
also involved in the biological activation or deactivation
of a large number of pollutants in the environment, such
as benzopyrene, aristolochic acid |, ellipticine, PhIP (2-
amino-1-methyl-6-phenylimidazo(4,5-b)pyridine), and 1Q
(2-amino-3-methylimidazol4,5-flquinolone)  (Abdel-Razzak
et al. 1994; Josephy et al. 2000; Stiborova et al. 2007;
Cheung et al. 2005; Kotrbova et al. 2011). Furthermore,
CYP1A1 and CYP1A2 metabolize sex hormones (including
progestogens, androgens, and estrogens), retinol, mela-
tonin, linoleic acid, phosphatidylcholine, and uroporphyri-
nogen (Shou et al. 1997; Niwa et al. 1998; Sinclair et al.
1998; Yamazaki et al. 1998; Yun et al. 1999; Chen et al.
2000; Moran et al. 2000; Ohe et al. 2000; Schwarz
et al. 2000; Von Bahr et al. 2000; Ma et al. 2005; Phillips
et al. 2011). Progesterone plays a crucial role in the
physiological function of the brain by producing other
endogenous  steroids, neurosteroids (Baulieu and
Schumacher 2000).

CYP1A catalyzes the synthesis and metabolism of
melatonin via 5-hydroxylation. Melatonin is the primary
hormone secreted by the pineal gland (Hardeland 2010;
Tordjman et al. 2017). Circadian production of mela-
tonin by the pineal gland explains its chronobiotic influ-
ence on the organism activity, including endocrine and
non-endocrine rhythms. Other roles of melatonin,
including its antioxidant and anti-inflammatory proper-
ties, its genomic effects, and its capacity to modulate
mitochondrial homeostasis, are linked to the redox sta-
tus of cells and tissues (Acuna-Castroviejo et al. 2014).
Melatonin, a metabolite in the tryptophan pathway,
may also be involved in human affective disorders
(Srinivasan et al. 2006; Lu et al. 2020).

CYP1B1 is primarily localized in the putamen (part of
the dorsal striatum) and the temporal and frontal lobe
(McFadyen et al. 1998; Rieder et al. 1998). CYP1B1 is found
in both the mitochondrial and microsomal fractions of
astrocytes in the human frontal lobe, hippocampus, sub-
stantia nigra, and cerebellum (Shawahna et al. 2011).

Regulation

In humans, transcriptional activation of the CYPTAT and
CYP1A2 genes is controlled simultaneously by a dual
promoter construct existing between these two genes
and acting bidirectionally. The promoter contains aryl-
hydrocarbon receptor (AhR) response elements (Ueda
et al. 2006; Jorge-Nebert et al. 2010). Expression of
nuclear AhR may be higher in a particular brain area
than in the liver. For example, the rat olfactory cortex,
hippocampus, and hypothalamus revealed the highest
expression compared to low levels in the amygdala
(Petersen et al. 2000). Both CYP1A genes are highly
inducible by various xenobiotics, which act as AhR
ligands, such as methylcholanthrene, B-naphthoflavone,
polycyclic aromatic hydrocarbons, dioxins, and other
compounds (Nebert et al. 2004). There is evidence of
the role of nicotine in the induction of CYP1AT and
CYP1A2 enzymes in vitro in the brains of mice and rats
(Anandatheerthavarada et al. 1993; Singh et al. 2008).
AhR is also engaged in the regulation of the CYP1B1
gene (Shehin et al. 2000; Chiaro et al. 2007). AhR stimu-
lation initiates the synthesis of cytochrome P450 family
1 enzymes (CYP1s), which oxidize AhR ligands, leading
to their metabolic clearance and detoxification
(Schiering et al. 2017). The CYP1 enzymes have a critical
feedback role that limits AhR signaling (Chiaro et al.
2007). Expression of CYP1A1 is controlled by negative
feedback from AhR in enteric neurons (Obata et al.
2020). Serotonin (5-HT) induces CYPTAT mRNA expres-
sion and CYPTA1 activity in intestinal epithelial cells
(Manzella et al. 2018). Interestingly, 5-HT is a CYP1A1
substrate that competes with AhR ligands for CYPTA1
metabolism, preventing ligand deactivation and stimu-
lating sustained AhR signaling (Manzella et al. 2020).
Covalent methylation of nuclear chromatin in the brain
plays unique and essential roles in the nervous system
(Mo et al. 2015). Interestingly, the CYPTAT and CYPI1BI
gene promoters are hypermethylated in hepatocytes. The
transcript levels of CYP1AT and CYP1B1 were 10-fold higher
after combinatorial inhibition of DNA methyltransferases
(DNMTs) and histone deacetylases (HDACs). Incomplete
demethylation after DNMT inhibition is likely to be associ-
ated with enriched H3K27me3 in a regulatory region of
CYP1A2 (Park et al. 2015). H3K27me3 plays a role in silenc-
ing genes for a short time or persistently and concerns
neuron subtype-specific transcription factors (Hon et al.
2012). Furthermore, selective and transient silencing of
CYP1A1, but not CYPIBIT, was detected in human hepa-
toma cell lines. The endogenous ligand of the AhR 6-for-
mylindolo[3,2-b]carbazole (FICZ) transiently represses
CYP1A1 by targeting DNA (cytosine-5)-methyltransferase
3A (DNMT3A) and is affiliated with specific DNA
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CYP2A-T gene Cluster on Chromosome 19

Figure 4. An overview of the CYP2A-T gene cluster on human chromosome 19. Arrows and blocks represent the position, relative
length and direction of transcription for each locus (adapted from Hoffman et al. 2001), “P” at the end of a gene name indicates

a pseudogene.

methylation of the CYPTA1 gene promoter (Ghaedi et al.
2020). Interestingly, male and female cells from similar tis-
sues have sex-distinct patterns of DNA methylation of CYP
family members: Cypial, Cyp2el, and Cyp7b1 exhibit a dif-
ferential magnitude of gene expression (Penaloza et al.
2014). The epigenetics of sex differences in the brain has
been acknowledged (McCarthy et al. 2009), and it has
been demonstrated that DNA methylation changes occur
in response to environmental stress, with some of these
changes occurring in a sex-specific manner (Sterrenburg
et al. 2011; Essex et al. 2013).

Sex hormones regulate cerebral drug metabolism
through monitoring the expression of specific forms of
microRNAs (Li et al. 2015). Highly expressed in the
brain, short non-coding RNA miR-27b (Chi et al. 2009)
targets and negatively regulates CYPIBT (Liu et al.
2020). Current evidence suggests that CYP1A2 and
CYP2ET1 activity is higher in males than in females, while
CYP3A, one of the most clinically relevant CYP isoforms,
appears to have higher activity in females (Scandlyn
et al. 2008). CYP1A2 activity is higher in men than in
women for several substrates, including the conversion
of caffeine to paraxanthine (Relling et al. 1992; Ou-Yang
et al. 2000).

Recently, the mechanism of CYPIBI regulation by
glutamate (Yu et al. 2019) has been demonstrated.
Glutamate is a primary amino acid neurotransmitter
known for its role as an excitatory neurotransmitter in
the mammalian nervous system. An in vitro study
showed that CYP1B1 preferentially produced midchain
hydroxyeicosatetraenoic fatty acids (HETEs), almost 55%
of its total metabolites (Choudhary et al. 2004).
Increases in CYP1B1T mRNA levels and binding of cAMP
response element-binding protein (CREB) to CYPI1B1
promoters following high glutamate treatment were
observed. This effect was reduced by an mGlu5 recep-
tor antagonist (Yu et al. 2019).

