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ABSTRACT

Drug metabolism is one of the critical determinants of drug disposition throughout the body.
While traditionally associated with the liver, recent research has unveiled the presence and
functional significance of drug-metabolizing enzymes (DMEs) within the brain. Specifically,
cytochrome P-450 enzymes (CYPs) and UDP-glucuronosyltransferases (UGTs) enzymes have
emerged as key players in drug biotransformation within the central nervous system (CNS). This
comprehensive review explores the cellular and subcellular distribution of CYPs and UGTs within
the CNS, emphasizing regional expression and contrasting profiles between the liver and brain,
humans and rats. Moreover, we discuss the impact of species and sex differences on CYPs and
UGTs within the CNS. This review also provides an overview of methodologies for identifying
and quantifying enzyme activities in the brain. Additionally, we present factors influencing CYPs
and UGTs activities in the brain, including genetic polymorphisms, physiological variables,
pathophysiological conditions, and environmental factors. Examples of CYP- and UGT-mediated
drug metabolism within the brain are presented at the end, illustrating the pivotal role of these
enzymes in drug therapy and potential toxicity. In conclusion, this review enhances our
understanding of drug metabolism’s significance in the brain, with a specific focus on CYPs and
UGTs. Insights into the expression, activity, and influential factors of these enzymes within the CNS
have crucial implications for drug development, the design of safe drug treatment strategies, and
the comprehension of drug actions within the CNS. To that end, CNS pharmacokinetic (PK) models
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can be improved to further advance drug development and personalized therapy.

1. Introduction

Metabolism plays a pivotal role in the fate of drugs,
influencing their disposition throughout the body, and
therewith target site exposure and effects. This predom-
inantly occurs in the liver, but it can also take place in
extrahepatic organs (Thelen and Dressman 2009; Knights
et al. 2013; Gundert-Remy et al. 2014), including the
brain (Miksys SL and Tyndale 2002; Pavek and Dvorak
2008). Brain metabolism holds significant importance in
understanding the pharmacokinetics (PK) and effects of
central nervous system (CNS) acting drugs (Dutheil et al.
2008). The human brain, characterized by its heightened
energy consumption compared to other organs, exhibits
a substantial demand for metabolic processes (Magistretti
and Allaman 2015). In cases where plasma levels fail to
predict drug response, apart from blood-brain barrier

(BBB) transport, cerebral metabolic conversions may
serve as a contributing factor exerting influence on drug
effects (Miksys S and Tyndale 2013). So far, our under-
standing of drug metabolism in the CNS is limited.
Literature indicates the presence in the CNS of
cytochrome P-450 enzymes (CYPs) (Miksys SL and
Tyndale 2002; Miksys S and Tyndale 2013), UDP-
glucuronosyltransferases (UGTs) (Buckley and Klaassen
2007; Court et al. 2012; Chik et al. 2022) and various
other drug-metabolizing enzymes (DMEs) (Sheng et al.
2021), suggesting their potential significance and func-
tional role within the CNS.

DMEs orchestrate the transformation of drugs and
endogenous compounds into metabolites that can be
easily eliminated. These enzymes facilitate the conver-
sion of hydrophobic substances into more hydrophilic
forms, enabling their excretion through urine or bile
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(Jancova et al. 2010; Ouzzine et al. 2014) and resulting
in detoxication, in general (Dutheil et al. 2008). Within
the brain, the proper functioning of DMEs on endoge-
nous compounds is crucial for maintaining homeosta-
sis (Dutheil et al. 2008) and safeguarding against the
potential accumulation of toxic compounds. Among
the diverse arrays of DMEs, CYPs and UGTs have been
attracted for scientists due to their superfamily struc-
ture (Sychev et al. 2018), wide range of metabolic sub-
strates (Kumar 2010; Decleves et al. 2011; Fanni et al.
2021) and also genetic polymorphism (Jancova et al.
2010; Niwa et al. 2018).

DMEs are classified as phase | enzymes or phase Il
enzymes based on substrate, activity, and sequence in
the metabolic pathway (Swinney et al. 2006). CYP
enzymes belonging to the phase | metabolism group,
catalyze oxidation, reduction, and hydrolysis reactions
(Oliw and Oates 1981). It was reported that there are
57 CYP isoforms in human (Sychev et al. 2018).
However, only a subset (~15) of these CYP enzymes
has been identified as influential in drug metabolism
(Isin and Guengerich 2007; Brodie et al. 2013; Ghosh
et al. 2016). Notably, CYP1A2, CYP3A4/5, CYP2(C9,
CYP2C19, CYP2D6, and CYP2E1 are considered the pri-
mary CYPs responsible for metabolizing most clinical
drugs (Bibi 2008; Sychev et al. 2018). Similarly, UGTs,
classified under phase Il metabolism, play a vital role in
drug biotransformation within the brain. UGTs are key
enzymes involved in conjugation reactions (Kaur et al.
2020), with 19 extensively characterized UGT proteins
in humans (Jancova et al. 2010). In brain, UGTs are
actively involved in protecting tissue from potentially
harmful lipophilic substances by converting them into
less harmful hydrophilic glucuronides. Typically, these
metabolites are inactive, except some glucuronides,
such as morphine-6-glucuronide, which have signifi-
cant pharmacological activity (Ouzzine et al. 2014).
UGT1A, UGT2A, and UGT2B are subfamilies within the
UGT superfamily that exhibit high activity in drug bio-
transformation (Ouzzine et al. 2014).

The structural and functional characteristics of CYPs
and UGTs make them particularly interesting to study.
Their involvement in the metabolism of many clinical
drugs highlights their importance in determining drug
efficacy, safety, and potential adverse effects (Issa et al.
2017). Understanding the presence, distribution, function,
and interactions (with drugs, environmental factors, and
others) of these DMEs within the CNS provides valuable
insights into drug exposure at the target site and its sub-
sequent pharmacological and toxicological consequences.
This has important implications for the development of
safer and more effective drug treatment strategies for
the CNS. Moreover, with the development of science and

technology, more and more pharmacological models are
also involved in different stages of drug development,
like population pharmacokinetic (Pop PK) modeling and
physiologically based pharmacokinetic (PBPK) modeling,
which accelerates the process of drug development and
helps to understand the mechanism of drug action (van
den Brink et al. 2017; Saleh et al. 2021). The understand-
ing of the expression, activity, and influencing factors of
DMEs in CNS is also of positive significance for the devel-
opment of pharmacological models.

In this review, we provide a comprehensive over-
view of the significance of drug metabolism in the
brain, with a particular focus on CYPs and UGTs. We
will elucidate the presence, distribution, species, and
sex differences of these enzymes (Section 2), the usual
methods for measuring enzyme expression and activity
(Section 3), factors that affect individual variability
(Section 4) and brain metabolism examples (Section 5),
emphasizing their role in the biotransformation of
drugs. By synthesizing existing knowledge, we strive to
deepen our understanding of the role of DMEs within
the CNS and elucidate their impact on drug therapy,
CNS drug action, and potential toxicity.

2. CYP and UGT enzymes in the CNS

CYPs and UGTs, do not display a homogeneous distri-
bution in the CNS (Dutheil et al. 2008), no matter
in sub- and cellular distributions or in regional
distributions.

2.1. Cellular and subcellular distribution of CYPs
and UGTs

The distribution of CYP enzymes and UGT enzymes
within the CNS is heterogeneous. In particular, CYPs are
unevenly expressed across specific cell types (Miksys S,
Hoffmann, et al. 2000), specifically neuronal cells, sug-
gesting their potential effects in the brain (Dutheil et al.
2008). CYP3A, CYP2D, CYP2E, CYP2B, CYP1A, CYP46A1,
and CYP2C enzymes are predominantly located in neu-
rons and astrocytes (McMillan DM and Tyndale 2018),
while UGTs, such as UGTT1A and UGT2B, are predomi-
nantly found in astrocytes and brain endothelial cells
(Ouzzine et al. 2014). Therefore, one of the key role of
UGTs is acting as a detoxication barrier in brains (Ouzzine
et al. 2014). Some DMEs in the brain exhibit particularly
prominent cellular specificity, like CYP2D6 (McMillan D
2018). In the human brain, CYP2D6 is predominantly
expressed in pyramidal neurons, granular cells, Purkinje
and glial cells (Siegle et al. 2001; Miksys S et al. 2002). In
rats, strong immunoreactivity of CYP2D has been



