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Antipsychotic (AP)—induced adverse drug reactions (ADRs) are a current problem of biological and clinical
psychiatry. Despite the development of new generations of APs, the problem of AP-induced ADRs has not been
solved and continues to be actively studied. One of the important mechanisms for the development of AP-induced

ADRs is a genetically-determined impairment of AP efflux across the blood-brain barrier (BBB).

antipsychotic transport protein P-gp BCRP MRP1 adverse drug reaction

| 1. Introduction

Schizophrenia spectrum disorders (SSDs) are one of the serious and socially significant mental disorders, the
prevalence of which reaches millions of cases in the world W2, For the treatment of SSDs, psychotropic drugs of
the antipsychotics (APs) group are widely used [Bl. Despite the generation of new APs (Figure 1), the problem of
AP-induced adverse drug reactions (ADRS) has not been solved 4. The accumulated experience of predicting and
purposeful prevention of ADRs caused by AP indicates that most of them can be prevented (for example,
neurotoxic effects of AP) and/or significantly reduce the frequency and severity of symptoms of these ADRs (for
example, cognitive disorders, psychoses, extrapyramidal disorders, etc.) BB, This problem leads to: a decrease
in the quality of life of patients; a decrease in adherence of patients with SSDs to chronic APs therapy; the
development of SSDs’ pseudo-resistance to the prescribed APs; progression of SSDs B8 The study of the
mechanisms of development of AP-induced ADRs is based on changes in their metabolism and transport,
depending on the following risk factors for ADRs BI29ILL: (1) modifiable factors (choice of APs, dosage, dosing
regimen, consideration of comorbid conditions, etc.) [EBIl28: (2) non-modifiable factors (gender, age of patients,

genetic predisposition) 8119,
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Figure 1. Timeline of antipsychotics (APS).

The study of genetic predisposition to the development of AP-induced neurotoxic ADRs is based on associative
genetic studies and genome-wide studies of single nucleotide variants (SNVs) or polymorphisms of the candidate
genes encoding key enzymes and proteins involved in the metabolism, transport, cumulation, excretion of APs and
their active metabolites B2 Ap important aspect of the efficacy and safety of SSD therapy, especially the
prediction and prevention of the development of neurotoxic ADRs, is a genetically determined impairment of the
efflux of APs across the blood-brain barrier (8BB) 121311415

| 2. Blood-Brain Barrier

The BBB is a complex heterogeneous brain system with several levels of selective transport, regulation, and
protection, capable of maintaining central nervous system (CNS) homeostasis and protecting the brain from
potentially harmful endogenous and exogenous substances (1611171181 The BBB is a physical and metabolic barrier
between the brain and the systemic circulation that serves to regulate and protect the brain microenvironment [19],
The structural units that make up the BBB perform not only protective, but also regulatory, nutritional and excretory
functions. The main functional and anatomical elements of the BBB are brain capillary endotheliocytes, astrocytes,

neurons, and pericytes, which are a “neurovascular unit” 20] (Figure 2).
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The BBB consists of a monolayer of endothelial cells in the capillaries of the brain 71821 The |imited coverage
of the BBB by the brain occurs due to the presence of tight contacts (occlusal zones) between neighboring
endothelial cells and a relatively small number of fenestra and pinocytic vesicles in the endothelium of cerebral
arterioles, capillaries, and venules 22, The endothelial cells of the brain capillaries are surrounded by pericytes and
astrocyte pedicels. Due to the presence of the BBB, circulating molecules do not have free access to the brain L7
(18][21]