The CYP2 family

The CYP2 gene family represents approximately 30% of
human liver CYP isoforms and is the most prominent
cytochrome P450 family (Daly 2016). Eleven subfamilies
represent that family in the human body and all share a

pattern of gene sequence arrangements with nine
encoding exons, except for CYP2U1 and CYP2R1, which
have only five exons (Cheng et al. 2003; Dhers et al.
2017). CYP2 genes are located on different chromo-
somes and are organized in multi-gene clusters.

CYP2A subfamily

Three dominant gene clusters comprise the CYP2A-T
cluster on chromosome 19q13.2, which contains two
significant genes, CYP2A6 and CYP2B6 (Figure 4)
(Hoffman et al. 2001). The CYP2A-T cluster diverged
through duplications and inversions and comprises six
genes and seven pseudogenes in humans (Wang et al.
2003). Of the six human genes, four encode xenobiotic-
metabolizing CYPs, and two are orphans of unknown
function (Sezutsu et al. 2013). The human CYP2A6
metabolic pathway is responsible for 80% of oxidative
metabolism of the psychoactive tobacco ingredient
nicotine to the inactive cotinine (Messina et al. 1997).
CYP2A6 expression in the brain is relatively low com-
pared to other CYPs (Human Protein Atlas) (Koskela
et al. 1999; Uhlén et al. 2015), and its role therein has
not yet been well recognized.

Regulation

Cytochrome P450 monooxygenases of the CYP2A sub-
family play significant roles in xenobiotic processing in
the liver and metabolic activation in extrahepatic tis-
sues. Many CYP2A transcripts and enzymes are induced
by xenobiotic compounds (Su and Ding 2004). For
instance, human CYP2A6 is primarily expressed in the
liver, but lower levels are found in tissues of the respira-
tory tract, including the nasal mucosa, trachea, and
lung, as well as the skin (Janmohamed et al. 2001; Saeki
et al. 2002). Interestingly, one of the CYP2A6 alleles
(rs113288603) expressed in the cerebellar hemisphere is
associated with hearing loss in elderly smokers
(Polimanti et al. 2017).

The expression of CYP2A genes is regulated by a
conserved transcription factor-binding site called the
nasal predominant transcriptional activating (NPTA)
element, which was identified in the proximal promoter
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region of the CYP2A3, Cyp2a5 and CYP2A6 genes
(Zhang and Ding 1998). The NPTA element is related to
the nuclear factor 1 (NF1) element (Zhang et al. 2000;
Ling et al. 2004). The NF1 genes are a group of tran-
scription elements that bind to CAATT-boxes and con-
trol the beginning of gliogenesis in the embryonic
spinal cord and differentiation of astrocytes later in
gliogenesis (Deneen et al. 2006; Molofsky et al. 2013).
NFTA expression in astrocytomas is associated with
improved survival (Song et al. 2010). Interestingly, neur-
onal expression of the 5-HT3 serotonin receptor gene
requires NF1 complexes (Bedford et al. 1998).

A genetic polymorphism in the promoter region of
the CYP2A6 gene modulates the expression levels of
CYP2A6 mRNA and protein in humans (Yoshida et al.
2003; von Richter et al. 2004). Sex differences in gene
expression and splicing are common in the adult
human brain, being measurable in all major brain
regions (Trabzuni et al. 2013). There is already evidence
for such a discrepancy of CYP2A gene expression in the
liver, where higher hepatic activity of CYP2A6 was
observed in women (Sinues et al. 2008; Al Koudsi et al.
2010). Bilirubin level reduction was shorter in women
than in men (Kao et al. 2017). Bilirubin treatments sig-
nificantly promote CYP2A6 expression in hepatocyte
progenitor cells (HepRG cells). Analysis showed similar
levels of AhR (bilirubin responsive nuclear receptor) and
estrogen-estrogen receptor o (ESR1) binding to the pro-
moter region of CYP2A6 (Kao et al. 2017). ESR1 is highly
expressed in the pituitary gland (The Human Protein
Atlas), as well as in glutamatergic and GABAergic neu-
rons, where it is vital for regular sexual maturity onset,
estrogen feedback, and fertility in female mice (Cheong
et al. 2015).

Mouse hepatic CYP2A4 and CYP2A5 (Lavery et al.
1999; Viitala et al. 2001) and rat CYP2A1 (Seng et al.
1996) are controlled by the circadian rhythm. Mouse
enzymes present the highest expression levels in the
evening through a mechanism that involves the albu-
min D-site-binding protein (DBP) transcription factor
(Lavery et al. 1999). DBP is a transcriptional guiding pro-
tein that exhibits robust circadian rhythms in tissues
with high clock gene expression, such as the suprachi-
asmatic nucleus of the hypothalamus and the liver
(Gachon et al. 2004). It is still unknown whether similar
patterns of CYP regulation are adopted by cerebral
cells. Interference with circadian rhythms in humans
may lead to various pathological conditions, including
depression, metabolic syndrome, and cancer (reviewed
in Takahashi et al. 2008; Sahar and Sassone-Corsi 2012).
Human cerebral cells are involved in the fundamental
function of awareness during daytime activities that is

represented by intensive neural transmission of action
potentials (Cook 2008). As a consequence, adult brain
requires enhanced clearance of metabolites during
sleep (Xie et al. 2013).

CYP2B subfamily

CYP2B is widely expressed within the brain (Gervot
et al. 1999; Bhagwat et al. 2000; Rosenbrock et al. 2001;
Miksys et al. 2003). The expression of CYP2B in the
monkey brain is the highest in Purkinje cells in the cere-
bellum, pyramidal cells of the cortex, and neurons in
the substantia nigra (the structure localized in the mid-
brain, containing primarily cell bodies of dopaminergic
neurons) (Miksys et al. 2002). However, the expression
of CYP2B in rats and mice is the highest in neurons of
the cerebellum, hippocampus, and thalamus (Volk et al.
1991; Lee et al. 2006). CYP2B is involved in the local
metabolism of steroids and drugs. Brain cytochrome
P450 was shown to contribute to the biotransformation
of neuroactive drugs and to affect both their local (but
not plasma) concentrations and central pharmaco-
logical/toxicological responses (McMillan and Tyndale
2018). For example, brain CYP2B significantly contrib-
utes to the local metabolism and concentration of the
anesthetic propofol, which correlates with sleep time in
the rat (Khokhar and Tyndale 2011). Brain CYP2B influ-
ences also nicotine levels in the brain (but not in
plasma) and its behavioral effects in the self-administra-
tion test (Garcia et al. 2015).

Regulation

As mentioned before, the CYP2A-T cluster on chromo-
some 19q13.2 contains the CYP2A6 and CYP2B6 genes
(Figure 4) (Hoffman et al. 2001). The subfamily of CYP2B
genes is induced by barbiturates (Fujii-Kuriyama et al.
1982; Mizukami et al. 1983), which are central nervous
system depressants, affecting the gamma-aminobutyric
acid (GABA) system via modulating GABA, receptors.
Hepatic transcription of CYP2B genes is highly inducible
by phenobarbital (PB) and PB-like inducers (Adesnik
et al. 1981; Hardwick et al. 1983; Gervot et al. 1999)
through the constitutive androstane receptor (CAR),
pregnane X receptor (PXR) (Sueyoshi et al. 1999; Moore
et al. 2000) and glucocorticoids receptor (GR) (Wang
and Negishi 2003). There is growing evidence for cross-
talk between CAR, PXR, and GR nuclear receptor signal-
ing pathways that regulate cytochrome P450 genes
(Kodama et al. 2004; Oladimeji et al. 2016). CAR and
PXR are found in the brain (Lamba, Lamba, Yasuda,
et al. 2004; Lamba, Yasuda, Lamba, et al. 2004; Marini



et al. 2007; Nannelli et al. 2010). Interestingly, active
compounds such as phenobarbital, clotrimazole, rifam-
picin, phenytoin, and 1,4bis[2-(3,5-dichloropyridyloxy)]-
benzene (TCPOBOP) are CYP2B inducers and activators
of orphan nuclear receptors CAR and/or PXR (Sueyoshi
et al. 1999; Moore et al. 2000). Phosphorylation of
CYP2B leads to posttranslational modification of the
enzyme, resulting in its catalytic inactivation and loss of
its ability to support monooxygenase activity (Oesch-
Bartlomowicz and Oesch 2003; ch 2005).