observed in various cell types, including pyramidal neu-
rons, neurons, Purkinje cells, glial cells, and endothelial
cells (Norris et al. 1996; Miksys S, Rao, et al. 2000; Miksys
SL et al. 2005). Besides, a review by Ghosh et al. suggests
that CYP3A4 may be expressed in epithelial cells and
neurons within the human brain (Ghosh et al. 2016).
Both CYPs and UGTs are membrane-bound enzymes
and mainly intracellularly expressed (Zhang et al. 2016;
Srejber et al. 2018). CYP enzymes in liver cells are typ-
ically located in the endoplasmic reticulum (ER) or mic-
rosomal cell fraction (Dutheil et al. 2008). Their
distribution in brain cells, however, is more diverse
(Dutheil et al. 2008). They are found in the cytoplasmic
side of ER (Zhang et al. 2016), inner membrane of
mitochondria (Walther et al. 1986), outer surface of
plasma membrane (Srejber et al. 2018), and other cell
organelle membranes (McMillan DM and Tyndale 2018;
Song et al. 2021). However, the ER and mitochondrial
inner membrane are the main locations among these
(Walther et al. 1986; Srejber et al. 2018). For instance,
CYP1A1, CYP1A2 (Dutheil et al. 2008), CYP1B1, CYP2A6
(Dutheil et al. 2008), CYP2D6, CYP2E1 (Dutheil et al.
2008), CYP2J2, CYP2U1, and CYP46A1 have been
observed in the mitochondrial and microsomal frac-
tions of neurons and glial cells in various brain regions
(Dutheil et al. 2009). In general, UGTs are predomi-
nantly located on the ER in both brain cells (Ouzzine
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et al. 2014) and liver cells (Liu Y and Coughtrie 2017;
Kiiski et al. 2021), with their substrate binding sites
exposed to the luminal side (Jancova et al. 2010).
Based on the specificity of their expression sites on ER
(UGTs on the luminal side, CYPs on the cytoplasmic
side), it is reasonable to speculate they have functional
correlation. Indeed, research has shown that UGTs can
metabolize functional groups added by CYP enzymes
to drug molecules (Kaur et al. 2020). The interactions
and intra-membrane co-localization of CYPs and UGTs
ensure an effective stepwise drug biotransformation
(Ouzzine et al. 2014). Figure 1 specifies the main loca-
tions of CYPs and UGTs in the brain cell.

To summarize, CYP and UGT enzymes exhibit differ-
ential cellular and subcellular distribution within the
CNS. The subcellular localization of CYPs and UGTs in
brain cells further highlights their functional signifi-
cance in drug metabolism.

2.2. Regional distribution of CYP and UGTs

The distribution of DMEs in the brain is not uniform
and varies across CNS anatomical regions. These varia-
tions arise due to differences in cell types, cell density,
and functions within the brain (Ghersi-Egea et al. 1994;
Miksys S, Rao, et al. 2000; Miksys SL and Tyndale 2002;
Ghosh et al. 2016). In general, drug metabolism occurs

Figure 1. The majority subcellular locations of CYPs and UGTs in brain cell. The expression of CYPs was detected on the plasma
membrane, but mainly in the cytoplasmic side of ER (Zhang et al. 2016) and the inner membrane of the mitochondria (Walther
et al. 1986). However, the substrate binding sites are deeply buried in the phospholipid bilayer membranes (Srejber et al. 2018).
UGTs are predominantly located on the luminal side of the ER (Ouzzine et al. 2014).
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at the BBB (Eyal et al. 2009; De Gregori et al. 2012),
blood-cerebral-spinal fluid barrier (BCSFB) (Eyal et al.
2009; Wang Q and Zuo 2018), and within the brain
itself (Minn et al. 1991; Agarwal et al. 2008; Fanni et al.
2021). From the literature on DMEs in the brain, we
summarized two lists of major types of DMEs in human,
rat, and mouse brains regions (Tables 1 and 2) present-
ing the heterogeneous distributions of CYPs and UGTs
in different brain regions.

2.2.1. CYP isoforms

The distribution of CYPs within specific brain regions is
of particular interest. CYP enzymes exhibit distinct pat-
terns of distribution across different regions of the
brain, like in Table 1, reflecting the regional variations
in drug metabolism and response. In general, the cor-
tex, hippocampus, cerebellum, substantia nigra, basal
ganglia, medulla oblongata, and pons are the major
brain regions where CYP enzymes are predominantly
found (Dutheil et al. 2008). Studies have shown that
the highest total content of CYP enzymes in the human
brain is observed in the cerebellum and brain stem,
while the hippocampus and striatum exhibit relatively
lowest levels (Bhamre et al. 1992; Tirumalai et al. 1998).
CYP1B1, CYP2D6, and CYP2E1 are the major CYP
enzymes expressed in brain microvasculature (Dauchy
et al. 2008).

However, it is important to note that discrepancies
exist in the reported data on CYP expression within spe-
cific brain regions. For instance, studies investigating the
presence of specific CYP isoforms in the brain have
yielded conflicting results. Some studies have reported
the absence of Cyp7a2 mRNA in the cortex, hippocam-
pus and cerebellum of rats (Schilter and Omiecinski
1993; Stamou et al. 2014), while another study detected
the presence of CYP1A2 protein in the cortex and cere-
bellum (Ilba et al. 2003). Similar inconsistencies have
been observed regarding the expression of CYP2B1 and
CYP2B2. Schilter and Omiecinski detected their presence
in the rat cerebellum and cortex at the mRNA level
(Schilter and Omiecinski 1993), while Miksys et al. found
CYP2B1 protein in rat cortex and hippocampus (Miksys
S, Hoffmann, et al. 2000), and Stamou et al. reported
the absence of Cyp2b1 and 2b2 mRNA in the rat cortex,
hippocampus, and cerebellum (Stamou et al. 2014).
Furthermore, contrasting findings have emerged regard-
ing the expression of CYP2D6 in human and rat brains.
McFadyen et al. reported that CYP2D6 RNA was only
expressed in the midbrain of the human brain (McFadyen
et al. 1998). In contrast, the Human Protein Atlas data-
base indicated its RNA expression was also present in
the medulla oblongata (Sjostedt et al. 2020), consistent

with the findings of Siegle et al. (2001), but contradict-
ing the report by Dutheil et al. (2008). Notably, in pro-
tein levels, CYP2D6 is predominantly detected in the
cerebral cortex, the hippocampus, cerebellum (Siegle
et al. 2001; Miksys S et al. 2002). Similarly, in rat brains,
CYP2D exhibited robust immunoreactivity in the neo-
cortex, substantia nigra, cerebellum, olfactory bulb and
pons, and choroid plexus (Norris et al. 1996; Miksys S,
Rao, et al. 2000; Miksys SL et al. 2005). CYP2D6 is human
only enzyme in the brain. Instead, six genes (Cyp2d1-5
and Cyp2d18) have been identified in the rat brain
(Gonzalez et al. 1987; Matsunaga et al. 1990; Nelson
et al. 1993; Kawashima et al. 1996; Miksys S, Rao, et al.
2000). One article claimed that only Cyp2d1, 2d5, and
2d4 mRNAs were detected in rat brain (Tyndale et al.
1999). However, another article claimed that only
CYP2D2 and CYP2D5 were found in the substantia nigra
of the adult rat brain, while CYP2D1, 2D3, 2D4, and 2D5
were found in the fetal rat immunoreactivity (Gilbert
et al. 2003). Apart from CYP2D6, inconsistencies have
also been observed in studies examining CYP3AS5.
McFadyen et al. detected the expression of CYP3A5
mRNA in the midbrain of the human brain, but not in
the cortex, pons, medulla oblongata, or cerebellum
(McFadyen et al. 1998), which is in complete contrast to
the information in the Human Protein Atlas database
(Sjostedt et al. 2020). The presence or absence of these
isoforms in specific brain regions has been reported dif-
ferently across studies.

2.2.2. UGT isoforms

Like CYPs, UGTs are expressed at varying levels in dif-
ferent brain regions, like in Table 2, including isoforms
from the 1A, 2A, 2B, and 3A families. In the brain, UGTs
predominantly expressed the BBB, where they serve as
a detoxification or metabolic barrier (Engelhardt and
Sorokin 2009; Ouzzine et al. 2014). UGTs are also pres-
ent in neuro-olfactory tissues, the pineal gland, the cir-
cumventricular organ, and the pituitary gland, which
are the brain interfaces devoid of the BBB (Ouzzine
et al. 2014).

