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Pharmacotherapy for neuropsychiatric disorders, such as depression, has been characterized by significant inter-
individual variability in drug response and the development of side effects. Pharmacogenetics, as a key part of
personalized medicine, aims to optimize therapy according to a patient’s individual genetic signature by targeting
genetic variations involved in pharmacokinetic or pharmacodynamic processes. Pharmacokinetic variability refers
to variations in a drug’s absorption, distribution, metabolism, and elimination, whereas pharmacodynamic variability

results from variable interactions of an active drug with its target molecules.

pharmacogenetics pharmacogenomics anxiety depression

| 1. Introduction

The pharmacotherapy of neuropsychiatric disorders, such as anxiety and depression, has been characterized by
significant inter-individual variability in drug response and the development of severe adverse effects, which has
been recognized as a major clinical problem W |n addition to various environmental, physiological, and
psychological factors, these individual differences might be largely due to genetic factors B4, Therefore, various
pharmacogenetic studies have been conducted to identify genetic variants that can predict patients who may
optimally benefit from specific, individually tailored treatments BIEIZEIE (Figure 1).

Good drug response Same antidepressant/anxiolytic drug treatment Poor or no drug response

@ C

Patients with
Partial drug response neuropsychiatricdisorders Adverse drug effects

Figure 1. Pharmacogenetics, as a key part of personalized medicine, can help clinicians predict the therapeutic
response and adverse drug reactions in patients with the same diagnosis and treatment, but different genotypes,

and therefore identify patients who may optimally benefit from specific, individually tailored treatment.

https://encyclopedia.pub/entry/44945 1/18



Pharmacogenetics of Antidepressants | Encyclopedia.pub

Pharmacogenetic studies have focused primarily on candidate genes involved in drug metabolism and transport
(pharmacokinetics) as well as drug action (pharmacodynamics), which can influence both treatment efficacy and
the development of adverse drug effects IO pharmacokinetics addresses the variability in the drug’s
absorption, distribution, metabolism, and elimination (ADME), which modulates the delivery of drugs and their

active metabolites or their removal from action targets.

The molecules involved in ADME processes include enzymes responsible for drug metabolism and drug transport
molecules that mediate drug uptake and efflux [4. The cytochrome P450 (CYP) and multidrug resistance (MDR)
gene families have been extensively studied 22 The CYP450 enzyme family in the liver is responsible for the
metabolism of many psychotropic drugs [£2l. For certain CYPs, the genotype affects the serum/plasma drug levels,
and consequently, its efficacy and development of adverse effects L4115l There are four major CYP phenotypes
produced by combinations of various alleles with different degrees of enzymatic activity: poor (PM), intermediate
(IM), extensive (normal) (EM), and ultrarapid metabolizer (UM). PMs tend to accumulate higher drug levels in the
blood and may require lower drug doses to achieve therapeutic effects, whereas UMs may require higher doses

due to faster drug elimination 181171,

In addition, the therapeutic action of psychotropic drugs depends on their effective delivery to the brain. Although
some substances may diffuse passively through the brain-blood barrier (BBB), the influx and efflux of most
substances are actively regulated by a complex system of transporters, influencing both pharmacokinetics and
pharmacodynamics. In the case of a genetically determined decrease in functional activity or expression of
transport proteins in the BBB, drug efflux from the brain into the blood is disturbed. This could lead to increased
drug exposure time in the brain, its accumulation during long-term therapy, and an increased risk of developing

severe adverse effects 18],

In contrast to pharmacokinetics, pharmacodynamics describes variability in drug action not dependent on variable
drug concentrations but rather on the interaction of the active drug with its target molecules, including receptors,

ion channels, and enzymes, and it can also influence both therapeutic responses and drug side effects.