The brains of monkeys that have been exposed to
ethanol and nicotine at levels comparable to moderate
human consumption revealed cellular induction of
CYP2B6 and CYP2E1 (Ferguson et al. 2013). The pattern
of CYP2B6 and CYP2E1 expression detected in the
brains of monkeys exposed to ethanol and/or nicotine
closely paralleled expression of CYP2B6 and CYP2E1
protein observed in the brains from human alcoholics
and smokers (Miksys et al. 2002; Howard et al. 2003;
Miksys et al. 2003). Interestingly, ethanol-only exposed
monkeys and human alcoholics both presented ele-
vated levels of CYP2B6 protein in the putamen of the
striatum and elevated levels of CYP2E1 protein in the
dentate gyrus of the hippocampus but unaltered
expression of either enzyme in the substantia nigra, i.e.
at the beginning of the dopaminergic nigro-striatal
pathway, involved in Parkinsonism (Miksys et al. 2002;
Howard et al. 2003; Miksys et al. 2003; Ferguson et al.
2013), suggesting region-specific regulation. Nicotine
exclusively exposed monkeys and human smokers both
exhibited elevated levels of CYP2B6 protein in the CA2
region of the hippocampus and elevated levels of
CYP2E1 protein in the putamen but had unaltered
expression of either enzyme in the caudate of the stri-
atum. Furthermore, increased protein and mRNA levels
of CYP2B in rat brain were observed after nicotine pre-
treatment. These amounts were not affected by inhib-
ition of nicotinic-acetylcholine receptor (nAChR) with an
nNAChR antagonist, indicating that the mechanism of
nicotine induction of brain CYP2B proceeds through
increased transcription independently of nAChR activa-
tion (Khokhar et al. 2010). However, nicotine pretreat-
ment did not alter rat liver CYP2B expression or mRNA
levels (Khokhar et al. 2010). Some brain-specific sterols,
such as dehydroepiandrosterone, induce human
CYP2B6 via the constitutive androstane receptor
(Kohalmy et al. 2007).

Circadian rhythms were shown to control the metab-
olism of xenobiotics (Preitner et al. 2002; Gachon et al.
2004, 2006; Ripperger 2006; Ripperger and Schibler
2006). A previous study showed that the clock output
genes (i.e. the three PAR basic leucine zipper (bZip)
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family of transcription factors, Dbp, HIf (hepatocyte leu-
kemia factor) and Tef (thyrotroph embryonic factor)
promote diurnal expression of Cyp2b10 via rhythmic
regulation of the CAR receptor, a well-known activator
of the enzyme (Gachon et al. 2006). Moreover, Claudel
et al. (2007) depicted core oscillator manager PARbZip
transcription factor, which, when activated, controls
expression of CAR and PPARa receptors and induces cir-
cadian expression of AhR, contributing to the regula-
tion of circadian drug metabolism.

RNA-editing enzymes (ADAR proteins) and adeno-
sine-to-inosine (A-to-l) editing constitute the dominant
type of RNA editing in humans, affecting the majority
of human genes (Nishikura 2016). RNA editing has
essential roles in neurodevelopment and preservation
of regular neuronal function (Behm and Ohman 2016).
Deactivation of ADAR1 or ADAR2 in HepaRG cells
reduces expression of CYP2B6 and CYP2C8 mRNA and
protein (Nozaki et al. 2019). The authors found that
decreased expression of the hepatocyte nuclear factor
40, (HNF4a) protein by knockdown of ADARs is corre-
lated with decreased activity of CYPs. mRNA levels of
other CYPs, such as CYP2A6, 2C9, 2C19, 2D6, and 2E]1,
were also decreased by ADAR1 or ADAR2 knockdown,
with the exception of CYP3A4 mRNA, which was consid-
erably increased in response to ADAR1 knockdown
(Nozaki et al. 2019).

CYP2C subfamily

The human CYP2C enzymes together (2C8, 2C9, 2C18,
2C19) metabolize more than half of all commonly
administered drugs, arachidonic acid and some ste-
roids. CYP2C9 and CYP2C19 were detected in micro-
somal fractions of five human brain regions inspected,
specifically in the frontal cortex, hippocampus, basal
ganglia (the striatum, globus pallidus, and substantia
nigra), amygdala (the structure engaged in memory
processes, emotional responses, anxiety, aggression),
and cerebellum. Notably, CYP2C9 and CYP2C19
together were present mostly within the neuronal soma
but with expression extending down the axons and
dendrites (Booth Depaz et al. 2015). Moreover, CYP2C
enzymes in animals have been proposed to contribute
to the regulation of basal blood flow in cerebral micro-
circulation through the generation of epoxyeicosatrie-
noic acid metabolites from arachidonic acid (Alkayed
et al. 1996; lliff et al. 2007). Polymorphic CYP2C19,
which metabolizes sex hormones and 5-hydroxytrypt-
amine (serotonin), was associated with specific person-
ality traits (such as temperament and character
assessment) within healthy Japanese volunteers (Ishii
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et al. 2007). Next, an association between poor metabo-
lizers of CYP2C19 phenotype (CYP2C19*2*2) with a
lower level of depressive symptoms was observed in
Swedes (Sim et al. 2010). Elevated CYP2C19 activity was
associated with depression, reduced hippocampal vol-
ume, and homeostasis impairment. Studies on a trans-
genic CYP2C19 mouse model confirmed the
involvement of brain CYP2C19 in depression (Juki¢
et al. 2017). Evidence has been reported linking CYP2C9
polymorphism with a reduction in cerebellar volume in
epileptic users of phenytoin, a well-established and
very effective antiepileptic drug (Twardowschy et al.
2013). Another observation suggested that the period
of treatment of focal seizures using phenytoin was
affected by CYP2C9 gene polymorphism as some
patients possess a slow metabolizer variant of CYP2C9
(Veeravigrom et al. 2016).

Regulation

The CYP2C cluster resides on chromosome 10¢23.33.
Four genes are located in sequence order, Tel-CYP2C8-
CYP2C9-CYP2C19-CYP2C18-Cen, with a potential oppos-
ite arrangement direction versus the centromere and
telomere (Gray et al. 1995; Walton et al. 2005; Pedersen
et al. 2010; Martis et al. 2013). Numerous nuclear recep-
tors have been recognized that mediate xenobiotic-
induced transcriptional activation of human CYP2C
genes. Constitutive androstane receptor (CAR) and preg-
nane X receptor (PXR), or both receptors, bind strongly
to the identified responsive elements in human CYP2C
gene promoters (Jackson et al. 2004; Chen et al. 2005;
Ferguson et al. 2005; Jackson et al. 2006). The nuclear
receptor CAR is responsible for transcriptional activation
of CYP2C8, CYP2C9, and CYP2C19 genes (in human pri-
mary hepatocytes or HepG2 cells). Notably, CAR was
detectable in the human caudate nucleus (Lamba,
Yasuda, Lamba, et al. 2004), in the hCMEC/D3 cell line,
primary cultures of human brain microvessel endothelial
cells, and human fetal brain tissue (Chan et al. 2011).
Other research groups have reported detectable levels of
human CAR mRNA in human brain tissue samples
(Nishimura et al. 2004) and brain glioma cells (Malaplate-
Armand et al. 2005). Likewise, human PXR has been
shown to mediate induction of the CYP2C genes. PXR
protein expression has been clearly detected in the
human thalamus, pons, and medulla (Nishimura et al.
2004; Lamba, Lamba, Yasuda, et al. 2004; Miki et al.
2005), as well as the hCMEC/D3 cell line, primary cultures
of human brain microvessel endothelial cells, and human
fetal brain tissue (Chan et al. 2011). Cocaine decreases
CYP2C8 and CYP2C9 mRNA or protein levels in human

U373 MG astrocytoma cells, accompanied by simultan-
eous downregulation of CAR and nuclear glucocorticoid
(GR) receptors (Malaplate-Armand et al. 2005). Finally, a
comparison of cortex samples from alcoholics and age-
matched controls suggested that CYP2C9 expression was
increased in individuals with a history of alcohol abuse
compared to age- and sex-matched controls (Booth
Depaz et al. 2015).