Like for CYPs, the expression of UGTs in the brain
remains inconsistent across studies (Zhang et al. 2016).
For instance, Ohno and Nakajin reported the only pres-
ence of UGTIA5 and UGT2B17 in the human brain
(Ohno and Nakajin 2009), while Court et al. detected
UGTI1A1, 1A3, 1A4, 1A6, 1A7, 1A10, 2B7, and 2B17 in
fetal brain samples and UGT1A4, 1A6, and 2B7 in adult
brain samples (Court et al. 2012). Furthermore, Court
et al. and Wahlstrom et al. observed variability in the
presence of UGTTAT0 (Court et al. 2012) and UGT2B7
(Wahlstrom et al. 1988) respectively across different
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brain samples. This could be due to inter-individual dif-
ferences or the degradation of the enzyme over time
in the sample storage.

Discrepancies between studies and the Human
Protein Atlas database (Sjostedt et al. 2020) are also
evident for UGT1A3, UGT1A4, UGT1A10, and UGT2B17 in
terms of their mRNA expression in the human brain.
UGT1A3, 1A4, 1A10, and 2B17 mRNA are absent in
Human Protein Atlas database (Sjostedt et al. 2020),
but UGT1A3 was detected in the study of Kutsuno
et al. (2015) study and UGT1A4, 1A10, and 2B17 were
found in the study of Court et al. (2012).

In mouse brain samples, Chen et al. reported the pres-
ence of UGT2B5 protein (Chen J et al. 2017), contradicting
the information in the NCBI gene database (Sayers et al.
2022). Similarly, Ugt2b7 mRNA was detected in rat brain
according to the NCBI gene database (Yu Y et al. 2014).
However, another scientist Suleman et al. failed to detect
UGT2B7 activity in rat basal layer (Suleman et al. 1993).
This may because of the nonlinear relationship between
mMRNA and protein. Moreover, UGT2B7 mRNA was found
in the human cerebellum but not in the cerebral cortex
(King et al. 1999), which is not consistent with the data
reported in Human Protein Atlas (Sjostedt et al. 2020). In
another experiment conducted by Wahlstrom et al., mor-
phine glucuronidation activity was identified in three out
of 19 human brain samples (Wahlstréom et al. 1988), indi-
cating individual variations in the expression of UGT2B7
protein in the human brain. Moreover, Yueh et al. demon-
strated through experimental results in a transgenic
mouse model of human UGT2B7 that the brain exhibited
a lower degree of activity and differential expression (Yueh
et al. 2011).

In summary, although the regional distribution of CYP
and UGT enzymes in the brain has been extensively inves-
tigated, discrepancies between studies have also been
found. These discrepancies may be attributed to individ-
ual, sex, racial, or environmental differences of samples,
variations in experimental techniques, and the high
homology between different subfamily isoforms, which
can make their distinction challenging (Miksys SL and
Tyndale 2002; Dutheil et al. 2008). For example, the cellu-
lar specificity of nicotine-induced CYP2D6 was evident in
the cerebellum, where CYP2D6 was increased in Purkinje
cells but not in cells of the molecular or granular layers
(Ferguson and Tyndale 2011), consistent with higher stain-
ing levels in human Purkinje cells in smokers compared to
nonsmokers (Ferguson and Tyndale 2011). More factors
that could affect the enzyme expression and activities are
described in Section 3 ‘Factors that affect CYP and UGT
activities in the brain!

Besides, only a limited number of UGT isoforms are
expressed in the mammalian and human brain, with

DRUG METABOLISM REVIEWS (&) 13

selective expression patterns observed in different
brain regions. The inconsistencies in CYP and UGT
expression across studies and the presence of
inter-individual differences underscore the complexity
of CYP- and UGT-mediated metabolism in the brain.
Absolute quantification of DMEs in the brain, both at
the mRNA and protein levels, is scarce. Further research
utilizing rigorous methodologies and comprehensive
analyses is needed to elucidate the precise expression
patterns, functional roles, and substrate specificities of
CYP and UGT enzymes in specific brain regions.

2.3. Differential expression: contrasting liver and
brain

Certain neurons within the brain exhibit comparable or
even higher expression levels of CYP enzymes when
compared to hepatocytes, likely due to distinct cellular
organization and function (Miksys S, Hoffmann, et al.
2000). Dutheil et al. conducted an mRNA quantification
analysis of CYP enzymes and revealed that CYPIBI,
CYP2D6, CYP2E1, CYP2J2, CYP2U1, and CYP46A1
accounted for over 90% of all P450s at the mRNA level
and exhibited selective distribution in various human
brain regions (Dutheil et al. 2009). Although the rela-
tively modest expression levels of these enzymes in
brain regions may have minimal impact on system
metabolism of drugs, brain CYP localized to specific
regions and cell types may have considerable effects
on the metabolism of certain brain microenvironments
and the brain as a whole (Britto and Wedlund 1992;
Ferguson and Tyndale 2011; Ouzzine et al. 2014). For
example, when treated under the same conditions as
liver sections, nicotine-induced CYP2B expression in rat
frontal cortical neurons appeared to exceed that in
hepatocytes (Miksys S, Hoffmann, et al. 2000; Ferguson
and Tyndale 2011). Furthermore, it is noteworthy that
the expression levels of CYPs in specific neurons can
be equally or even more significant than those
observed in hepatocytes, such as CYP2D6 (Miksys S
et al. 2002). This indicates the divergent importance
attributed to cellular organizations and functions
(Miksys S, Hoffmann, et al. 2000).

The total content of brain CYP enzymes was initially
assessed in rat brains using microsomal preparations,
revealing a value of 30pmol/mg of protein. This mea-
surement is considerably lower than the corresponding
liver microsomal content, which is approximately 3%
(Sasame et al. 1977). In contrast, the human brain
exhibits a CYP total content reaching approximately
10pmol/mg, representing about 10% of the level
observed in the liver microsomes (Ravindranath et al.
1990). There are relatively rare studies on the brain
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content of UGT, which may be because the BBB/BCSFB
in its main distribution is not easy to separate and
extract, or it may be because the content is lower than
the minimum detection standard compared to the
whole brain. These findings suggest that metabolism
in human brains may have a greater contribution com-
pared to that in experimental animals.

2.4. Species and sex dependencies of CYPs and UGTs

In preclinical experiments, various experimental ani-
mals are commonly used for research purposes to ‘pre-
dict’ the human situation. However, we now recognize
that there are differences in drug metabolism between
the human brain and animal brains. Therefore, when
conducting studies, it is essential to consider the dis-
parities between human and animal brains to ensure
accurate interpretation of the results. To gain a better
understanding of these differences, we have integrated
and summarized the expression profiles of major CYP
and UGT subfamily DMEs genes in the human, rat, and
mouse brains by searching the NCBI database (Sayers
et al. 2022) and relevant literature.

2.4.1. CYP isoforms

Based on Table 3, the existence of CYP enzymes in the
brain shows considerable consistency across species,
particularly for the CYP1A, 1B, and 2E subfamilies of
DMEs. Notably, the CYP2D enzyme has been identified
in the brains of rats, mice, dogs, monkeys, and humans

(Tyndale et al. 1999; Siegle et al. 2001; Miksys S et al.
2002; Miksys SL et al. 2005). The region and cell-specific
expression of CYP2D in the brain demonstrate a remark-
able similarity among species. For example, expression
of CYP2D in both human and rat brains is found in
pyramidal neurons, Purkinje cells, and glial cells (Norris
et al. 1996; Miksys S, Rao, et al. 2000; Siegle et al. 2001;
Miksys S et al. 2002; Miksys SL et al. 2005).

To facilitate cross-species studies and translational
research, orthologous enzymes have also been investi-
gated. Orthology refers to the evolutionary relationship
between genes in different species that share a com-
mon ancestor. Orthologous CYPs can be found in vari-
ous species and can be compared to understand the
evolution and function of these enzymes across species.
For example, Cyp2b10 and 3al1 in mice are orthologs of
human CYP2B6 and 3A4, respectively (Kutsuno et al.
2015), while Cyp2d22 in mice is the orthologous gene of
CYP2D6 in humans (Singh et al. 2009). Generally, orthol-
ogous genes in different species may exhibit similar or
divergent functions, with the level of conservation vary-
ing depending on the specific enzyme and species.
Studying orthologous CYPs can provide insights into the
evolution and adaptation of these enzymes to different
environmental conditions and aid in predicting potential
drug-drug interactions and toxicity in different species.

Notably, the expression of CYP enzymes in the
brain differs not only between species but also
between sex. For instance, CYP2C6/2C11/2C13 are spe-
cific to male rats, while CYP2C12 is specific to female
rats (Riedl et al. 2000). Similarly, CYP3A9 and CYP3A62

Table 3. Major CYP family DME genes in human, rat, and mouse brains.