Single nucleotide polymorphisms (SNPs) are the most commonly investigated genetic variants in both
pharmacokinetic and pharmacodynamic studies (111, Genetic polymorphism refers to the occurrence of two or more
common variants (alleles) of a specific DNA sequence in a population with a frequency of more than 1% (29I,
Identifying SNPs associated with variability in drug response and toxicity has been the primary focus of a
significant number of pharmacogenetic and pharmacogenomic studies [R2ARL | these studies, two major
research approaches have been used: the traditional candidate gene approach, which is hypothesis-driven and
based on accumulated knowledge, and new methodologies such as genome-wide association studies (GWAS) or

whole exome sequencing, which are data-driven and generate new hypotheses and knowledge [221[23],

However, pharmacogenetics is not able to explain all observed heritable variations in drug responses, and there is
growing evidence that responses to drugs could be influenced by individual epigenetic states 241231, An emerging

field of pharmacoepigenetics investigates how epigenetic mechanisms that modify gene expression without altering
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the genetic code might influence individual responses to drugs (24281 Some of the most frequently studied
epigenetic modifications include DNA methylation, histone modifications, and noncoding RNA actions 23, Various
environmental factors, including drugs, nutrition, and stress, may induce epigenetic changes 24 that can be
transmitted over generations (28, Acute or chronic exposure to stressors can contribute to the development and
progression of various neuropsychiatric disorders 2[BAB1E2 - including anxiety and depression, but it is also
associated with alterations in the epigenome that may affect the expression of genes involved in drug metabolism,

transport, and target molecules, and therefore impact the variability in antidepressant and anxiolytic drug
responses [22134],

| 2. Pharmacogenetics of Antidepressants
2.1. Pharmacokinetic Variability

2.1.1. Cytochrome P450 Family

The CYP450 family is a large group of enzymes responsible for the metabolism of various drugs and xenobiotics,
including antidepressant drugs. Among the many identified CYP450 enzymes, the most important ones involved in
the metabolism of a variety of psychotropic drugs are CYP2D6, CYP2C19, CYP3A4, CYP1A2, CYP2B6, CYP2CS8,
and CYP2C9 B33, various CYP450 enzymes are capable of metabolizing more than one drug, and a single drug
can be metabolized by multiple CYP enzymes 22, The activity of these enzymes could be influenced by genetic
variations, which may result in individual differences in antidepressant drug metabolism and responses 131261 Most
genes encoding CYPs are highly polymorphic 2. The impact of CYP polymorphisms on drug metabolism is an
important area of research in personalized medicine 2. While more than 2000 mutations have been found in CYP
genes, only specific SNPs are known to affect CYP enzymatic activity 14/l13]. Depending on the genetic variants
that influence enzyme activity, individuals can be classified into four main CYP phenotypes: from poor, via
intermediate and extensive (normal), to ultrarapid metabolizers LZEB8I3Y Dye to genetic variations, PMs have little
to no CYP enzyme activity, whereas IMs have reduced enzyme activity. As a result of slower antidepressant drug
metabolism, both PMs and IMs may be at an increased risk for adverse drug reactions and require lower dosages
or less frequent dosing regimens for antidepressant medications. On the other hand, NMs possess typical enzyme
activity and a normal drug metabolism rate. However, UMs exhibit increased enzymatic activity, resulting in faster
drug metabolism. Therefore, they may require higher antidepressant doses or more frequent drug administration to
achieve the desired therapeutic effect in patients with depression L7[18[S6[37]

CYP2D6

The CYP2D6 gene is highly polymorphic, meaning that it harbors genetic variations that can affect enzyme function
(15][16]i38]  CYP2D6 enzyme is involved in the metabolism of SSRIs (paroxetine, fluvoxamine, and fluoxetine),
amitriptyline (TCA), and venlafaxine (SNRI) (28l Different allele variants result in normal, decreased, and no
enzyme function, characterized by extensive, intermediate, and poor metabolizer phenotypes, respectively (18139

CYP2D6*1, *2, *33, and *35 allele variants are associated with normal function, whereas *9, *10, *14B, *17, *29,
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and *41 variants reduce CYP2D6 enzymatic capacity. Furthermore, CYP2D6*3, *4, *5, *6, *7, *11, *12, *14A, *36,
and *68 variants are responsible for the loss of enzyme function 281391 Apart from genetic variations, paroxetine
and fluoxetine are potent inhibitors of CYP2D6, which may result in an “iatrogenic poor phenotype” or “phenocopy”
when taken with drugs that are also metabolized by CYP2D6, such as venlafaxine. Patients with an “iatrogenic
poor phenotype” may be at high risk of developing toxicity due to elevated plasma drug levels 2%, Specifically,
individuals with poor CYP2D6 function may have reduced metabolism of fluoxetine and paroxetine, resulting in
higher plasma drug levels and an increased risk of side effects, such as the development of suicidal ideation or
antidepressant-induced mania during the initiation of treatment. As a result, the U.S. Food and Drug Administration
(FDA) has issued a black box warning for SSRIs cautioning that these side effects can occur, especially in the first

few weeks of treatment. Therefore, close monitoring is required for all patients starting antidepressant therapy 49
[41]