RAR-related orphan receptors (RORs) are transcrip-
tional regulators of CYP2C8 in HepG2 cells (Y. Chen
et al. 2009). Generally, RORa is a nuclear receptor acting
as a constitutive activator of transcription (Giguere
et al. 1994). Interestingly, ROR in the brain seems to be
limited to certain neuronal populations of the cerebel-
lum, inferior olive, hippocampus, thalamus, cortex,
hypothalamus, and olfactory bulb, as well as in retinal
ganglion cells (Ino 2004). RORa is highly expressed in
Purkinje cells in which it plays a crucial role in differenti-
ation and survival processes (Boukhtouche et al. 2006).
The nuclear RORs control downstream target genes in a
circadian manner, operating to properly gate metabolic
events to the appropriate circadian time window
(Preitner et al. 2002; Sato et al. 2004; Akashi and Takumi
2005; Guillaumond et al. 2005).

An interesting phenomenon of regulation of human
CYP2C9 by electrophilic stress was reported by Makia
and colleagues (2014). They demonstrated that during
electrophoretic mobility shift assays, Fos family pro-
teins (cFos) distinctly interact with the distal activator
protein 1 (AP-1) site and Jun family proteins (JunD)
with the proximal site. Consequently, the CYP2C9 pro-
moter is stimulated by ectopic expression of cFos and
JunD (Makia et al. 2014). Neuronal cFos activity is
induced in the nuclei of cells under stress (Ceccatelli
et al. 1989; Chowdhury et al. 2000; Kwon et al. 2006).
Jun family proteins are transcription factors induced
after neuronal damage that regulate diverse neuronal
injury responses (Herdegen et al. 1997; Raivich and
Behrens 2006). Furthermore, the relaxed chromatin
configuration (euchromatin) of neuronal cells facili-
tates access to DNA, making its structure malleable
(Misteli and Soutoglou 2009; Casafont et al. 2011).
These observations suggest that the Makia et al.
(2014) hypothesis of DNA looping to activate the
CYP2C9 promoter may be used in neurons.

CYP2D subfamily

CYP2D6 exhibits a broad spectrum of substrate specifi-
city proven by in vitro biochemical assays and showing
abilities to metabolize 75 drugs, including antidepres-
sants and neuroleptics (Nebert and Russell 2002). Brain



CYP2D takes part in the local metabolism and analgesic
effects of codeine (Zhou et al. 2013; McMillan and
Tyndale 2015, 2017), oxycodone (McMillan et al. 2019),
and tramadol (Wang et al. 2015). On the other hand,
changes in the activity of brain CYP2D and consequent
alterations in metabolism of the antipsychotic drug
haloperidol diversely affect acute and chronic side-
effects of this drug measured in the rat behavioral mod-
els (Miksys et al. 2017). The authors suggest that varia-
tions in the activity of human brain CYP2D6 may be a
risk factor for side-effects of this antipsychotic after
acute (e.g. parkinsonism) or chronic (e.g. tardive dyskin-
esia) treatment. CYP2D6 is one of the most investigated
enzymes in the CYP2 family. It is a widely expressed
CYP enzyme in brain cells that plays an important role
in CNS homeostasis. Shielding neurons against 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) tox-
icity most likely proceeds by CYP2D6 inactivating it to
4-phenyl-1,2,3,6-tetrahydropyridine (Mann and Tyndale
2010; Uehara et al. 2015; Fernandez-Abascal et al.
2018). CYP2D6 catalyzes the synthesis of dopamine
from tyramine (Hiroi et al. 1998) and of serotonin from
5-methoxytryptamine (Yu et al. 2003), and these alter-
native anabolic pathways of monoaminergic neuro-
transmitters take place in the brain in vitro (Bromek
et al. 2011; Haduch et al. 2013) and in vivo (Bromek
et al. 2011; Cheng et al. 2013; Haduch et al. 2015, 2016),
suggesting a modulatory role for CYP2D6 in brain func-
tion and thereby in essential aspects of brain health
and neurotoxicity (Haduch et al. 2018, 2020). However,
the relative contributions of those alternative pathways
to the total neurotransmitter synthesis in the brain
in vivo at physiological conditions require further inves-
tigation. Exposure to drugs and gene polymorphisms of
CYP2D6 affect enzyme activity and dopamine formation
(Haduch et al. 2011; Niwa et al. 2017). In brain struc-
tures exposed to exogenous melatonin, CYP2D6 sup-
ports serotonin synthesis from 5-methoxytryptamine in
the brain in vivo, which closes the serotonin-melatonin-
serotonin biochemical cycle (Haduch et al. 2016).
Studies of cellular localization and regional distribution
of CYP2D6 mRNA and protein performed by Siegle et al.
(2001) showed that the mRNA was more widely distrib-
uted within the brain than the protein. The mRNA was
present in both neuronal and glial cells in such structures
as the cortex, striatum, globus pallidus, hippocampus,
hypothalamus, thalamus, substantia nigra, and cerebel-
lum. In comparison, CYP2D6 protein was primarily local-
ized in large principal neurons, such as pyramidal cells of
the cortex and the hippocampus, Purkinje cells of the
cerebellum, and in the substantia nigra. A slightly different
pattern of CYP2D6 expression in the human brain was
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observed by Miksys et al. (2002) and Chinta et al. (2002),
who also found the enzyme in the striatum. CYP2D6 pro-
tein was detected not only in neuronal soma but also in
dendrites of Purkinje and cortical neurons. The presence
of CYP2D6 protein in the human frontal lobe, hippocam-
pus, and cerebellum was confirmed in the study of
Dutheil et al. (2009). Similar to the human brain, CYP2D
expression was detected in the abovementioned regions
of the monkey brain (Mann et al. 2008). In the rodent
brain, CYP2D is widely and heterogeneously expressed
across brain regions in both neuronal and glial cell popu-
lations, including areas unguarded by the BBB, such as
the choroid plexus (Norris et al. 1996; Miksys et al.
2000, 2005).

Individuals with poor CYP2D6 metabolism are at a
higher risk of Parkinson’s disease (Lu et al. 2014). In
contrast, smokers present higher expression of this
enzyme and have a lower risk of neurodegeneration of
dopaminergic cells, as in the case of Parkinson’s disease
(Mann et al. 2008; Yue et al. 2008). Furthermore, levels
of CYP2D6 seem to be significantly higher in the brains
of alcoholics (Miksys et al. 2002).