Family Subfamily Human Rat Mouse Ref.
CYP1 A CYP1A1 Cyplal Cyplal Martignoni et al. (2006), Nagai et al. (2016), and Sayers et al.
CYP1A2 Cypla2 Cypla2 (2021)
B CYP1B1 Cyp1b1 Cyplbi Martignoni et al. (2006) and Jacob et al. (2011)
CYP2 A CYP2A6 Cyp2al - Imaoka et al. (2005), Martignoni et al. (2006), Yu Y et al.
Cyp2a3 (2014), Yue F et al. (2014), and Sayers et al. (2021)
B CYP2B6 Cyp2b1 Cyp2b10 Martignoni et al. (2006), Yue F et al. (2014), Nagai et al. (2016),
and Sayers et al. (2021)
C CYP2C8 Cyp2c6 Cyp2c29 Martignoni et al. (2006), Yue F et al. (2014), and Nagai et al.
CYP2C9 Cyp2ci1 (2016)
CYP2C18
CYP2C19
D CYP2D6 Cyp2d1 Cyp2d22 Riedl et al. (1999), Martignoni et al. (2006), Yue F et al. (2014),
Cyp2d2 and Nagai et al. (2016)
Cyp2d3
Cyp2d4
Cyp2d5
Cyp2d18
E CYP2E1 Cyp2el Cyp2el Martignoni et al. (2006) and Nagai et al. (2016)
J CYP2J2 Cyp2j3 Cyp2j9 Yu Y et al. (2014), Yue F et al. (2014), and Ghosh et al. (2016)
CYP3 A CYP3A4 Cyp3al Cyp3all Martignoni et al. (2006), Yu Y et al. (2014), Yue F et al. (2014),
CYP3A5 Cyp3a2 Cyp3ai3 and Nagai et al. (2016)
CYP3A7 Cyp3a9
CYP3A43

Protein-coding genes of major CYP DMEs present in humans, rats, and mice.



are specific to female rats, whereas CYP3A1/3A2/3A18
are specific to male rats (Woodland et al. 2008).
However, some controversies exist. For example, the
expression of CYP2C6 in the brain remains conten-
tious. Kimura et al. detected Cyp2c6 mRNA in the
brains of female rats but not male rats (Kimura et al.
1988), whereas Zaphiropoulos and Wood detected
Cyp2c6 mRNA in the brains of male rats (Zaphiropoulos
and Wood 1993). To date, there is no reported infor-
mation on the distribution of CYP2C6 protein in the
rat brain (Riedl et al. 2000).

In addition to these, functional counterparts across
species are also of interest. Certain rat enzymes can be
considered as functional counterparts of their human
counterparts. For instance, rat CYP2C11/6, and
CYP3A1/2 can be regarded as functional counterparts
of human CYP2C9, and CYP3A4, respectively
(Sadakierska-Chudy et al. 2013; Wéjcikowski et al. 2013).

2.4.2. UGT isoforms

Table 4 provides a comparative summary of UGT genes
to illustrate the variations of UGT DMEs across different
species. As mentioned earlier, approximately 11 UGTs
are identified as the primary DMEs.

Despite the presence of several enzyme genes
expressed in both rats and humans, species-specific dis-
tinctions still exist. For example, the presence of UGT1A6
in rat brain microvessels was not consistently confirmed
by all studies (Ouzzine et al. 2014). Moreover, the presence
of UGT1A6 in the microvasculature of the human brain
was not revealed, suggesting either its non-expression or
extremely faint expression compared to rat brain microves-
sels (Ouzzine et al. 2014).

Furthermore, the existence of orthologous enzymes
across different species, which perform similar meta-
bolic functions, was observed. For instance, UGT2B1 in
rats serves as the orthologous enzyme of UGT2B7 in
humans (Abdullah and Ismail 2018). Additionally, the
UGT1A family of genes demonstrates high conserva-
tion across species, with similar gene sequences
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between species (Buckley and Klaassen 2007). In con-
trast, the UGT2B family does not exhibit orthology
between species, except for UGT2B1 in rats and mice
(Mackenzie et al. 2005). This lack of orthology in the
UGT2B family highlights the diversity and complexity
of the UGT2B gene family across different species, con-
trasting with the well-conserved UGT1A family.

Moreover, UGT2B7 has been demonstrated to catalyze
the glucuronidation of morphine in various animal species
and humans. A development includes a transgenic mouse
model expressing human UGT2B7 (Yueh et al. 2011),
which serves as an effective tool for understanding the in
vivo function of UGT2B7 and the regulatory processes
governing its expression and activity under different
experimental conditions (Ouzzine et al. 2014).

In summary, the expression patterns of CYP and UGT
enzymes in the brain exhibit both similarities and differ-
ences across species. The CYP1A, 1B, 2D, and 2E and
UGT1A6 enzymes are present in multiple species, but
CYP2D specific isoforms vary between humans and rats.
Additionally, orthologous enzymes offer valuable insights
into the evolutionary and functional aspects of enzymes
across species. Furthermore, variances in CYP expression
between sexes further contribute to the intricacies of
brain enzyme expression. Understanding these varia-
tions is crucial for interpreting research findings accu-
rately and for considering the translational implications
between species. After integrating the information of
CYP and UGT DMEs in the brain across species, we
found the rat should be more suitable to investigate
drug metabolism and conversion as experimental ani-
mals compared to the mice.

3. Methods for identifying and quantifying
enzyme activity

After gaining an understanding of DMEs presence and
localization in brains, it is crucial to quantify enzyme
activity in order to comprehend the impact of brain
DMEs on drug exposure in the brain. In this section,
we would like to outline the general experimental

Table 4. Major UGT family DME genes in human, rat, and mouse brains.

Family Subfamily Human Rat Mouse Ref.
UGT1 A UGTI1A1 Ugtlal Ugtlal Kiang et al. (2005), Nakajima et al. (2007), Jancova
UGT1A3 Ugtla2 Ugtla6 et al. (2010), Rowland et al. (2013), Yu Y et al.
UGT1A4 Ugtia3 (2014), Yue F et al. (2014), Wishart et al. (2018),
UGT1A6 Ugtla6 Meech et al. (2019), Sjostedt et al. (2020), and
UGT1A7 Ugtla7 Sayers et al. (2021)
UGT1A10 Ugtla8
Ugtialo
UGT2 B UGT2B7 Ugt2b1 Ugt2b5
UGT2B17 Ugt2b7
Ugt2b15

Protein-coding genes of major UGT DMEs present in humans, rats, and mice.
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methods and techniques available for the assessment
of enzyme activity.

Here, in Table 5, we selectively summarized some
methods that are widely used and have been shown to
be effective in measuring enzyme activity ex vivo and in
vivo. Except the methods listed in Table 5, there are also
other techniques available for measuring the relative
activities of DMEs. For instance, Haduch et al. measured
the formation of metabolites to assess the relative

activities of enzymes while being inhibited by certain
selected drugs (Haduch et al. 2011). Apart from experi-
mental methods, there are some in silico approaches to
estimate metabolic conversion, such as PK modeling
(van den Brink et al. 2017). Despite the existence of var-
ious methods, data on the activity of DMEs, like enzyme
concentration, enzyme kinetic parameters (Vmax, Km,
etc.), in the brain are still very limited, especially for the
human brain. This is not only because of the scarcity of

Table 5. Comparison of ex vivo and in vivo enzyme activity measurement methods.

Application

Key principle

Advantages

Disadvantages

Ref.

Method Substrate
Fluorescence-based methods
FRET Artificial
substrates
Quenching
phenomena
1SZ

Protease-activated
fluorogenic probes

Activity-based
fluorescent probes

Differential in vivo
zymography

Natural substrates

Magnetic resonance-based methods

Various isotope labels

Natural substrates

Mass spectrometry-based methods

MALDI

SALDI

NIMS

SAMDI
MALDI-LTQ-Orbitrap XL

Artificial
substrates

Sampling-based methods

Microdialysis

EO

EOPPP

Natural substrates

Imaging enzyme
activity in vivo

Imaging enzyme
activity in vivo

Imaging enzyme
activity in vivo

Imaging enzyme

activity ex vivo

In vivo measurement

of enzyme
activity

Ex vivo

measurement of
enzyme activity
in tissue cultures

Fluorescence resonance
energy transfer
between donor and
acceptor
fluorophores

Fluorescence quenching
upon cleavage of
the substrate by the
enzyme

Fluorescence increase
upon binding to the
active site of the
enzyme

Visualization of enzyme
activity in tissue
sections

Detection of changes in
magnetic resonance
signals upon
substrate cleavage
by the enzyme

Detection of mass
changes upon
substrate cleavage
by the enzyme

Collection and
quantification of
diffusing
components of the
extracellular space
(ECS)