3. Transport Proteins of Antipsychotic Efflux via the Blood-
Brain Barrier

The human ABC vector superfamily contains 49 members, which are subdivided into 7 subfamilies (from ABCA to
ABCG) [23124] These transport proteins are localized on various membranes of cell organelles (with the exception
of ABCE and ABCF), where they function as ATP-dependent and unidirectionally pump various endogenous and
exogenous compounds transmembrane 24231 As outflow pumps, these transport proteins perform a wide range of
physiological functions, including protective, excretory, and regulatory functions. They create barriers between the
systemic circulation and many organs, such as the brain, cerebrospinal fluid (CSF), placenta, and testes, thereby
limiting the penetration of APs and toxic metabolites, ensuring their active efflux (excretion) and, therefore,
protecting these organs 28, They are also expressed in the liver and kidneys, where they secrete xenobiotics and
endogenous compounds. In addition, they limit the absorption of APs into the systemic circulation due to the
release of APs into the gastrointestinal tract. Transport proteins of the ABCB family regulate many endogenous
molecules that affect lipid and bile acid synthesis, antigen presentation, heme and iron homeostasis, transport and

homeostasis of steroid hormones, and signaling molecules 241,
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The most studied and clinically significant transport proteins that provide the efflux of AP across the BBB and the

membrane of target neurons of AP action 2327 (Figure 3):
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Figure 3. Scheme of the structure and localization of antipsychotic efflux transport proteins via blood-brain barrier

on the cell membrane of endotheliocytes of the blood-brain barrier: (A)—P-glycoprotein (P-gp); (B)—breast cancer
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resistance protein (BCRP); (C)—multidrug resistance-associated protein 1 (MRP1). Note: LO—ligand O; nucleotide

binding domain—NBD; membrane spanning domain—MSD.
e P-gp, or multidrug resistance protein 1 (MDR1);

» breast cancer resistance protein (BCRP);

» multidrug resistance-associated protein (MRP11).

Glycoprotein-P (P-gp) is a membrane transport protein with a wide range of endogenous and exogenous
substrates. P-gp is located in hepatocytes, enterocytes and epithelial cells of the proximal renal tubules, neurons,
and endotheliocytes of histo-hematic barriers, including the BBB. Increased activity of P-gp is associated with the
development of drug-resistant forms of SSD, and reduced activity is associated with delayed AP efflux through the
BBB and with the risk of the development of neurotoxic ADRs [121[26128]

P-gp (or MDR1) is a member of the ATP-binding cassette (ABC) transporter superfamily and is an ATP-dependent
efflux pump for drugs and other xenobiotics. ABC proteins transport various molecules across extracellular and
intracellular membranes. The ABC family proteins are divided into seven subfamilies (ABC1, MDR/TAP, MRP, ALD,
OABP, GCN20, White). This protein is a member of the MDR/TAP subfamily and is encoded by the ABCB1 gene.
Members of the MDR/TAP subfamily are involved in multidrug resistance 24261,

The secondary structure of the P-gp protein is well known. This transport protein has a single polypeptide chain
with N- and C-ends located inside the cytoplasmic region, and 12 transmembrane domains are located inside the
plasma membrane. Also, P-gp contains 2 nucleotide binding domains (NBDs) that act as ATP binding sites. The

first extracellular loop of P-gp contains three glycosylation sites 29,

P-gp expression in the brain is highest at the level of the frontal, medial and mediobasal cortex, in the
hippocampus, tail, and also in other organs: adrenal glands, liver, gallbladder, small and large intestines, kidneys,

ovaries, and fallopian tubes (in women) 9.

P-gp is encoded by the ABCB1 gene (chr7: 87,503,017-87,713,323 (GRCh38/hg38)). The molecular structure of
the ABCBI1 gene includes 28 exons and 28 introns B, The ABCBI1 gene is highly polymorphic. The literature
mentions about 100 SNVs/polymorphisms identified in different regions. However, only some of them are
associated with the efflux of APs and lead to clinically significant changes in their transport 28132331341 The
identification of low-functional and non-functional SNVs/polymorphisms of the ABCB1 gene is of clinical interest,
since it is associated with an increased risk of AP-induced neurotoxic ADRs and a decreased safety of short-term

and, especially, chronic psychopharmacotherapy.

