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Abstract: Antidepressants (ADs) include drugs of various pharmacological groups, which are mainly used for
the treatment of mental disorders (major depressive disorder, obsessive-compulsive disorder, social phobia,
panic disorder, generalized anxiety disorder, post-traumatic stress disorder), chronic pain and addiction dis-
eases. Chronic use of ADs can lead to the development of cardiotoxic adverse drug reactions (ADRs). The most
important cardiotoxic AD-induced ADRs are prolongation of the QT interval, ventricular tachycardia of the
"pirouette” type (Torsades de Pointes - TdP). This narrative review analyzes and summarizes the results of stud-
ies on pharmacokinecis and pharmacogenetics of ADs on QT interval prolongation and updates physicians'

knowledge of the risk of developing AD-induced TdP in patients with psychiatric disorders.

Keywords: antidepressant; safety; adverse drug reaction; QT interval; long QT syndrome; risk factor; anti-depressant-

induced repolarization disorder; Torsades de Pointes; sudden death syndrome; treatment.

Introduction

Antidepressants (ADs, known as thymoanaleptics) are psychotropic drugs that
have a predominant effect on pathologically low mood (depressive affect) that do not
cause an increase in mood in healthy individuals [1]. This is a class of drugs used to treat
major depressive disorder, obsessive-compulsive disorder, social phobia, panic disorder,
generalized anxiety disorder, post-traumatic stress disorder [2], chronic pain, and addic-
tion diseases [3]. ADs are the most frequently prescribed drugs for patients aged 12 to 44
years. They are the third most prescribed drugs for patients of all ages [4] and the first most
frequently used among all psychotropic drugs [5, 6].
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The main stages in the treatment of mental disorders requiring the appointment of
ADs are stopping, stabilizing and anti-relapse. The stage of relief of symptoms of a depres-
sive disorder lasts an average of 6-8 weeks [7]. The stabilizing stage lasts from 4 to 9 months
[7]. Continuous long-term use of ADs at a standard dose is recommended in the case of
frequent recurrence of depressive disorders and their significant severity, which proved to
be effective during the relief phase of treatment. The anti-relapse (preventive) stage can
sometimes last for years [7]. More than 60% of patients with depressive disorders have
been taking ADs for more than 2 years, and 14% for more than 10 years [8]. However,
chronic use of ADs can lead to the development of adverse reactions (ADRs). The World
Health Organization (WHO) defines ADRs as any unintended and harmful effect on the
human body under the conditions of using a drug at a standard dose [9]. The results of
numerous studies indicate that AD-induced ADRs are recorded in 2.9% - 16.6% of hospi-
talized patients [10].

The traditional classification of ADRs includes two main types: type A reactions
(dose-dependent and predictable) (non-immunological, commonly referred to as intoler-
ance) and type B reactions (unpredictable and dose-independent) (immunological, aller-
gic) [11]. Most ADRs (up to 90%) are type A [12]. Importantly, AD-induced ADRs can lead
to the development of a serious adverse event, which is any unfavorable clinical manifes-
tation, which, regardless of the dose of the ADs, leads to one of the following conditions:
death; high danger to life; requires hospitalization or its extension; leads to a persistent
decrease or loss of ability to work (disability); causes congenital anomalies and malfor-
mations before conception and in pregnant women; requires surgery or other medical in-
tervention [13]. One of the important cardiotoxic AD-induced ADR is drug-induced pro-
longation of the QT interval, which can lead to a serious adverse event - ventricular tach-
ycardia of the "pirouette” type (Torsades de Pointes (TdP)) and sudden death syndrome
(SDS) [14, 15]. The increase in the number of new published case re-ports of AD-induced
QT and/or TdP prolongation, experimental and clinical studies, and the registration of new
generation ADs explain the need to update the knowledge of practitioners (primarily, psy-
chiatrists, neurologists and general practitioners) about this problem of psychopharma-
cotherapy.

The purpose of this narrative review is to analyze the results of studies on pharma-
cokinetic and pharmacogenetics of ADs on QT interval prolongation and updates physi-
cians' knowledge of the risk of developing AD-induced TdP in patients with psychiatric
disorders.

Materials and Methods

Search Strategies
The keywords “antidepressant”, “safety”, “adverse drug reaction”, “QT interval”,

i Vi

“long QT syndrome”, “risk factor”, “antidepressant-induced repolarization disorder”,
“Torsades de Pointes”, “sudden death syndrome”, “treatment” and their combinations
were used to search for full-text articles in bibliographic databases: PubMed, Springer,
Wiley Online Library, Taylor & Francis Online, APA PsycInfo, CORE, Science Direct,
Google Scholar, eLIBRARY.RU.