Bulk fluid movement
through
electrolyte-filled
conduits with
charged walls

Fluid flows from the
bath beneath the
culture, through the
tissue culture, and
enters the sampling
capillary

High sensitivity and
specificity

Direct visualization
of enzyme
activity in tissue

Non-invasive and
high spatial
resolution

High sensitivity and
specificity

Broad applicability,
ease of coupling
to separation and
detection
methods

High sensitivity,
measurement of
enzyme activity
ex vivo

Measurement of
enzyme activity
ex vivo

Limited to small
substrate
molecules

Limited to specific
enzymes

Limited sensitivity

Limited to small
substrate
molecules

Limited spatial
resolution

Limited to tissue
cultures

Frommer et al.
(2009)

Johansson and
Cook (2003)
Galis et al. (1994)

Weissleder et al.
(1999)
Kwan et al. (2011)

Vandooren et al.
(2013)

Kanamori and
Ross (2005),
Dona et al.
(2016),
Kanamori
(2017), and
Rackayova
et al. (2017)

Greis (2007) and
Koehbach
et al. (2016)

OuYang et al.
(2015)

Wang Y et al.
(2009)

Wu et al. (2013)

Rupert et al.
(2013)

FRET: Forster (or ‘fluorescence’) resonance energy transfer; ISZ: ion-sensitive electrodes; MALDI: matrix-assisted laser desorption/ionization; SALDI:
surface-assisted laser desorption/ionization; NIMS: nanostructure-initiator mass spectrometry; SAMDI: self-assembled monolayers for matrix-assisted laser
desorption/ionization; MALDI-LTQ-Orbitrap XL: matrix-assisted laser desorption/ionization linear trap quadrupole Orbitrap XL; EO: electroosmotic; EOPPP:

electroosmotic push-pull perfusion.

Comparison of various methods for measuring enzyme activity ex vivo and in vivo, including the substrates used, applications, and fundamental principles

associated with each method.



brain samples but also because brain metabolism does
not attract a lot of attention. Some studies aim to utilize
gene expression level data to quantify the activities of
enzymes in drug elimination in the brain, like in PK-sim
(Cordes and Rapp 2023). However, it is important to rec-
ognize that the translation of mRNA into protein and
the translation of protein expression level to protein
activity are not necessarily linear and can be influenced
by various factors. These are discussed in the next sec-
tion. Moreover, there are significant interindividual vari-
ations in protein activities, which are influenced by
host genetics and medical/environmental exposures
(Neafsey et al. 2009).

4, Factors that can affect CYP and UGT
activities in the brain

The substantial diversity in the expression and activity
of CYP and UGT enzymes among individuals is influ-
enced by a range of factors. These include genetic and
epigenetic variants, physiological considerations, patho-
physiological factors, environmental elements (like diet,
smoking, and alcohol consumption), and various other
influencing factors (Eichelbaum et al. 2006; Song et al.
2021; Zhao et al. 2021). The resulting differences in cat-
alytic activity play a pivotal role in shaping drug effi-
cacy, ultimately contributing to variations in treatment
outcomes among individuals (Nebert and Russell 2002).

4.1. Genetic polymorphism

Enzyme polymorphism refers to the occurrence of
genetic variations within a population that result in dif-
ferent phenotypes or variants of a single enzyme. These
polymorphisms play a significant role in drug metabo-
lism, particularly in CYPs and UGTs. Genetic variations in
the CYP450 and UGT genes can lead to alterations in
enzyme activity, resulting in enhanced, reduced, or com-
plete loss of function (Fanni et al. 2014). Consequently,
these polymorphisms are one of the most important
factors contributing to individual variations in drug
response and metabolism, accounting for 15-30% of
interindividual differences (Carpenter et al. 2017). The
metabolic capacity of patients, at standard doses, can
be categorized into four groups: ultra-rapid metabolizer
(UM) (rapid metabolism, maybe too quick to provide
symptom relief), extensive metabolizer (normal metabo-
lism), intermediate metabolizer (slow metabolism, poten-
tial side effects), and poor metabolizer (PM) (very slow
metabolism, potential side effects) (Deardorff et al.
2018). It is worth noting that variations at the genetic
level affect the expression and activity of enzymes in
various parts of the body, not just the brain.
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Exemplified by the CYP2D6 gene, with over 70 allelic
variants, CYP2D6 exhibits substantial interethnic vari-
ability, impacting allele frequencies across populations
(Bertilsson et al. 2002). Notably, the prevalence of PMs
varies, such as 7% in Western Europe, 0-5% in Africans,
and 0-1% in Asians (Zhou S-F et al. 2009), while UMs
are prevalent in the Mediterranean region (10% in
Portugal, Spain, Italy) (Ingelman-Sundberg 2004b, 2005)
and 1-2% in Northern Europe (Kirchheiner and
Brockmoller 2005; Eichelbaum et al. 2006). CYP2D6
plays a pivotal role in metabolizing drugs like antide-
pressants, tranquillizers, some antiarrhythmics, lipophilic
[3-adrenergic receptor blockers, and opioids (Bertilsson
et al. 2002), leading to necessary dosage adjustments
ranging from 28% to 60% for PMs and 180% to 140%
for UMs (Eichelbaum et al. 2006). Overall, CYP2D6 sig-
nificantly impacts 20-30% of clinically used drugs
(Ingelman-Sundberg 2004b), contributing to 10-12%
with notable PK changes (Kirchheiner et al. 2004).

Other polymorphic CYP genes, including CYPIAT,
1A2, 2A6, 2A13, 2C8, 2C9, 2C19, 3A4, and 3A5, are cru-
cial in phase | drug metabolism, collectively impacting
nearly 80% of drugs in use. Key enzymes like 1A2, 2D6,
2C9, and 2C19 are particularly noteworthy (Zhou S-F
et al. 2009; Preissner et al. 2013).

Moving to UGT polymorphism, UGT1A1 stands out
for its crucial role in bilirubin glucuronidation. Its
genetic polymorphism is well-documented, with sig-
nificant phenotypic consequences in bilirubin-related
disorders (Burchell and Hume 1999; Miners et al.
2002). Exploration of UGT polymorphism extends to
UGT1A3, UGT1A6, UGT1A7, UGT2B4, UGT2B7, and
UGT2B15. For instance, UGT1A6 exhibits potential in
vivo metabolism alterations (Ciotti et al. 1997), and
UGT1A7 carries an increased risk of exposure to poly-
cyclic aromatic hydrocarbons for low-activity allele
carriers (Guillemette et al. 2000).

Understanding the broader implications of UGT
polymorphisms, especially in UGT1A3, UGT1A6,
UGT1A7, UGT2B4, UGT2B7, and UGT2B15, requires
comprehensive research. Such insights are essential for
advancing personalized medicine, ensuring effective
drug therapies, and addressing issues related to drug
metabolism, toxicity, and susceptibility to diseases.

4.1.1. Physiological aspects

Physiological factors also contribute to inter-individual
variability in drug responses, such as age and sex, by
influencing the DMEs’ expression and activities.

The levels of certain brain CYPs exhibit significant
variations with age (Miksys S and Tyndale 2013).
Specifically, the expression of CYP2D6 in the brain is
relatively low at birth but gradually increases over
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time. In individuals aged 65 and above, the levels of
CYP2D6 reach their highest point (Mann et al. 2012). In
contrast, hepatic CYP2D6 rapidly increases after birth,
reaching adult levels, and remains relatively stable with
age (Parkinson et al. 2004).

While there are known sex-based differences in the
expression levels of hepatic CYP enzymes, studies on
sex differences in brain CYP enzymes are limited
(Ferguson and Tyndale 2011). In rat models, as previ-
ously discussed, there are sex-specific differences in
the expression of CYP enzymes (Riedl et al. 2000;
Woodland et al. 2008).

Regarding the enzymatic activities, there was a
noteworthy inverse correlation observed between the
activity of CYP2C19 and age. Conversely, CYP2E1 activ-
ity exhibited a positive association with age, indicating
an increase over time. Additionally, it was observed
that the onset of CYP2E1 activity occurred earlier in
male subjects compared to their female counterparts
(Bebia et al. 2004). Besides, scientists investigated that
CYP2D activity was higher in some adult female rat
brain regions (brain stem, hippocampus, cortex, and
striatum) compared to male Dark Agouti WT rats
(Haduch et al. 2022).

Understanding the influence of age and sex on DME
activity is crucial for personalized medicine and optimizing
drug therapy. Further research is needed to elucidate the
mechanisms underlying these effects and their implica-
tions for therapeutic strategies and medication dosing.