Poor CYP2D6 metabolizers versus extensive metaboliz-
ers showed lower vulnerability to psychopathology and
greater impulsivity (Penas-LLedd et al. 2009). Increased
cerebral activity of CYP2D6 in extensive metabolizers has
been noticed in the thalamus and hippocampus, two
regions that have high expression of mRNA and CYP2D6
protein (Kirchheiner et al. 2011). CYP2D6 is also correlated
with neuropsychiatric phenotype differences among
patients, indicating its role in anandamide metabolism
and implicating this polymorphic enzyme as a potential
component of the endocannabinoid system in the brain
(Snider et al. 2008). In a study concerning the impact of
CYP2D6 polymorphism on brain function, brain activation
during a working memory task, and an emotional face
matching task was measured using fMRI. In both tasks,
brain activation increased with increasing CYP2D6 gene
activity (Stingl et al. 2012). Polymorphic irregularities in
CYP2B6 protein levels, expressed in a distinctive zone of
the brain within cellular compartments of neurons and
astrocytes in humans, reflected specific tissue concentra-
tions and thereby affect the therapeutic and toxic effects
of efavirenz in reservoir tissues (Gervot et al. 1999; Miksys
et al. 2003; Michaud et al. 2012).

Regulation

The CYP2D cluster is located on chromosome 22q13.1-2
with only a single functional gene, CYP2D6, as shown in
Figure 5 (Koch 2004; Ingelman-Sundberg 2005).
CYP2D6 protein content in the liver is regulated by
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Figure 5. An outline of the CYP2D gene cluster on human chromosome 22. The cluster contains the CYP2D6 functional gene and
two or more highly homologous pseudogenes CYP2D8P and CYP2D7, the gene CYP2D6 is highly polymorphic, and there is sub-
stantial variation in allele occurrences between people residing in different geographical location. Arrows and blocks represent
the position, relative length, and direction of transcription for each locus, vertical line separate single copy from duplicated type.
5.5% of the Europeans carry more than two active CYP2D6 gene copies and are ultrarapid metabolisers (UMs), whereas the muta-
tion is essentially absent in Asia (adapted from Koch 2004; Ingelman-Sundberg 2005).

several transcription factors and fluctuates considerably
from person to person, primarily due to its genetic
polymorphism. Hepatocyte nuclear factor 4 alpha
(HNF4a), a global regulator of genes involved in liver
development or liver-specific functions, is the most
important hepatic regulatory factor of CYP2D6
(Gonzalez 2008). Higher level of HNF4a mRNA expres-
sion are significantly correlated with microsomal
CYP2D6 enzyme activity (Jover et al. 2001; Yang
et al. 2010).

Overexpression of one more regulator CCAAT/
enhancer binding protein alpha (C/EBPa) in HepG2 cells
increases mMRNA levels of CYP2D6, as well as other drug-
metabolizing enzymes, such as CYP2B6 and CYP2C9
(Jover et al. 1998). Interestingly, C/EBPa. is expressed at
detectable levels throughout the brain (Protein Atlas
version 19.3) and is activated in microglial cells after
brain injury. Microglial cells play essential roles in brain
injury and repair and are associated with diseases, such
as Alzheimer's disease, Creutzfeldt-Jacob disease, mul-
tiple sclerosis, the AIDS Dementia Complex, and stroke

Farnesoid X receptor (FXR) activation by sensing bile
acids in various tissues or synthetic FXR agonists leads
to upregulation of small heterodimer partner (SHP), a
transcriptional repressor of CYP2D6 expression (Parks
et al. 1999; Pan et al. 2015). Activation of FXR increases
SHP mRNA and protein expression levels in cultured
neurons and in brain tissues (Huang et al. 2016). Thus,
this finding may provide another indication for cerebral
regulation of CYP2D6.

A luciferase assay in the SH-SY5Y human neuroblast-
oma cell line revealed that the PPARy receptor acti-
vated the CYP2D6 gene promoter, while PPARa
suppressed its expression (Zhang et al. 2018).
Furthermore, growth hormone (GH) reduced PPARa
mRNA levels and enhanced mRNA levels of CYP2D6 and
PPARY in SH-SY5Y cells. The effect of decreased CYP2D
expression was observed in male GHR deficient mice
compared to WT mice. Interestingly, brain levels of
PPARy were decreased or unchanged in different areas
of the brain in male GHR-/- mice, while brain PPARa

expression levels in male GHR-/- mice were significantly
greater than those in WT mice brain. Moreover, the
results of Zhang et al. (2018) demonstrated that inhib-
ition of cerebellar CYP2D significantly affected spatial
learning and exploratory behavior in mice.

There is growing evidence that enhancers are
marked in the genome by specific sets of histone modi-
fications, specifically monomethylation of histone 3
lysine 4 (H3K4me) and acetylation of histone 3 lysine 27
(H3K27ac) (Heintzman et al. 2007). One study revealed
that hypermethylation of CpG islands in the promoter
and gene body regions of Cyp2d6 might be crucial for
downregulation of this gene in human embryonic stem
cell-derived hepatocytes (hESC-Hep). Transcript levels of
CYP2D6 were increased after combinatorial inhibition of
DNMTs and HDACs (Park et al. 2015). DNA methylation
is an effective regulator of synaptic function in adult
neurons (Feng et al. 2010), as well as neuronal activity-
induced modification of the neuronal DNA methylome
(Guo et al. 2011). Expression of cerebral CYP2D enzymes
may be regulated by endogenous factors (e.g. hormo-
nal or developmental). Sex steroid hormones affect the
expression of brain CYP2D. Testosterone and estrogen
positively regulates, while progesterone negatively reg-
ulates, CYP2D expression in the brain of female rats
(Baum and Strobel 1997). Sex hormones can regulate
cerebral drug metabolism by governing the expression
of an itemized form of microRNAs. Testosterone
decreased CYP2D6 activity through upregulation of
miRNAs that reduce stability and/or translation of fully
or partially sequence-complementary emerging target
mRNAs (Landgraf et al. 2007; Li et al. 2015). Selective
regulation of CYP2D6 in SH-SY5Y and U-251, but not in
HepG2 cell lines, was also observed. The miR-101 and
miR-128-2 bound directly to the 3’-untranslated region
of human CYP2D6 mRNA and diminished its functional
levels (Li et al. 2015). Orchiectomy enhanced brain
CYP2D levels in growth hormone receptor (GHR) defi-
cient mice, showing that androgens directly downregu-
late brain CYP2D expression, while also offering the
possibility that brain CYP2D may be affected by growth



hormone secretion patterns (Li et al. 2015), though pul-
satile secreted growth hormone by the pituitary gland
does not easily penetrate the BBB (Lai et al. 1991;
Nyberg and Burman 1996).

The potent modulation of CYP2D6 expression by
miRNA hsa-miR-370-3p was previously demonstrated
(Zeng et al. 2017; Zastrozhin et al. 2020). miR-370-3p
facilitates degradation of CYP2D6 mRNA, decreasing
expression and activity of the enzyme. miR-370 is
expressed in the brain (Peng et al. 2016; Kar et al. 2017)
and in human neuronal cultures (Peng et al. 2016; Evert
et al. 2018). Recently, an interesting observation was
presented by Guo et al. (2020). Overexpression of miR-
544 decreases the activity of the epigenetic regulator
YY1/PRC2 complex and promotes the transcription and
expression of the ten-eleven translocation 2 (TET2)
gene, activating critical factors of the serotonergic syn-
apse pathway, CACNA1F and CYP2D6 (Guo et al. 2020).

Expression of CYP2D6 in the human brain increases
from fetal life to 80 years of age. Three distinct develop-
mental phases of cortical CYP2D6 protein expression
were observed; from birth to infancy (0 to 0.9 years old)
CYP2D6 expression meaningfully emerges with con-
stant presence, and the second phase with no apparent
increase was observed until adulthood (1 to 19years
old). The third phase of a substantial increase in
CYP2D6 occurred from 20 to 80 years of age. Moreover,
CYP2D6 levels fluctuated among brain regions, with the
frontal cortex, caudate, and cerebellum being signifi-
cantly higher than in the substantia nigra (Mann
et al. 2012).