Placebo-controlled studies, crossover studies, case-control studies, case studies, sys-
tematic reviews, meta-analyses and Cochrane reviews were analyzed. Articles published
from July 2013 to June 2023 were analyzed. The last search date was 30 June 2023.

Data analyzed were preliminarily identified from identified studies by title and ab-
stract, or from the entire publication if the title and abstract did not provide sufficient
information about the type of study.

Duplicate articles have been excluded from this narrative review.
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Several papers published prior to this period were also included in the review due to
their high scientific value or if they were of historical interest. We analyzed 53 studies in
this narrative review.

Results

Mechanisms of Antidepressant-Induced QT Interval and Torsades de Pointes

The QT interval is the time from the onset of ventricular depolarization to the end of
ventricular repolarization. The underlying physiological processes are the result of the
flow of sodium, potassium and calcium ions through specific receptors located in the cell
membrane and endoplasmic reticulum. Sodium ion channels are mainly responsible for
depolarization. However, a late sodium current promotes repolarization. Calcium ion
channels are important in maintaining the plateau phase of the action potential, and po-
tassium ion channels play an important role in repolarization. Abnormalities of these
channels can have a strong influence on the action potential of cardiomyocytes [16]. For
example, drug-induced potassium channel disruption can prolong repolarization, result-
ing in QT interval prolongation [17, 18, 19].

The duration of the QT interval depends on the heart rate (HR). Deceleration of heart
rate leads to prolongation of the QT interval and vice versa [15]. In this regard, for a more
accurate analysis of the QT interval, formulas for calculating the “corrected QT interval”
(QTc) were proposed [17]. The formula proposed by Bazett is most often used in clinical
practice, although it is associated with potential overcorrection at high HR and undercor-
rection at lower HR [20, 21]. The use of Bazett formula is justified at HR from 60 to 100
bpm [15]. Other formulas in the analysis of the duration of the QT interval may be more
accurate [20]. The use of the Frederick's formula is more correct when the HR is less than
60 bpm and more than 100 bpm [15]. Framingham and Hodges formulas should be used
when calculating QTc in patients with atrial fibrillation [15].

The U.S. Food and Drug Administration (FDA) recommends that the QTc interval be
calculated primarily using the Frederick formula, as well as other formulas, except for the
Bazett formula, which, in their opinion, is the worst for this purpose [22, 23] (Figure 1).

E D BRI R

Fredericia formula Framingham formula
QTc=QT/(RR)"? QTc=QT+0.154x(1-RR)
Bazett formula o |0 IS \ Hodges formula

\ ‘\[
QTc=QT/(RR)"2 ) QTc=QT+1.75x(HR-60)

Figure 1. Formulas for calculating the corrected QT interval.



Personalized Psychiatry and Neurology 2023, 3 (2): 72-119. https://doi.org/10.52667/2712-9179-2023-3-2-72-119 75

Normal QTc is 340-450 msec for women and 340430 msec for men [24]. It should be
noted that the duration of the QTc interval in women decreases with age [25]. There is a
hypothesis that the activity of the ion channels of the heart changes under the influence
of sex hormones, which, in turn, affects the QT interval [26]. Thus, differences in the QTc
interval prolongation between men and women decrease with age [17] as estrogen levels
decline in postmenopausal women.

Prolongation of the QTc interval in patients with depressive disorders may be the
result of a comorbid hereditary long QTc syndrome or acquired conditions such as drug-
induced prolongation of the QTc interval [17, 27, 28] or alcohol-induced prolongation of
the QT interval [17, 27, 28, 29]. Various genetic mutations and polymorphisms lead to
congenital long QTc syndrome (eg, Romano-Ward syndrome, Jervell-Lange-Nielsen syn-
drome), which occurs in about 1 in 2,000 newborns [17, 30, 31]. Acquired prolongation of
the QTc interval is more common than the congenital form and is often the result of struc-
tural heart disease (eg, myocardial infarction, heart failure, left ventricular hypertrophy)
and drugs that prolong the QTc interval [14, 17]. The mechanisms of AD-induced QTc
interval prolongation continue to be actively studied, but are still not fully known.