BCRP is a membrane protein, ATP-binding cassette transporter. It is encoded by the ABCG2 gene. BCRP is one of
five members of the human ABC protein superfamily G subfamily, along with ABCG1, ABCG4, ABCG5, and
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ABCG8. All members of the subfamily are semi-transporters and thus are thought to function as homo- or

heterodimers or perhaps even as larger oligomeric structures 32,

Another feature of the ABC transporters G subfamily is that the nucleotide binding domain (NBD) is N-terminal to

the transmembrane domain, while the opposite is true for other subfamilies of ABC transporters 381,

All members of the ABCG family, with the exception of BCRP, are known to be lipid transporters. In contrast, BCRP
demonstrates perhaps the broadest substrate specificity and transports hydrophobic compounds, cations, anions,
and drug conjugates 7. It is known that this protein is involved in the transportation of APs and may play a role in
the development of multidrug therapeutic resistance E3S6IS7IBEISA  This protein consists of 655 amino acid
residues, and contains one glycosylation site, one intramolecular disulfide bond and one intermolecular one. The
intermolecular S-S bond provides stability of this transport protein dimer B8, Basically, it is located on the cell

membrane as a dimer, but can form oligomers up to a homododecamer (12 subunits) 33139,

The BCRP expression in the brain is highest at the level of the frontal, medial and mediobasal cortex, in the
hippocampus, tail, and also in other organs: seminal vesicles, testicles (in men), small and large intestines,

placenta, lungs, thyroid gland, adrenal glands, myocardium 2.

The BCRP is encoded by the ABCG2 gene (chr4:88,090,150-88,231,628 (GRCh38/hg38)). The human ABCG2
gene consists of 16 exons and 15 introns B2, At least 38 SNVs of the ABCG2 gene are mentioned in the literature,

and in some sources 45-50 SNVs/polymorphisms of this gene [221331(34],

The MRP1 is a protein associated with multidrug resistance 1, is encoded by the ABCC1 gene and is a member of
the ABC superfamily 29, |t transports various molecules across extracellular and intracellular membranes. This
transport protein is a member of the MRP subfamily that is associated with multidrug resistance. MRP1 is a
peculiar member of the ABC transporter superfamily in several aspects. This transport protein has an unusually
wide substrate specificity and is able to transport not only a wide range of neutral hydrophobic compounds, but
also promote the efflux of numerous glutathione, glucuronate, and sulfate conjugates 494 The transport
mechanism of MRP1 is also complex: the composite substrate binding site provides both cooperativity and
competition between different substrates 1. This versatility and ubiquitous distribution in tissues make this
transporter suitable for participation in various physiological functions, including the transport of various drugs,
including APs [49],

This protein consists of five main domains (membrane spanning domains (MSDO, MSD1, MSD2)) and nucleotide-
binding domains (NBD1 and NBD2) [41142],

MRP1 expression in the brain is highest at the level of the frontal, orbitofrontal, and medial cortex, as well as in
other organs: small and large intestines, liver, ovaries, fallopian tubes and endometrium (in women), adipose

tissue, tonsils, lungs, pancreas, skin, bone marrow B9,
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MRP1 is encoded by the ABCC1 gene (chrl6:15,949,138-16,143,257 (GRCh38/hg38)). The ABCC1 gene contains
31 exons Bl In studies of various populations, especially those of Asian and European origin, a large number of
SNVs/polymorphisms of the ABCC1 gene have been found. Studies have shown that only a few of the 71
discovered SNVs/gene polymorphisms changed the amino acid sequence of the transport protein they encode, so
ABCC1 is considered a highly conserved gene. Most of the genetic variations that have been described are found

in intron sequences rather than exons [321331(34]

4. Genetic Predisposition to Antipsychotic Efflux via the
Brain-Blood Barrier

Genetic variants influence the effects of APs in terms of favorable and unfavorable results of
psychopharmacological therapy, the development of ADRs, and the neurotoxicity of APs 2344 Many studies have
shown that pharmacokinetics and neurotoxic ADRs induced by APs vary in patients with SSDs with certain genetic
profiles. There is sufficient evidence of a clinically significant effect of patient genotype on the balance between
benefit and risk of a wide range of first and new generation APs. Evidence-based guidelines with
pharmacotherapeutic recommendations for combinations of specific APs and genotypes or predicted phenotypes in
patients with SSDs are needed to implement the acquired knowledge of pharmacogenetics into daily clinical