Smokers have higher CYP2D6 levels, as assessed in
the postmortem brains, while liver CYP2D levels do not
differ between smokers and nonsmokers (Miksys et al.
2002; Mann et al. 2008). Neither rat nor monkey brain
CYP2D increases were associated with changes in brain
CYP2D mRNA levels, and neither hepatic enzyme activ-
ity nor mRNA level was changed, suggesting a brain-
specific effect on CYP2D by non-transcriptional regula-
tion (Mann et al. 2008; Yue et al. 2008; Miller et al.
2014). ‘The mechanism of brain CYP2D induction by
nicotine is currently unknown but may involve
increased protein stability or decreased protein degrad-
ation’ (McMillan and Tyndale 2018). For instance, nico-
tine  administration  dysregulates  ubiquitination
enzymes in rat brains (Kane et al. 2004), and chronic
alcohol exposure leads to a significant 25% decreased
in the proteasome activity of alcoholic brain tissue
(Rezvani et al. 2007; Erdozain et al. 2014; Pla et al.
2014), suggesting one of the possible mechanisms.

Examination of the influence of selected antidepres-
sants and neuroleptics on cytochrome P450 2D
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(CYP2D) protein level and activity in the rat brain
showed region- and drug-dependent activities, which
were changed by prolonged exposure to psychotropics.
Chronic thioridazine decreased CYP2D activity and pro-
tein level in the nucleus accumbens (i.e. in the ventral
striatum) but significantly increased them in the dorsal
striatum and cerebellum. Interestingly, neuroleptics
decreased the activity with increased CYP2D protein
level in the substantia nigra (Haduch et al. 2004; Daniel
et al. 2005). Clozapine also decreased CYP2D activity
and protein levels in the nucleus accumbens but signifi-
cantly enhanced them in the brain stem. In contrast,
nefazodone increased enzyme activity, but not protein
levels, in the brain stem (Haduch et al. 2011, 2013). A
recent study on the effect of two second-generation
antidepressants, escitalopram, and venlafaxine, on the
activity of brain and liver CYP2D in a chronic mild stress
(CMS) rat model of depression revealed that CMS stimu-
lated CYP2D activity in the hippocampus and evoked
the stimulatory effect of antidepressants on enzyme
activity in the frontal cortex, hypothalamus and cerebel-
lum (Haduch et al. 2018). At the same time, liver CYP2D
activity was decreased by the investigated antidepres-
sants. Thus, psychotropics influence CYP2D in the brain,
but their effect is different compared to the liver and
depends on cerebral cells and network structure. The
observed psychotropic-brain CYP2D interactions may
affect the metabolism of neurosteroids, monoaminergic
neurotransmitters, and biotransformation of drugs, con-
tributing to their pharmacological effects (Haduch et al.
2011, 2018).

Other CYP2 subfamilies

In the human brain, the most substantial part of
expressed metabolizing enzymes is made by CYP2J2,
CYP2U1, CYP2E1, and CYP2D6, which represent 90% of
total cytochrome P450 enzymes (Dutheil et al. 2009).
These proteins show varied but selective distribution in
different brain regions. For instance, the CYP2U1 pro-
tein is present in the frontal lobe at higher levels than
in the cerebellum (Karlgren et al. 2004; Dutheil et al.
2009). The presence of those enzymes was found in
both microsomal and mitochondrial fractions and was
detected both in neuronal and glial cells in several
brain areas (Dutheil et al. 2009).

The CYP2E1 gene is placed on chromosome 10 at its
longer arm close to the telomere end Ch10q
(GeneCards.org). CYP2E1 protein is expressed in pyram-
idal neurons of the frontal cortex, cerebellum, and
hippocampus (Hansson et al. 1990; Farin and
Omiecinski 1993; Upadhya et al. 2000; Joshi and
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Tyndale 2006; Garcia-Suastegui et al. 2017). CYP2E1
plays an important role in ethanol oxidation in the
brain of rodents (Zimatkin et al. 2006). Considering that
alcohol dehydrogenase (ADH) is not expressed in the
brain, while CYP2E1 is constitutively expressed in vari-
ous brain regions, it is probable that CYP2E1 is the
brain’s primary alcohol metabolizing enzyme (Howard
et al. 2003).

Dhers et al. (2017) state that cytochrome P450 2U1 is
a very specific member of the human P450s family. The
CYP2UT gene is positioned on chromosome 4925 and
spans 18 kb (Dhers et al. 2017). This gene shows some
structural differences compared to other CYP2 family
members, having only five exons and two insertions in
the N-terminal region (Karlgren et al. 2004; Dhers et al.
2017). CYP2U1 metabolizes arachidonic acid, docosa-
hexaenoic acid (DHA), and other long-chain fatty acids.
CYP2U1 actively generates highly reactive eicosanoid
derivatives, and it is postulated that CYP2U1 plays an
essential physiological role in fatty acid signaling proc-
esses in both the cerebellum and thymus (Chuang et al.
2004). Additionally, expression of CYP2E1 and CYP2U1
proteins in the human prefrontal cortex and amygdala
has been confirmed. Furthermore, increased levels of
these proteins was identified in the brains of alcoholics
and smokers (Toselli et al. 2015). Of note, substrate-
mediated induction of CYP2E1 and CYP2U1 via protein
stabilization in the brain may lead to potent inhibition
of other metabolic reactions catalyzed by these
enzymes, such as the synthesis and metabolism of neu-
rotransmitters and neuroactive drugs. For example,
CYP2U1 metabolizes the tryptophan-derivative indole
to oxindole, which is involved in the central nervous
system depression associated with liver failure, that is,
hepatic encephalopathy (Toselli et al. 2015).

The CYP2J2 gene is located on chromosome 1 within
the central section of the shorter arm (1p32.1)
(GeneCards.org). It has been reported that 2-epoxyeicosa-
trienoylglycerol (2-AG) is metabolized by CYP2J2 to form
2-11,12-epoxyeicosatrienoic glycerol (EET-G) and 2-14,15-
EET-G (McDougle et al. 2014). In a rat model, 2-14,15-EET-
G was identified in the brain. Both EET-Gs have a high
affinity for the cannabinoid receptor (CBR), in particular
cannabinoid receptor type 1 (CB;R) (Chen et al. 2008),
expressed in both peripheral and central nervous systems.

Regulation

Ethanol noticeably increases levels of CYP2E1 protein,
mMRNA expression, and activity in the hippocampus and
cerebellum (Zhong et al. 2012). Moreover, generation of
ROS induced by ethanol paralleled the additionally

elevated CYP2E1 protein levels in the hippocampus,
granular layer, and white matter of the cerebellum, as
well as the brainstem. The CYP2E1-PPARa axis could be
involved in ethanol-induced neurotoxicity by regulating
genes related to synaptic function (Na et al. 2017).

Parkinson'’s disease (PD) is a progressive neurodege-
nerative disease characterized by loss of dopamine-pro-
ducing pigmented neurons in the substantia nigra. To
detect further PD associated DNA methylation varia-
tions, an epigenome-wide association study was per-
formed, and analysis of DNA methylation patterns in
putamen samples from postmortem brain tissue of six
PD patients was performed. This analysis revealed
decreased DNA methylation at the CYP2E1 gene,
together with increased expression of the respective
CYP2E1 mRNA, suggesting that epigenetically marked
cytochrome genes may contribute to PD susceptibility
(Kaut et al. 2012).