Furthermore, studies have shown that poor metabolizers of fluoxetine may be at a risk of QT interval prolongation.
(491 Similar to fluoxetine, poor metabolizers of venlafaxine (genotype CYP2D6 *6/*4, *5/*4, or *6/*6) are also at risk
for developing adverse effects, such as arrhythmias, gastrointestinal problems, and hyponatremia 2143, Ahmed et
al. showed that CYP2D6 UM status contributes to venlafaxine treatment remission in patients with major
depressive disorder 24!, Therefore, when prescribing SSRIs and other antidepressants, clinicians must consider a
patient's CYP2D6 genotype and adjust the dose or choose an alternative medication, if necessary, to minimize the

risk of adverse effects while maximizing therapeutic benefit [BIZ[20,

CYP2C19

In addition to clinically significant variants of the CYP2D6 gene, a high number of polymorphisms in the CYP2C19
gene have also been discovered 43, resulting in different metabolizer phenotypes 1823, Drugs that are mainly
metabolized by CYP2C19 include SSRIs such as escitalopram, citalopram, and sertraline 3. Variations in the
CYP2C19 gene can result in individuals having different levels of CYP2C19 enzyme activity, affecting how drugs
such as escitalopram and sertraline are metabolized 4847, According to previous research, the CYP2C19*1 allele
variant is associated with normal function, whereas the CYP2C19*17 variant increases CYP2C19 enzymatic

capacity. Furthermore, CYP2C19*2 and *3 variants are responsible for the loss of enzyme function 181391,

For example, PMs of escitalopram are more likely to have adverse effects and psychotherapy discontinuation.
However, they respond better to escitalopram, provided the therapy is tolerated. A retrospective study involving
more than 2000 escitalopram-treated patients demonstrated that those with CYP2C19*1/*17 and CYP2C19*17/*17
variants (IMs) were more likely to experience treatment failure 48], whereas UMs exhibited suicidal thoughts 22!,
For sertraline, recent findings demonstrated that CYP2C19 PMs had higher plasma levels in comparison to normal
metabolizers BY. Ricardo-Silgado et al. B suggested that CYP2C19 genotypes might be associated with an
increased risk of weight gain in patients on citalopram therapy. These findings indicate the importance of CYP2C19
variants and different metabolic phenotypes in antidepressant treatment tolerability and outcome. The American
Molecular Pathology published guidelines for testing CYP2C19*2, *3, and *17 variants and CYP2C19*4A-*4B, *5,
*6, *7, *8, *9, *10, and *35 variants 2, In addition, the relevance of CYP2C19 polymorphisms in inter-individual
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predisposition to mental diseases was also investigated. Sim et al. 22 found that individuals who were poor
CYP2C19 metabolizers displayed lower levels of depressive symptoms compared to individuals who were normal

metabolizers.

Moreover, a cross-sectional observational retrospective study, which included over 700 psychiatric patients with
depression and anxiety, analyzed the frequencies of CYPC19*2, *4, and *17, as well as CYP2D6*2, *3, *4, *5, *6,
*10, and *41 variants B2 This study revealed that 77% of patients have at least one allele variant significantly
affecting drug metabolism, with roughly half of the individuals with reduced CYP2D6 enzyme function and the
majority of them being CYP2C19 rapid and ultrarapid metabolizers 2. Therefore, due to their clinical relevance,
both CYP2D6 and CYP2C19 are included in pharmacogenetics guidelines and recommendations published by the
Clinical Pharmacogenetics Implementation Consortium (CPIC), Dutch Pharmacogenetics Working Group (DPWG),
and regulatory agencies such as the FDA [B3I4](55],