4.1.2. Pathophysiological aspects

4.1.2.1. Infection and inflammation. Infections and
inflammation are common pathological conditions
that can lead to individual variations in drug
responses. These conditions can modulate the activity
of DMEs, particularly the CYP enzymes (Renton 2005).
The modulation of CYP enzyme activity during
infection or inflammation often results in changes in
the expression levels of hepatic and extrahepatic
CYP enzymes, like brain, with a predominant
downregulation of CYP activity (Stavropoulou et al.
2018). This downregulation can have implications for
drug metabolism, as decreased CYP activity may lead
to reduced drug clearance and increased bioavailability
(Morgan et al. 2008; Morgan 2009), consequently,
potentially increasing the risk of drug adverse
reactions. It is important to note that there are also
rare cases where the expression levels of CYP enzymes
are upregulated under inflammatory conditions. For
instance, CYP2E1 is upregulated in brain astroglia,
while CYP1A1 is downregulated (Tindberg et al. 2004).
These alterations in brain CYP activity further highlight

the complexity of drug responses during infection
and inflammation.

Therefore, infection and inflammation have a pro-
found impact on DME activity, especially CYP enzymes.
The modulation of CYP activity in CNS during infection
and inflammation can lead to alterations in drug
metabolism and subsequently affect clinical drug
responses. Further investigation is required to explore
the precise mechanisms underlying these changes and
develop strategies to mitigate potential risks and opti-
mize therapeutic outcomes in patients experiencing
infection and inflammation.

4.1.2.2. Parkinson’s disease. Parkinson's disease (PD) is
a progressive neurodegenerative disorder marked by
the depletion of neurons that produce dopamine in
the substantia nigra (Ur Rasheed et al. 2017), and it
exhibits a significant interplay with DMEs. Among
these, CYP2D6, a key player in PD and associated risk
factors, is significantly expressed in affected brain
regions, particularly dopamine-producing neurons in
the substantia nigra (Siegle et al. 2001).

Poor metabolizer or impaired metabolism of
CYP2D6 increases the risk of PD (McCann et al. 1997;
Lu et al. 2014), particularly in individuals exposed to
pesticides (Elbaz et al. 2004). Compared with healthy
control individuals, PD patients had lower levels of
CYP2D6 protein in several brain regions by about
40% (Mann et al. 2012). It appears that as PD pro-
gresses, CYP2D6 protein expression decreases.
However, some studies suggest mitochondria-
targeted CYP2D6’s role in generating neurotoxic sub-
stances, selectively killing dopaminergic neurons in a
mouse model (Chattopadhyay et al. 2019; Christensen
et al. 2020). Thus, the causal relationship between
DME activity changes and PD development remains
unclear.

Other CYP enzymes, including CYP1A2 and CYP19,
are also implicated in PD (Morale et al. 2008; Popat
et al. 2011). CYP1A2-mediated caffeine metabolism cor-
relates negatively with PD risk (Popat et al. 2011), sug-
gesting a potential protective role. Furthermore, the
deficiency of CYP19, responsible for the formation of
the neuroprotective steroid 17f3-estradiol in the dopa-
minergic system, is identified as a potential risk factor
(Simpson et al. 1994).

Understanding the intricate relationship between
PD and DME activity, particularly the role of CYP
enzymes, is crucial for unraveling the disease’s mecha-
nisms and developing targeted therapeutic interven-
tions. Investigating these complex interactions may
also contribute to personalized medicine strategies,
advancing PD management.



4.1.2.3. Epilepsy. Epilepsy is a prevalent neurological
disorder. It is characterized by recurrent seizures. The
disease can have important effects on the activity of
DMEs, which in turn affect the efficacy of treatment. For
example, UGT1A4 is highly expressed in the BBB
endothelial cells and neurons of epilepsy brains (Ghosh
et al. 2013). Increased activity of UGT1A4 has been
observed in the metabolism of lamotrigine in epilepsy
brains compared to the normal brain, suggesting that this
phenotype may contribute to antiepileptic drug resistance
in individuals with epilepsy (Ouzzine et al. 2014).

These findings shed light on the impact of epilepsy
on DMEs, which has important implications for our
understanding of epilepsy pathogenesis and for the
development of more effective treatments. For epilepsy
patients, the rapid metabolism of drugs may lead to
poor drug efficacy and even lead to resistance to
antiepileptic drugs. Further research on the relation-
ship between epilepsy and DMEs will help optimize
epilepsy treatment regimens and provide a basis for
developing individualized treatment strategies. Epilepsy
is a complex neurological disease, and its etiology and
pathogenesis still need to be further studied in order
to provide more effective treatment and management
methods.

4.1.2.4. Alzheimer’s disease. Alzheimer’s disease (AD)
is a progressive neurodegenerative disorder marked by
amyloid beta-protein plaques and neurofibrillary
tangles in the brain. The relationship between DMEs
and neurodegenerative diseases has attracted much
attention (Chik et al. 2022).

Neurosteroids are integral to neurotransmitter regu-
lation and neuroprotection, and exhibit alterations in
synthetases during AD progression. In an AD rat model
induced by streptozotocin (STZ), upregulation of key
UGT enzyme transcripts (Ugtlal, UgtlaZc, Ugtiaé,
Ugt2b35, and Ugt2b17) was observed in STZ-12-week
old rats (Chik et al. 2022).

These findings suggest a connection between AD
progression, neurosteroid metabolism, and altered DMEs,
impacting neurotransmission and neuroprotection.
Investigating DME changes in AD holds significance for
understanding pathogenesis and developing treatments.

4.1.2.5. Stress. Stress is a prevalent element of
contemporary life and has emerged as one of the
foremost health concerns in today’s society. It influences
various DMEs in the body, encompassing isoforms
from CYP1A, CYP2A, CYP3A, CYP2C, and CYP2D
subfamilies. These isoforms are essential for
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metabolizing a majority of drugs available on the
market (over 70%). Additionally, stress plays a pivotal
role in the PK and multifaceted regulation of drugs
within the body (Konstandi et al. 2022). Findings from
the chronic mild stress (CMS) rat model further
demonstrate that CMS triggers an elevation in the
CYP2D enzyme within the hippocampus of rat brains,
potentially augmenting the metabolism of CYP2D
substrates in the rat brain (Haduch et al. 2018).

4.2. Environmental factors

Environmental factors play a crucial role in modulating
the activity of DMEs, thereby influencing drug metab-
olism and response. Several key environmental factors,
including diet, smoking, and drinking alcohol, have
been implicated in altering the activity of various CYP
enzymes involved in drug metabolism. Diet mostly
affects enzyme activity in the digestive tract, but the
link to enzyme activity in the brain is unclear.

4.2.1. Smoking. Nicotine, the primary psychoactive
component of cigarette smoke (Stolerman and Jarvis
1995), is predominantly metabolized by CYP2A6 in
the liver (Yamazaki et al. 1999). However, in the brain,
CYP2A6 has minimal expression, and CYP2B6 is
involved in nicotine metabolism (Ferguson and
Tyndale 2011). Polymorphisms in the CYP2B6 gene,
which result in slow metabolizer phenotypes, are
associated with increased nicotine dependence, and
lower quit rates of placebo (bupropion) (Lerman et al.
2002; Lee et al. 2007). The higher levels of CYP2D6 in
the brains of smokers, compared to nonsmokers, may
contribute to reduced sensitivity to neurotoxic effects
caused by the metabolites of nicotine (Alves et al.
2004).

4.2.2. Drinking behavior. Alcohol can also influence
the activity of specific CYP isoforms (Zhou S-F et al.
2009). CYP enzymes in the brain are more susceptible
to modulation by alcohol consumption. Ethanol affects
the expression of CYP subtypes differently in the brain
and liver (Yue J et al. 2009). Generally, smokers and
alcohol drinkers exhibit higher levels of CYP2E1,
CYP2D6, and CYP2B6 in the brain (Ingelman-Sundberg
2004a; Almazroo et al. 2017; Albertolle et al. 2018).
These altered enzyme levels in the brain may contribute
to different responses to certain drugs and toxins
among smokers and alcohol drinkers.

Understanding the impact of these environmental
factors on DME activity is crucial for predicting individ-
ual variations in drug response and optimizing drug
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therapy. Further research is needed to explore the
mechanisms by which different environmental factors
modulate DMEs. Such knowledge can be applied in
clinical practice to enhance the effectiveness and safety
of drug therapy, ultimately leading to improved patient
outcomes.