The protein level and activity of CYP2E1 in human
liver tissue are negatively correlated with let-7g miRNAs
expression (Rieger et al. 2013). The let-7 family of
miRNAs is one of the most abundant miRNA families in
the brain, where it is known to play crucial roles in
neurogenesis and neuronal differentiation (Rehfeld
et al. 2015). Another type of miR-223 reduces the activ-
ity of CYP2E1 against the chlorzoxazone 6-hydroxylase
substrate in HepG2 cells (Takahashi et al. 2014). miR-
223 is identified as a regulator of aquaporin-4 (AQP4), a
prevalent brain molecule, particularly in astrocyte mem-
branes at the blood-brain and brain-cerebrospinal fluid
interfaces. AQP4 is involved in diverse functions, includ-
ing waste clearance (Nagelhus and Ottersen 2013).

Liu et al. (2017) demonstrated the effects of glutam-
ate concentration on the production of epoxyeicosa-
noids mediated by brain CYP2J (Liu et al. 2017). In
astrocytes, glutamate increased CYP2J2 mRNA levels in
a dose-dependent manner. In contrast, an antagonist of
the metabotropic glutamate receptor subtype 5 (mGlu5
receptor) reduced glutamate-induced increases in
CYP2J2 mRNA levels. A high dose of glutamate
enhanced the binding of CREB to the CYP2J2 promoter.
Additionally, inhibition of the MAPK signaling pathway
(ERK1/2, p38, and JNK) reduced binding of CREB with
the CYP2J2 promoter following glutamate treatment
(Liu et al. 2017). These results revealed that glutamate
in the synaptic cleft might impact the metabolism of
endogenous substances in astrocytes via its specific
receptor and the MAPK signaling pathway.

Protein levels of CYP2U1, which are principally found
in both astrocytes and brain microvessels (Shawahna
et al. 2011), were induced by glutamate (Yu et al. 2019).
The authors demonstrated that, similar to CYP1B1,
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Figure 6. The arrangement of the CYP3A gene cluster with pseudogenes at the CYP3A locus. Abbreviations: Cen - centromere;
Qtel - telomere. Exons for genes and pseudogenes are shown as boxes; arrows indicate transcriptional orientation (adapted from

Chen et al. 2009).

extrasynaptic glutamate from neurotransmitter-medi-
ated signaling pathways in situ affected the metabolism
executed via brain CYP2U1 in astrocytes (Yu et al.
2019). Downstream genes of CREB and upregulation of
CYP2U1 expression by glutamate were observed due to
increases in phosphorylated CREB proteins in the
nucleus and binding of the CREB protein with the
CYP2UT promoter (Yu et al. 2019).

The CYP3 family

Members of the CYP3 family are responsible for metab-
olizing 50% of clinical drugs (Evans and Relling 1999;
Wojnowski 2004). The human locus for the CYP3A gene
cluster, which includes four genes (CYP3A4, CYP3AS5,
CYP3A7, and CYP3A43) is located on chromosome
7921-922, also containing two pseudogenes (CYP3AP1
and CYP3AP2) (Figure 6) (K. Gellner et al. 2001; Chen
et al. 2009). Each of the four functional genes at the
CYP3A locus comprises 13 exons with a processed tran-
script size of approximately 2Kb (Klaus Gellner et al.
2001). Investigation of CYP3A enzyme activity in the
brain is challenging due to the comparatively low con-
tent of CYP in the brain and difficulties with its defined
localization (Pai et al. 2002). Regardless, CYP3A has
been identified in a few brain areas at the mRNA, pro-
tein, and functional level. The capability of CYP3A
enzymes in the brain to metabolize several endogenous
and exogenous compounds suggests that they may
affect the fate and activity of CNS drugs (Britto and
Wedlund 1992; Pai et al. 2002).

CYP3A subfamily

Currently, the role of the brain CYP3 family is not fully
understood. CYP enzyme content in the brain is one-
tenth to one-fifteenth of that in the liver (Pai et al.
2002). The metabolism of some CYP3A substrates, such
as alprazolam by human and rat brain microsomes, to
active metabolite a-OH-alprazolam is relatively high. As
early as 1993, Farin and Omiecinski used RT-PCR to
detect the highest level of CYP3A gene transcripts in
the pons, with detectable levels in the cerebellum,
frontal lobe, occipital lobe, and red nucleus. Notably,

CYP3A mRNA was not detected in the substantia nigra
(Farin and Omiecinski 1993). Subsequent attempts
using better-defined primers showed CYP3A4 and
CYP3A5 mRNA expression in the basal ganglia and
frontal cortex, while CYP3A5 was also detected in the
midbrain (McFadyen et al. 1998). Human CYP3A4 is pre-
dominantly localized in the Purkinje cell layer in the
cerebellum (Pai et al. 2002). A brain tumor study
showed that antibodies specific for human liver CYP3A4
stained as many as 18% of cells in glioblastomas and
14% of the cells in astrocytomas, whereas less staining
was observed in healthy neurons, and staining was not
detected in healthy astrocytes (Kirches et al. 1999).
CYP3AS5 is also expressed in the human anterior pituit-
ary gland, specifically in growth hormone-containing
cells. The presence of a steroid hydroxylating form of
CYP in growth hormone-containing cells may play a
role in the comprehensive mechanism to limit steroid
hormone feedback regulation of growth hormone
secretion (Frohman et al. 1992; Murray et al. 1995).

Aplrazolam induces expression of the CYP3A43 gene
in the human brain cortex, which was significantly
higher than in the liver from the same individual when
processing drug to its active metabolite (Agarwal et al.
2008). CYP3A9 is also highly expressed in the rat brain
(Wang et al. 1996). These enzymes are found in both
neuronal and glial cells in the cell bodies and through-
out the cell processes.

In the mouse brain, CYP3A11 and CYP3A13 are
found in neuronal populations and, to some extent, in
astrocytes. Hagemeyer et al. (2003) demonstrated the
inducible ability of these CYP3A isoforms to inactivate
testosterone by hydroxylation. The ability of CYP3A
enzymes to inactivate testosterone points to their
involvement in the regulation of steroid hormone
action in the brain. The antiepileptic drug phenytoin
induces CYP3all in the mouse brain and CYP2B and
CYP3A in the rat brain, increasing brain testosterone
metabolism in rodents (Rosenbrock et al. 1999; Meyer
et al. 2009). It seems of particular importance that
CYP3A expression occurs in nearly all groups of neurons
in the hippocampus, which remains widely under the
influence of steroid hormones in ontogeny and adult-
hood. Expression of CYP3A in the brain also suggests
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that these enzymes might protect the organ against
exogenous neurotoxic compounds (Yanagimoto et al.
1994; Gokhale et al. 1997; Yanagimoto et al. 1997; Abu-
Qare and Abou-Donia 2001; Rosenbrock et al. 2001).