psychiatric practice 21451,

In the case of a genetically determined decrease in the functional activity or expression of the P-gp, BCRP, and
MRP1 transport proteins at the level of BBB endothelial cell membranes, the efflux of APs from the brain into the
blood is disturbed to varying degrees (decreases significantly, insignificantly, or moderately) 231 This, in turn, leads
to an increase in the time of exposure of these APs to the brain, an increased risk of cumulation during chronic
(long-term) psychopharmacotherapy, and an increased risk of developing serious AP-induced neurotoxic ADRs 28],
The accumulation of APs ultimately leads to a slowdown in their metabolism due to the enzymatic system, and
therefore the phenotype of such patients with SSDs is more often referred to as a slow metabolizer rather than a

slow transporter 19,

4.1. Phenotyping of Patients Depending on Antipsychotic Efflux Reduction via the
Blood-Brain Barrier

Pharmacogenetic testing (PGx) has become a more popular laboratory diagnostic method over the past decade,
but it is not yet a routine test in psychiatry. However, there is growing evidence that a significant proportion of
neurotoxic ADRs in patients with SSDs are affected by a phenotype determined by homozygous or heterozygous
carriage of full functional, low functional and non-functional allelic variants of the genes encoding transport proteins
responsible for efflux of the first and new generations APs through the BBB [12I[361[46]{47]

There are several organizations such as the Dutch Pharmacogenetics Working Group (DPWG)), the Clinical
Pharmacogenetics Implementation Consortium (CPIC) 28 the Canadian Drug Safety Pharmacogenomics Network
(CPNDS) 2 the French National Network of Pharmacogenetics (Réseau) (RNPGx) 29, and the Russian Society
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of Pharmacogenetics, Pharmacokinetics and Personalized Therapy (SPPPT) B, who develop clinical guidelines to
help the clinician translate the results of previously performed associative genetic and genome-wide associative
(GWAS) studies into clinical guidelines for treatment. In general, these organizations recommend pharmacogenetic
testing in routine patient care if the clinical benefit to patients is considered significant, such as by reducing the risk
of ADRs or the risk of drug treatment failure (therapeutic resistance or pseudo-resistance). However, most
international and national clinical guidelines on clinical pharmacogenetics do not take into account the potential
effect of SNVs/polymorphisms of the genes encoding transport proteins on the efflux of APs from the brain into the
blood via the BBB, the strength of the interaction, or the complex interaction caused by the combination of
SNVs/polymorphisms of the genes encoding the P-gp, BCRP, and MRP1 transport proteins and enzymes involved
in the APs metabolism, when there are multiple biotransformation pathways. Not surprisingly, these

recommendations sometimes contradict each other 321,

Additional sources of information about the pharmacogenetics of APs are the Summary Product Characteristics
(SmPC) approved by the European Medicines Agency (EMA) B8l and other agencies, as well as instructions for
prescribing APs approved by the US Federal Drug Agency (FDA) 4. The number of APs with pharmacogenetic
information in their SMPC or labels has increased over the years due to regulatory guidelines and policies. In
addition, the PharmGKB website 53] is an open support tool for the pharmacogenetics of AP with collected and

classified evidence for combinations of APs and other drugs and the genes.

As researchers better understand the influence of various genetic variants on the pharmacokinetics and levels of
APs in the brain, possible personalized approaches for prediction and prevention of neurotoxic ADRs of AP therapy

for SSDs become more and more clear.

Depending on the decrease in the functional activity of the key transport proteins that carry out the speed of the
efflux of APs via the BBB from the brain into the blood [23138138] three phenotypes of patients with SSDs can be

distinguished: poor transporter; intermediate transporter; extensive transporter.

4.1.1. Poor Transporter

Poor transporters (PT, also known as “poor metabolizers"—PM Bl agre patients whose transport proteins have a
significantly reduced functional activity, resulting in a significantly reduced efflux of APs via the BBB. The PT
phenotype occurs when both alleles of the ABCB1, ABCG2 and/or ABCC1 genes carry non-functional SNVs and
give rise to the synthesis of transport protein with impaired functional activity or significantly reduce its expression
in the BBB.