CYP2C9

The CYP2C9 gene encodes an enzyme that is involved in the metabolism of many drugs, including
antidepressants, such as MAOIs, TCAs, and SSRIs 14, The CYP2C9*1 variant is associated with normal enzyme
function, whereas CYP2C9*2, *5, *8, and *11 variants reduce CYP2C9 enzymatic capacity. Furthermore,
CYP2D9*3, *6, and *13 variants are responsible for the loss of enzyme function 8189 Different CYP2C9 variants
result in normal, decreased, and no enzyme function, characterized by extensive, intermediate, and poor
metabolizer phenotypes, respectively 2839 Moreover, variants of the CYP2C9 gene have been linked to mental

disorders such as depression and psychosis 28127,

CYP1A2

The CYP1A2 enzyme, encoded by the CYP1A2 gene, is responsible for the metabolism of approximately 24% of
antidepressant drugs, including agomelatine, escitalopram, venlafaxine, duloxetine, and mirtazapine (81581, Several
CYP1A2 variants, including *1C, *1F, and *1B, have been identified as potential indicators of the CYP1A2
phenotype and agomelatine pharmacokinetics. Notably, the CYP1A2*1C variant is associated with reduced
enzyme activity, resulting in higher plasma agomelatine concentrations and an increased risk of adverse effects.
On the contrary, individuals with the CYP1A2 *1F and *1B variants, who are characterized by increased enzyme
activity, may metabolize agomelatine more rapidly, leading to lower plasma concentrations and potentially reduced
efficacy BB Kuo et al. [¢1 conducted a study to investigate the association between CYP1A2 polymorphisms
and the metabolism of escitalopram in patients with major depressive disorder. The study found that several SNPs
in the CYP1A2 gene, such as rs2069521, rs4646425, and rs4646427 polymorphisms, were associated with altered
escitalopram metabolism and an increased risk of adverse effects, such as fatigue and nausea/vomiting,
particularly during the initial stages of treatment. In addition, Lin et al. 82 demonstrated that CYP1A2 SNPs, such
as rs4646425, rs2472304, and rs2470890, are associated with a slower response to paroxetine treatment.
Furthermore, the study of the linkage between CYP1A2 polymorphisms and the response to venlafaxine suggested

that the rs2470890 polymorphism might be related to venlafaxine treatment remission £3].

https://encyclopedia.pub/entry/44945 5/18



Pharmacogenetics of Antidepressants | Encyclopedia.pub

2.1.2. P-glycoprotein

P-glycoprotein, commonly referred to as P-gp, is a membrane transporter within the ATP-binding cassette (ABC)
transporter family. It is encoded by the ABCB1 or MDR1 gene, located on chromosome 7. P-gp functions as an
efflux pump, contributing to drug absorption, distribution, and elimination 2. P-gp has been found in various
tissues throughout the body, including the liver, kidneys, intestines, and the blood-brain barrier. At the blood-brain
barrier, P-gp can limit the entry of some drugs into the brain, which can affect their efficacy. The expression and
activity of P-gp can vary widely between individuals, contributing to differences in drug responses and drug
interactions (8. Genetic factors play a role in determining the level of P-gp expression in different tissues and
individuals. Certain genetic variants of the ABCB1 gene have been associated with altered P-gp expression and
activity, which can affect the pharmacokinetics and efficacy of drugs that are substrates for P-gp 4. P-gp has
broad substrate specificity, including antidepressants such as escitalopram, fluvoxamine, paroxetine, amitriptyline,
and imipramine. Therefore, when P-gp is absent or not functioning properly, these drugs can accumulate in the
body, resulting in higher concentrations and potentially an increased risk of adverse effects. However, newer

antidepressants (levomilnacipran, vortioxetine, and vilazodone) have been proven as poor P-gp substrates 18],

There has been interest in studying the relationship between genetic variations in the MDR1/ABCB1 gene and
antidepressant treatment outcomes 621, Several genetic variants of the MDR1/ABCB1 gene have been associated
with altered P-gp activity. The three most common MDRI1/ABCB1 variants, C3435T (rs1045642), C1236T
(rs1128503), and G2677T (rs2032582), have been the subject of extensive research 6366l A recent study on
experimental models suggested that the 2677G > T polymorphism in the ABCB1 gene has been associated with
altered P-gp function and increased brain penetration of P-gp substrates without affecting P-gp protein expression
in the blood-brain barrier 84, In addition, genetic variants of the ABCBI1 gene, including the rs2235040 and
rs4148739 polymorphisms, may be associated with the onset of response to antidepressant medications rather
than the response rate . Furthermore, a significant link has been found between the ABCBI1 rs2235015 GG
genotype and better response to antidepressant treatment [BI8. QOverall, while pharmacogenetic research on
MDR1/ABCB1 suggests the potential for improving outcomes of antidepressant treatment, further investigation is
necessary to better comprehend the connection between genetic variations and treatment response, as well as to

assess its clinical utility.