Regulation

Many elements and factors have the capacity to regu-
late the induction of CYP3A. A specific P1 distal pro-
moter of mouse Cyp3all transcription is activated by
the circadian clock-controlled factor Bmal1, thereby
impacting drug detoxification as a function of diurnal
time. CYP3A4 is the orthologous gene of Cyp3all in
humans (Martignoni et al. 2006). In vitro analysis pro-
vided evidence that human BMAL1 time-dependent
regulation of CYP3A4 expression is consistent with the
action of the mouse counterpart (Lin et al. 2019).
Constitutive expression of CYP3A in the liver is
synchronized via regular transcription factors, such as
HNF1, HNF4, AP1, C/EBPa, C/EBP, HNF3y, and USF1, by
bonding to the enhancer module (CLEM4) and the dis-
tal enhancer module (XREM) of the CYP3A4 promoter.
Xenobiotic-mediated induction of CYP3A is indirect and
includes activation of nuclear receptors, such as consti-
tutive androstane receptor (CAR), pregnane X receptor
(PXR), vitamin D receptor (VDR), and glucocorticoid
receptor (GR). However, PXR is considered the most
essential and critical determinant of hepatic CYP3A
enzyme activity and expression (Kojima et al. 2007; Liu
et al. 2008). Upon initiation, PXR is translocated to the
nucleus, where it heterodimerizes with the retinoid X
receptor (RXR) and enhances CYP3A transcription by
binding to the AGGTCA-like direct repeat (DR-3) and
everted repeat regions (ER-6) on the Cyp3a gene (Liu
et al. 2008; Taneja et al. 2019). In the rat, both CAR and
PXR receptors have been reported to be present in low
quantities in the cortex and whole brain (Hedlund et al.
2001). Unique expression of ligand-activated PXR has
been identified in rat brain capillaries regulating a
xenobiotic export pump at the blood-brain barrier
(Bauer et al. 2004). In mouse brain, PXR mediates the
inhibitory effect of dexamethasone on the expression
of Cyp3a41, while phenobarbital induces expression of
Cyp3all by activating CAR (Anakk et al. 2004). In
humans, PXR mRNAs are highly expressed in the thal-
amus and spinal cord and faintly detectable in the pons
and medulla (Lamba, Lamba, Yasuda, et al. 2004).
Human CYP3A4 is co-expressed in the frontal lobe and
thalamus, indicating a poor connection in the expres-
sion of CYP3A4 and PXR. CAR was also found to be
expressed in the whole brain, however, not in the
frontal or temporal lobes, cerebellum, hippocampus, or

other specific brain regions (Lamba, Yasuda, Lamba,
et al. 2004). Robertson et al. (2003) suggested that PXR
in the brain may act by shielding it from elevated con-
centrations of neurosteroids, increasing their metabol-
ism by induction of CYPs and transporters (Robertson
et al. 2003).

Interestingly, CYP3A9 gene regulation was observed
in rat brain and liver controlled by estrogen, exhibiting
sexual differences between females and males.
Increased concentrations of estrogen enhance CYP3A9
levels (Wang and Strobel 1997). Moreover, levels of
CYP3A9 mRNA are developmentally regulated, depend-
ing on age and sex (Mahnke et al. 1997). CYP3A9 mRNA
was undetectable by RT-PCR in both male and female
livers at the age of 5weeks or younger, in contrast to
the CYP3A9 mRNA, which appeared after the onset of
puberty. Two different levels of CYP3A9 mRNA were
detected, one for males, which was twice as high in
females (Mahnke et al. 1997). Sex differences in brain
structure and function have long been a subject of con-
sideration, including sex hormone production and
development, both prenatally and during adolescence
(Kelly et al. 1999; Cosgrove et al. 2007). Thus, the influ-
ence of hormones on cerebral regulation of CYP gene
expression is expected.

PXR and GR nuclear receptor expression was shown
by immunofluorescence in endothelial cells procured
from epileptic brain tissues and in neurons in the
human temporal lobe. A more recent study found that
mMRNA and protein levels of these two receptors were
elevated in human brain microvascular endothelial cells
of drug-resistant epileptic patients. Interestingly,
CYP3A4, CYP2C9, and CYP2E1 were overexpressed in
parallel, while CYP2D6 and CYP2C19 were downregu-
lated or absent in endothelial cells (Ghosh et al. 2017).
The above mechanism might contribute to drug resist-
ance in epilepsy.

Observation of stem cell-derived differentiating neur-
onal cells from human umbilical cord blood showed
that expression of PXR, CAR, AhR, GSTP1-1, and CYPs
(CYP1A1, 2B6, 2E1, 3A4) was induced after exposure to
the PXR agonist rifampin or organophosphate pesticide
monocrotophos (Singh et al. 2012). Substantial upregu-
lation of Cyp3all and androgen receptor (AR) expres-
sion and specific testosterone hydroxylation in
neuronal structures of the limbic system (the hippo-
campus, amygdala, hypothalamus, and thalamus) was
observed in mouse brain after phenytoin treatment.
Additionally, coherence between CYP3A and AR expres-
sion was identified in PC-12 rat derived cells. Thus,
induction of Cyp3all by phenytoin leads to altered
endocrine status within the limbic system, indicating a



novel strategy for the improvement of therapy in
neurological diseases or brain tumors (Meyer
et al. 2009).

Summary and discussion

Metabolic processes catalyzed by cytochrome P450
enzymes in the brain can determine the local break-
down of xenobiotics along with the metabolism of
endogenous substrates necessary for the proper func-
tioning of the brain and maintaining homeostasis.
CYP1, 2, and 3 are primarily responsible for the oxida-
tive metabolism of exogenous substrates and thereby
the efficacy of several drugs in brain pharmacotherapy.
These enzymes can also be engaged in drug-drug inter-
actions. The metabolism of each active medicinal agent
should be determined to assure its bioavailability in
specific areas of the brain. A better understanding of
the mechanisms of brain CYP enzyme regulation and
translation of knowledge to applicable usage may allow
for the development of more effective methodologies
to treat and prevent CNS diseases. Numerous studies
advocate the associations of cerebral CYPs and their
endogenous substrates with neurodegenerative dis-
eases, such as Parkinson’s disease (Mann and Tyndale
2010; Lu et al. 2014; Chattopadhyay et al. 2019) or
Alzheimer’s disease (Garcia et al. 2009; Chace et al.
2012; He et al. 2012; Jia et al. 2016), as well as CYP con-
nection with stress and mental illnesses, such as
depression or schizophrenia (Dorado et al. 2007; Penas-
LLedd et al. 2009; Sim et al. 2010; Juki¢ et al. 2017).
Cerebral diseases are related to the CYP enzymes that
simultaneously metabolize psychotropic drugs used in
the therapy of these illnesses and endogenous neuroac-
tive substrates in the brain. Thus, the treatment of cere-
bral disorders should consider the dual role of some
drug-metabolizing enzymes, which may affect not only
drug metabolism but also specific endogenous control
pathways. Differences in the genome, epigenome, tran-
scriptome, proteome, microRNA, and other molecular
components of an individual organism, which can be
influenced by various pharmacology of drugs, may lead
to inter-individual differences in drug response.
Furthermore, knowledge of transporter function in the
blood-brain barrier may enhance our capacity to deliver
active substances precisely to the brain. Particular
attention to the role of CYP enzymes and their meta-
bolic activity and impacting factors (such as the stage
of development and genotype exposure to common
inducers, including nicotine and ethanol) is likely
imperative for the clinical and experimental practice of
pharmacology and relative  neurotoxicity  risk
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assessment to progress toward personalized treatment
of cerebral diseases.

Conclusions

Studies performed hitherto on brain cytochrome P450
indicate that the regulation of CYP gene transcription
and CYP protein level and activity is a brain region- and
cell-type dependent. Molecular regulation of brain CYP
expression and activity differs from that in the liver and
is far less known, requiring extensive studies.
Nonetheless, levels of some CYPs’ expression/activity in
particular brain structures correlate (or coincide) with
certain personality traits, the occurrence of neurological
diseases, or drug effects. This suggests that the local
activity of cytochrome P450 modulates the concentra-
tion of endogenous neuroactive substrates and drugs,
which may be of epidemiological and therapeutic
importance. Therefore, it seems that obtaining an
appropriate brain profile of CYP expression/activity (via
induction or inhibition), concerning brain structures
and endogenous substrates involved in a given illness,
may provide an additional mechanism to optimize
pharmacotherapy of neurological and psychiatric dis-
eases or to prevent neurodegeneration. This issue
needs to be preceded by broadening our knowledge
on the biochemical pathways that create the basis for
particular brain diseases and on molecular mechanisms
that regulate CYP enzyme expression and activity
within particular brain areas. Resolving these problems
is a challenge for future interdisciplinary research in
biochemistry,  neuroscience, and neuro- and
psychopharmacology.
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