5. Examples of CYP- and UGT-mediated local
metabolism in the brain on CNS-active drugs

DMEs play a crucial role in the activation or elimina-
tion of CNS-active drugs from the brain. CYPs and
UGTs in the brain may even have more relatively
effective biotransformation abilities locally than
those in the liver. Sometimes poor correlation was
observed between plasma concentrations and treat-
ment outcomes (Song et al. 2021), suggesting a role
for local metabolism as a potential modulator of
drug response.

CYP2D6, for instance, plays a role in transforming
codeine into morphine - the active metabolite of
codeine (Smith 2009). Studies have shown that the ini-
tial analgesic impact of codeine, at least, stems from
morphine generation in the rat brain rather than the
liver (Chen ZR et al. 1990).

Propofol sedation, metabolized by CYP2B, correlates
with cerebral drug concentration, not plasma concen-
tration (Khokhar and Tyndale 2011). BBB-expressed CYP
isoforms constrain drug concentration by limiting entry
into the brain (Dauchy et al. 2008).

As another example, the anti-anxiety drug alpra-
zolam (ALP) can usually be metabolized by CYP3A43
and CYP3A4 to a-hydroxy alprazolam (a-OHALP, active
metabolite) (Sethy and Harris 1982) and 4-hydroxy
alprazolam (4-OHALP, less active metabolite metabo-
lites) (Greenblatt and Wright 1993). Research has
shown inherent distinctions in the biotransformation
of ALP between the brain and liver. The brain tends
to produce a relatively higher amount of a-OHALP
compared to the liver (Agarwal et al. 2008). This is
attributed to the relatively high expression of
CYP3A43 in the brain, particularly in the pons and
cervical cord. Higher expression of CYP3A43 leads to
distinct metabolite profiles within the human brain
compared to the liver, affecting pharmacodynamics
of psychoactive drugs at their sites of action (Agarwal
et al. 2008).

There are many other examples providing evidence
that metabolism in the brain does occur. Morphine, a
well-known analgesic, is metabolized primarily
through UGT-catalyzed glucuronidation. UGT2B7 is

the predominant isoform accountable for the 3- and
6-glucuronidation of morphine (M3G, M6G) in humans
(De Gregori et al. 2012). Despite in vitro findings sug-
gesting a potential role for UGTT1A1 in M3G forma-
tion, the primary DME of morphine in vivo continues
to be the UGT2B7 isoform (Stone et al. 2003).
Morphine produces nanomolar levels of M3G and
M6G in human brain tissue homogenates and rat pri-
mary microglia, increasing local M6G concentrations
(Yamada et al. 2003; Togna et al. 2013). Thus, M6G
can be formed directly in the CNS (Yamada et al.
2003). There is also evidence proving that morphine
glucuronides in the CSF were formed locally (Ouzzine
et al. 2014). Although UGT2B7 also appears to play a
role in the formation of M6G from endogenous mor-
phine, the enzymology of this metabolism in the
brain still needs to be elucidated more thoroughly
(De Gregori et al. 2012).

Besides, as mentioned before, brain metabolism of
lamotrigine was observed in both normal and epilepsy
brains. UGT1A4 and UGT2B7 play a role in the metab-
olism of lamotrigine, broad-spectrum antiepileptic
drug, within the brain (Suzuki et al. 2019). UGT1A4
expression was observed in both normal human brain
microvascular endothelial cells and drug-resistant epi-
lepsy patient brain endothelial cells in vitro (Ghosh
et al. 2013). UGT2B7 was also observed in human brain
(Ouzzine et al. 2014). Before the drug reaches the tar-
get tissue, it can be metabolized by the BBB or by the
neuron itself in the target tissue, thereby affecting its
distribution in the brain tissue and the exertion of the
drug effect. Under disease conditions, expression of
the enzyme is induced.

Moreover, studies conducted on rats have shown
that CYP2D-mediated brain drug metabolism plays
opposite roles in the acute and chronic effects of
fluphenazine, highlighting the importance of CYP
enzymes in drug response (Miksys et al. 2017). The
findings suggest that extrahepatic tissues in target
organs with low levels of drug-metabolizing CYP
enzymes may also influence treatment outcomes after
clinical drug induction. In addition to their role as pro-
tective barriers against exogenous substances, further
research is warranted to investigate the impact of brain
CYP enzymes on commonly used drugs (Ding and
Kaminsky 2003). Therefore, Table 6 summarizes the
substrates of these general DMEs expressed in the
brain. This table provides a list of substrates and corre-
sponding DMEs and suggests the presence of possible
brain metabolism.
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Table 6. DMEs in human brains and corresponding CNS-active drugs as substrates.

CYP enzymes CNS-acting drugs Ref.

CYP1A1 Carvedilol, lorcaserin, nicotine, rifampicin, riluzole, 7,12-dimethylbenz(a) anthracene (DMBA), Fernandes et al. (2016), Ghosh et al.
7-ethoxyresorufin (2016), and Wishart et al. (2018)

CYP1A2 Aspartame, caffeine, carvedilol, clozapine, diazepam, fluoxetine, frovatriptan, phenacetin, Fernandes et al. (2016), Ghosh et al.
haloperidol, lorcaserin, palonosetron, perampanel, phenytoin, primidone, ramelteon, (2016), and Wishart et al. (2018)

rasagiline, remoxipride, riluzole, ropinirole, tacrine, tasimelteon, tizanidine, zolmitriptan,
7-ethoxyresorufin

CYP2A6 Lorcaserin, phenytoin, valproic acid Fernandes et al. (2016) and Wishart
et al. (2018)

CYP1B1 Arachidonic acid, B-naphthoflavone, nicotine, stilbene, 7,12-dimethylbenz(a)anthracene (DMBA) Ghosh et al. (2016)

CYP2B6 Brivaracetam, bupropion, carbamazepine, chlorpyrifos, cyclophosphamide, diazepam, efavirenz, Miksys S and Tyndale (2013),
ethanol, fluoxetine, ifosfamide, ketamine, lorcaserin, malathion, meperidine, methadone, Fernandes et al. (2016), Ghosh
nicotine, N,N-diethyl-m-toluamide (DEET), paraquat, parathion, pentobarbital, perampanel, et al. (2016), and Wishart et al.
phenytoin, phencyclidine, propofol, sertraline, selegiline, tramadol, valproic acid (2018)

CYP2C8 Almotriptan, phenytoin, carbamazepine, celecoxib, eszopiclone, nabilone Fernandes et al. (2016) and Wishart

et al. (2018)

CYP2C9 Brivaracetam, bupropion, carvedilol, celecoxib, clozapine, dolasetron, dronabinol, eletriptan, Bibi 2008), Fernandes et al. (2016),
felbamate, fluoxetine, nabilone, netupitant, phenobarbital, phenytoin, primidone, quazepam, Ghosh et al. (2016), and Wishart
ramelteon, tapentadol, valproic acid et al. (2018)

CYP2C18 Phenobarbital, phenytoin Wishart et al. (2018)

CYP2C19 Almotriptan, amitriptyline, atomoxetine, benzodiazepine, brivaracetam, diazepam, dronabinol, ~ Bibi 2008), Fernandes et al. (2016),
eletriptan, felbamate, lorcaserin, omeprazole, phenobarbital, phenytoin, primidone, Ghosh et al. (2016), and Wishart
propranolol, quazepam, ramelteon, tapentadol, valproic acid, zonisamide et al. (2018)

CYP2D6 Almotriptan, amitriptyline, aripiprazole, aripiprazole lauroxil, atomoxetine, brexpiprazole, Smith (2009), Miksys S and Tyndale
brofaromine, bupropion, cariprazine, carvedilol, celecoxib, chlorpromazine, clomipramine, (2013), Fernandes et al. (2016),
codeine, citalopram, clozapine, desipramine, dextromethorphan, dolasetron, doxepin, Ghosh et al. (2016), Deardorff
duloxetine, eletriptan, ethylmorphine, escitalopram, fluoxetine, fluvoxamine, galantamine, et al. (2018), and Wishart et al.
haloperidol, hydrocodone, iloperidone, imipramine, lisdexamfetamine, lorcaserin, mianserin, (2018)

midomafetamine, mirtazapine, morphine, netupitant, nicergoline, nicotine, nortriptyline,
olanzapine, opiate, oxycodone, paliperidone, palonosetron, parathion, paroxetine,
perphenazine, phenytoin, pimavanserin, quetiapine, remoxipride, risperidone, sertraline,
tapentadol, thioridazine, tramadol, tranylcypromine, trazodone, valbenazine, venlafaxine,
vilazodone, vortioxetine, ziprasidone, zuclopenthixol, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)