Typically, SSDs patients having this phenotype are homozygous for non-functional or low-functional
SNVs/polymorphisms of the gene(es) ABCB1, ABCG2 and/or ABCC1 encoding one or more transport proteins (P-
gp, BCRP, and/or MRP1, respectively). Accordingly, in such patients, APs accumulate in the brain in high

concentrations, which leads to a significant increase in the risk of developing serious AP-induced neurotoxic ADRs.

4.1.2. Intermediate Transporter
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Intermediate transporters (IT, also known as “intermediate metabolizers”—IM [B8157]) are patients whose transport
proteins have a moderately reduced functional activity, resulting in a moderately reduced efflux of APs via the BBB.
Typically, SSDs patients with this phenotype are heterozygous for non-functional or low-functional
SNVs/polymorphisms of the gene (es) ABCB1, ABCG2 and/or ABCC1 encoding transport proteins (P-gp, BCRP,
and/or MRP1, respectively). In such patients, the synthesis of a “defective” transport protein or a moderate
decrease in the expression of a normal transport protein at the level of the BBB occurs, as a result of which the
functional activity of the transport protein and the efflux of APs efflux via the BBB are reduced. Accordingly, with
intermediate transporters, APs accumulate in the brain, which leads to a moderate increase in the risk of AP-

induced neurotoxic ADRSs.

4.1.3. Extensive Transporter

Extensive transporters (ET, also known as “extensive metabolizers"—EM B8IEL) are patients whose transport
proteins have normal functional activity, which ensures a preserved (average) rate of efflux of APs via the BBB.
SSDs patients with this transport protein phenotype are homozygous for a fully functional (“wildtype”)
SNVs/polymorphisms of the genes) ABCB1, ABCG2 and/or ABCC1 encoding transport proteins (P-gp, BCRP,
and/or MRP1, respectively). Accordingly, in these patients with SSDs, the risk of developing AP-induced neurotoxic

ADRs is population average (mild).

4.2. Prediction of a Genetically Determined Decrease of Antipsychotic Efflux via the
Blood Brain Barrier

The tactics of a psychiatrist who prescribes APs to patients with SSDs need a personal approach [E8IB8IA7] Thys,
in carriers of risk alleles of non-functional or low-functional SNVs/polymorphisms of the ABCB1, ABCGZ2 and/or
ABCC1 genes encoding transport proteins involved in the efflux of APs via the BBB, it is important to cumulatively
evaluate as many previously studied non-functional and low-functional SNVs/polymorphisms of the genes
encoding transport proteins involved in efflux through the BBB as possible, for APs of the first and new
generations. Such a cumulative assessment of the genetic risk of speed decrease of the efflux of APs via the BBB
and the development of AP-induced neurotoxic ADRs significantly modifies and significantly improves the currently
existing personalized psychopharmacotherapy strategy for SSDs and explains the importance of developing PGx

and its application in real clinical psychiatric practice 8!,

In this regard, it is possible to conditionally divide the SNVs/polymorphisms into groups: low-functional and non-
functional SNVs/polymorphisms of the ABCB1 gene; low-functional and non-functional SNVs/polymorphisms of the
ABCG2 gene; low-functional and non-functional SNVs/polymorphisms of the ABCCZ1; proven in experimental (on
an animal model) and clinical (in patients with mental disorders) studies, the effects of risk alleles of non-functional
and low-functional SNVs/polymorphisms of these genes on changes in the activity of the transport proteins

encoded by them and the level of their expression in the BBB in patients with SSDs.

To search and update the knowledge, information in the following open access databases may be used: (1)

databases for evaluating the expression of transport proteins and their encoding genes (The Human Protein Atlas
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89 The Human Gene Database (GeneCards (21, and databases “Gene” and “Protein” of the US National Library

of Medicine [23; (2) database of SNVs/polymorphisms of human genes (SNPedia) 22 Online Mendelian
Inheritance in Man (OMIM) B2, SNP database of the US National Library of Medicine B3 (3) pharmacogenetic
database (PharmGKB) [24],
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