2.2. Pharmacodynamic Variability

2.2.1. Monoamine Metabolic Enzymes
Tryptophan Hydroxylase

Tryptophan hydroxylase (TPH) is an enzyme that catalyzes the conversion of the amino acid tryptophan to 5-
hydroxytryptophan, which is the first step in the synthesis of serotonin, a neurotransmitter involved in the regulation
of mood, appetite, sleep, and stress response 62 There are two isoforms of the TPH enzyme, TPH1 and TPH2,
encoded by separate genes. TPHL1 is primarily expressed in peripheral tissues, such as the pineal gland, skin, and

gut, whereas TPH2 is mainly expressed in neurons in the central nervous system (CNS). The two isoforms have
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similar enzymatic activities but differ in regulation, tissue distribution, and developmental expression patterns 9.
Overall, while TPH1 may be less expressed in the brain than TPH2, it appears to play an important role in the
regulation of mood and stress responses and may contribute to antidepressant effects /1. Several variants of TPH
genes associated with differences in serotonin production have been identified. Some of these variants have been
linked to an increased risk of developing psychiatric disorders Z2. The modulation of TPH genes has been studied
as a potential approach for the treatment of various psychiatric disorders, including depression, anxiety, and
addiction 274 However, several studies have demonstrated controversial results regarding TPH polymorphisms
and response to SSRIs [21[72[75],

Monoamine Oxidases

Monoamine oxidases (MAOs) are a family of enzymes that play critical roles in the metabolism of monoamine
neurotransmitters in the CNS 8, There are two types of MAOs, MAO-A and MAO-B, which are encoded by
separate genes. MAO-A and MAO-B are found in the CNS, particularly in neurons and astroglia. MAO-A is
primarily responsible for the metabolism of several important monoamine neurotransmitters, including serotonin,
norepinephrine, and dopamine. These neurotransmitters play a crucial role in the regulation of mood, behavior, and
cognition X4, Several genetic variants of the MAOA gene associated with differences in enzyme activity and
monoamine metabolism have been identified. In addition, some of these variants have been linked to an increased
risk of developing psychiatric disorders ZZ. However, the relationship between the MAOA gene variants and
psychiatric disorders remains unclear. Polymorphisms in MAO genes have also been studied for their potential role
in response to antidepressant medications. Some studies have suggested that certain genetic variants in MAO
genes may affect the metabolism of antidepressants, potentially leading to differences in drug efficacy and side
effects Z8I7ABA For example, individuals with a specific variant of the MAOA gene had a better response to
fluvoxamine compared to those without this variant 2. In addition, a recent study reported that the MAOA

rs979605 polymorphism might modulate the response to antidepressant therapy in a sex-specific manner 1],

Catechol-O-Methyltransferase

Catechol-O-methyltransferase (COMT) is an enzyme that plays a crucial role in the degradation of catecholamines
such as dopamine, epinephrine, and norepinephrine. The COMT gene has several polymorphisms, and the most
extensively studied is the rs4680 polymorphism, also known as Val158Met 82, This SNP causes the substitution of
valine (Val) for methionine (Met) at position 158 in the COMT enzyme. The Val allele is associated with higher
COMT activity, whereas the Met allele leads to lower activity. Therefore, individuals with the Val/Val genotype tend
to have the highest level of COMT activity, followed by Val/Met individuals with intermediate activity, and Met/Met
with the lowest activity B3, The COMT Vall158Met polymorphism has been implicated in various psychiatric
disorders, including depression, anxiety, and schizophrenia B2, Furthermore, studies have linked the COMT
Val158Met polymorphism with response the to SSRIs such as fluoxetine and paroxetine [B4I83 For instance, one
study discovered that the Val/Met genotype significantly affected the response to fluvoxamine 4l Additionally, it

has been suggested that the effects of the COMT genotype on antidepressant responses may depend on other
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factors, such as the type of medication, severity and duration of depression, and other genetic and environmental
factors [88],