CYP2E1 Acetaminophen, acetone, almotriptan, aniline, aspartame, benzene, bupropion, carbon, Bibi (2008), Miksys S and Tyndale
carvedilol, chloroform, chlorzoxazone, diethyl ether, enflurane, ethanol, enflurane, felbamate, (2013), Fernandes et al. (2016),
halothane, isoflurane, methoxyflurane, nabilone, nicotine, phenytoin, phenobarbital, Ghosh et al. (2016), and Wishart
primidone, sevoflurane, tetrachloride, trichloroethylene, trimethadione et al. (2018)

CYP2J)2 Dronabinol, nabilone, pimavanserin Fernandes et al. (2016)

CYP3A4 Almotriptan, alprazolam, aripiprazole, aripiprazole lauroxil, brexpiprazole, brivaracetam, Smith 2009), Fernandes et al. (2016),
bromocriptine, buspirone, carbamazepine, cabergoline, cariprazine, carvedilol, celecoxib, and Wishart et al. (2018)

clonazepam, clozapine, desvenlafaxine, dolasetron, donepezil, dronabinol, eletriptan,
estazolam, eszopiclone, felbamate, flunitrazepam, fluoxetine, galantamine, haloperidol,
levomethadyl, lorcaserin, midazolam, milnacipran, mirtazapine, modafinil, nabilone,
naloxegol, nefazodone, netupitant, paliperidone, palonosetron, perampanel, pimavanserin,
pimozide, phenytoin, quazepam, ramelteon, reboxetine, risperidone, safinamide,
sibutramine, suvorexant, tasimelteon, tiagabine, triazolam, valbenazine, valproate,
venlafaxine, zaleplon, ziprasidone, zolpidem, zonisamide, zopiclone

CYP3A5 Aripiprazole lauroxil, carbamazepine, fluoxetine, modafinil, paliperidone, perampanel, Fernandes et al. (2016) and Wishart
phenytoin, pimavanserin, valbenazine, valproic acid, zaleplon, zonisamide et al. (2018)
CYP3A7 Aripiprazole lauroxil, levomethadyl, phenytoin, zaleplon Fernandes et al. (2016) and Wishart
et al. (2018)
CYP3A43 Alprazolam, netupitant Agarwal et al. (2008) and Fernandes
et al. (2016)
UGT CNS-acting drugs Ref.
enzymes
UGT1A1 Acetaminophen, buprenorphine, carvedilol, dronabinol, edaravone, ezogabine, morphine, Kiang et al. (2005), Fernandes et al.
nalorphine, naltrexone, phenytoin, retigabine, tiagabine, valproic acid, zonisamide (2016), and Wishart et al. (2018)
UGT1A3 Amitriptyline, buprenorphine, clozapine, dronabinol, ezogabine, imipramine, morphine, Kiang et al. (2005), Fernandes et al.
norbuprenorphine, valproic acid (2016), and Wishart et al. (2018)
UGT1A4 Amitriptyline, chlorpromazine, clozapine, cotinine, doxepin, ezogabine, imipramine, Kiang et al. (2005), Rowland et al.
lamotrigine, 1-OH midazolam, nicotine, olanzapine, phenytoin, retigabine, trifluoperazine, (2013), Fernandes et al. (2016), and
valproic acid Wishart et al. (2018)
UGT1A6 Acetaminophen, edaravone, morphine, phenytoin, valproic acid Kiang et al. (2005), Rowland et al.
(2013), and Wishart et al. (2018)
UGT1A7 Edaravone Wishart et al. (2018)
UGT1A10 Dronabinol, edaravone, morphine, valproic acid Kiang et al. (2005), Fernandes et al.
(2016), and Wishart et al. (2018)
UGT2B7 Buprenorphine, codeine, carbamazepine, carvedilol, edaravone, haloperidol, lorazepam, Kiang et al. (2005), Rowland et al. (2013),
morphine, naloxone, naltrexone, nalorphine, (R)-oxazepam, (S)-oxazepam, tapentadol, Fernandes et al. (2016), Wishart et al.
valproic acid (2018), and Meech et al. (2019)
UGT2B17 Edaravone, eslicarbazepine Meech et al. (2019)

CNS-active drugs approved by FDA from 1985 to 2014 (Fernandes et al. 2016) and 2015-2023 (https://www.fda.gov/) were allocated to the major CYP and
UGT DMEs in human brains according to the metabolic enzymes collected in DrugBank database (Wishart et al. 2018).
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6. Discussion

Although drug metabolism in the brain is relatively
low compared to the liver, a wide variety of metaboliz-
ing enzymes are expressed in the brain and the rela-
tively high levels of DMEs due to their abundant
expression in specific brain regions or cells (Ferguson
and Tyndale 2011), that result in brain metabolism of
some CNS-active drugs cannot be ignored. There is
growing evidence that the brain metabolism of some
centrally active drugs has a crucial influence on effi-
cacy (Agarwal et al. 2008). However, there are contro-
versies among studies regarding the cellular and
regional location of DMEs expression, sex-specific infor-
mation, species-specific information, etc. These conflict-
ing findings underscore the challenges associated with
characterizing CYPs and UGTs expression in specific
brain regions. These differences may be attributed to
variations in experimental techniques, differences in
sample sources, sample storage conditions, prepara-
tions, or individual differences, and the high similarity
between CYPs and UGTs isoforms. The presence of
CYPs and UGTs in specific brain anatomical regions
indicates its potential role in drug metabolism within
these areas. Further research is warranted to elucidate
the functional significance of CYPs and UGTs in these
brain regions and their implications for drug response
and metabolism. Thus, to establish a clearer under-
standing of the presence and distribution of DMEs,
future studies should employ robust methodologies
and examine both mRNA and protein levels consis-
tently and comprehensively.

In addition, the expression and activity of DMEs
are also of interest, but data on absolute quantifica-
tion values, neither in expression nor in activities, of
metabolic enzymes in the brain are very sparse.
Many expression values of DMEs have a lot of vari-
abilities in reported data between different papers,
because of various reasons: such as different sample
conditions (healthy, disease, individual differences,
different developmental stages) (Choudhary et al.
2005), different technologies used, high homology
between superfamily members (Dutheil et al. 2008;
Fanni et al. 2021). Besides, the relationships between
mRNA expression, protein expression, and enzyme
activity are almost impossible to be linear, because
they are regulated by various factors as mentioned
before (such as genetic and epigenetic variants, CNS
diseases, environmental and physiological factors,
etc.) (Dutheil et al. 2008; Ghosh et al. 2016; Fanni
et al. 2021). Understanding the function of DMEs in
the brain and their changes, under different condi-
tions, may provide unique strategies for the

development of therapeutic drugs acting on the CNS
that are locally metabolized in the brain, as well as
those that directly target brain DMEs (McMillan DM
and Tyndale 2018). Additionally, the absolute quanti-
fication of brain CYP enzymes, particularly at the
protein and activity level, remains a subject of lim-
ited research. Future studies should focus on com-
prehensively characterizing the distribution and
abundance of CYP enzymes within specific brain
regions, considering both protein and activity levels,
to gain a deeper understanding of their role in drug
metabolism and response.

Besides, DMEs can not only affect drug metabolism
(Agarwal et al. 2008; Ghosh et al. 2013), and disease
(Ur Rasheed et al. 2017; Chik et al. 2022) in the brain,
but also affect the drug-drug interactions. For instance,
tricyclic antidepressants can increase antipyrine clear-
ance and speed up the metabolism of benzphetamine
and ketotifen (O’Malley et al. 1973; Cresteil et al. 1983),
while phenothiazine neuroleptics can inhibit steroid
metabolism and have some negative endocrine effects
(Meltzer 1985; Rane et al. 1996). Thus, it is essential to
consider the effects of DMEs when developing and
administering CNS-acting drugs. For example, research-
ers and clinicians may choose to use drugs that are
metabolized more slowly in order to prolong their
therapeutic effect. Alternatively, they may use drugs
that are rapidly metabolized in order to minimize the
risk of toxicity and reduce the duration of drug action.

In conclusion, understanding the effects of DMEs on
CNS-acting drugs is critical for optimizing the efficacy
and safety of these drugs in the brain. Careful consid-
eration of the PK, pharmacodynamics, and potential
drug-drug interactions of CNS-acting drugs is essential
for ensuring their appropriate use and minimizing the
risk of adverse effects.

With increased understanding of the importance of
DMEs in the brain, brain metabolism should also be
considered in PK models, especially the PBPK models.
Currently, also our comprehensive LeiCNS-PK 3.0 (Saleh
et al. 2021), does not yet specify the contribution of
DMEs in the brain. This model could be further
improved by incorporating equations for brain metab-
olism, to better predict potential impact of brain
metabolism of CNS target site concentration and the
further CNS effects of drugs and active metabolites.
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