2.2.2. Monoamine Transporters
Serotonin Transporter

The serotonin transporter (SERT) encoded by the SLC6A4 gene plays a critical role in regulating serotonin
neurotransmission in the brain. SERT is responsible for serotonin reuptake from the synaptic cleft, thereby
regulating the amount of serotonin available to bind to serotonin receptors in the brain BZ, Several classes of
antidepressant drugs, including SSRIs, SNRIs, and TCAs, target SERT and inhibit its activity [&l.

The SLC6A4 gene was the first gene genotyped as part of the Genome-Based Therapeutic Drugs for Depression
(GENDEP), and several genetic variants have been identified 9. The most studied is the variant of the serotonin
transporter-linked polymorphic region (5-HTTLPR). The 5-HTTLPR is located in the promoter region of the SLC6A4
gene and has two alleles: the short (S) and the long (L) allele. The S allele is associated with lower transcriptional
efficiency and reduced expression of the SERT protein compared to the L allele. As a result, carriers of the S allele
have been found to have lower serotonin reuptake efficiency, leading to higher serotonin levels. Therefore,
individuals carrying the S/S genotype have been shown to have a poorer response to SSRI treatment and may
experience more side effects compared to those with the L/L or L/S genotypes [2H[8% Numerous studies have
investigated the relationship between the 5-HTTLPR polymorphism and response to SSRIs R192][93194] ' A recent
case report suggested that the S/S genotype resulted in ineffective fluoxetine treatment and may have caused
exacerbation of depression 23, Maron et al. 28l investigated the association between 5-HTTLPR polymorphism
and clinical response to escitalopram and found no significant association. However, they did observe a linkage
between this polymorphism and a higher risk for adverse effects [28l. This finding is consistent with other studies
that have reported an association between SSRIs side effects and 5-HTTLPR polymorphism [RZE8I89 Therefore,
the 5-HTTLPR polymorphism may be a valuable marker for predicting antidepressant responses and tolerability in
individuals with psychiatric disorders. In particular, genotyping for the 5-HTTLPR variant may help identify patients
who are less likely to respond to SSRIs and may benefit from alternative treatment strategies, such as SNRIs or
TCAs. Additionally, several studies have reported an association between the 5-HTTLPR S/S genotype and
suicidal behavior [BA00IL01 " githough other risk factors, such as life stressors, psychiatric disorders, and

substance use, must be considered.

Norepinephrine Transporter

The norepinephrine transporter (NET) is a protein encoded by the SLC6A2 gene and plays an important role in the
reuptake of norepinephrine (NE) 192, TCAs, such as desipramine and imipramine, work by inhibiting the reuptake
of NE by the NET, which increases the levels of NE in the synapse and enhances its effects on target neurons.
Although antidepressants, such as SSRIs, have largely replaced TCAs, they are still used in some cases where
other treatments have been ineffective. Several genetic variants have been identified in the human SLC6A2 gene,

which have functional consequences and can affect the efficacy of antidepressant drugs 292, A recent study found
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an association between certain SLC6A2 polymorphisms and antidepressant response variability 193] Although, the
role of SLC6A2 variants in antidepressant responses is still being studied, current evidence suggests that these

associations are complex and not fully understood.

Dopamine Transporter

The dopamine transporter (DAT), encoded by the SLC6A3 gene, is a protein responsible for dopamine reuptake
from the synaptic cleft into the presynaptic neuron. To date, the SLC6A3 gene has been identified with at least 502
variations 224, However, the relationship between SLC6A3 polymorphisms and antidepressant responses is yet to
be thoroughly researched. Nevertheless, some studies have suggested that specific SLC6A3 polymorphisms may
influence the response to antidepressant therapy 195112081 For example, Kirchheiner et al. 197 suggested that the
SLC6A3 polymorphism increased the risk of a poorer and slower response to various antidepressants in individuals

with the 9/10 and 9/9 genotypes compared to carriers of the 10/10 genotype.
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