Blockade of the voltage-dependent sodium channels on the membrane of cardiomy-
ocytes by ADs is considered as one of such mechanisms [32]. Voltage-dependent sodium
channels are critical determinants of the electrophysiological properties of the heart. The
inward (depolarizing) sodium current (INa) is responsible for the rapid depolarization of
the initial action potential and is a key factor in cardiac conduction velocity. Blockade of
sodium channels slows down the depolarization of the heart and prolongs the QTc inter-
val. Among the nine functional a-subunits of sodium channel isoforms (Nav1l.1-Nav1.9),
the cardiac subunit Nav1.5 is involved in action potential propagation in the myocardium.
Its dysfunction can cause prolongation of the QT interval. Therefore, the Nav1.5 subunit
is an important target for pro- and antiarrhythmic drugs, including ADs [33].

Another proposed mechanism for AD-induced prolongation of the QTc interval is
inhibition of fast, delayed-rectifier potassium current (IKr) due to blockade of hERG po-
tassium channels [33, 34]. The hERG channels appear to have a large porous cavity, unlike
the other six transmembrane domains of potassium channels, and contain aromatic amino
acid residues in the S6 region of the channel, making the hERG channel highly susceptible
to drug interactions [35].

Finally, the cardiotoxicity of some ADs may result from their interaction with several
cardiac target molecules [33]. However, this mechanism of AD-induced QT prolongation
continues to be debated.

According to one guideline, AD-induced prolongation of the QT interval is defined
as a QTc of 500 msec or more, or an increase in the QTc interval of 60 msec or more com-
pared with the initial interval before treatment [34]. According to other guidelines, ADs
that prolong the QTc interval by more than 20 msec from baseline [17, 36] and even 10
msec from baseline should be of concern [22, 37, 38].

AD-induced prolongation of the QTc interval can be accompanied by arrhythmo-
genic post-depolarization and lead to the development of a condition known as TdP. This
is a potentially life-threatening form of polymorphic ventricular tachycardia [24, 39-41],
which is characterized by a gradual change in amplitude and twisting of the QRS com-
plexes around the isoelectric line on the electrocardiogram (ECG) [34]. Blocking IKr leads
to an increase in the duration of the action potential of ventricular cardiomyocytes, which
leads to an excess influx of sodium or a decrease in the outflow of potassium. This excess
of positively charged ions leads to an extended phase of repolarization, which leads to a
prolongation of the QT interval and is the cause of TdP. This TdP trigger is seen as a prem-
ature ventricular complex that is generated during the long repolarization phase (also
known as the R-on-T phenomenon). Unlike ventricular fibrillation, TdP is a unique ven-
tricular arrhythmia because it can end spontaneously. However, TdP can transform into
ventricular fibrillation and cause SDS [42].
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The frequency of AD-induced TdP ranges from 2% to 12% depending on the drug,
its dose, duration of administration and the presence of other risk factors [30]. A few stud-
ies have shown that data on the frequency of AD-induced TdP in available publications
and official public health statistics are underestimated [43]. One reason is that an accurate
diagnosis of TdP requires an ECG recording during the heart rhythm disturbance. An-
other reason is that a significant proportion of patients with TdP do not survive paroxys-
mal ventricular arrhythmias [43].

Symptoms of AD-induced TdP are like other tachyarrhythmias: palpitations, chest
pain, dizziness, dyspnea, hypotension, tachycardia. The ECG pattern is represented by
polymorphic ventricular tachycardia against the background of a prolonged QTc interval:
long-short trigger sequence on the ECG (ventricular extrasystole (first beat: short) fol-
lowed by a compensatory pause while the next beat (second beat: long) has a longer QT
interval). The diagnosis is made based on ECG data with a characteristic twisting of wide
QRS complexes around the isoelectric isoline [14].

It is known that AD-induced TdP can occur at any time of taking this group of drugs
in mono- or polytherapy. In the case of intravenous administration of ADs, the develop-
ment of TdP corresponds to the expected time of peak serum (plasma) concentration of
the drug [14]. However, the AD-induced QTc interval prolongation threshold at which
TdP is sure to occur is not known. A few studies have demonstrated that a QTc¢ interval
of more than 500 msec was associated with a two-fold or three-fold increase in the risk of
developing AD-induced TdP, and every 10 msec of QT interval prolongation increases the
risk of developing TdP by approximately 5-7% [14]. There is much debate about the sus-
ceptibility to fatal cardiac arrhythmias at various levels of QT interval prolongation. Gen-
erally, an AD-induced QT prolongation of less than 5 msec is not considered pro-arrhyth-
mic, and a prolongation of 20 msec or more is considered a definite risk factor for TdP
[44]. In the case of a homogeneous action of an ADs on the myocardium, the risk of devel-
oping TdP is low, despite a significant prolongation of the QTc interval [17] in patients
with mental disorders.

It is advisable to assess the initial risk of drug-induced prolongation of the QTc inter-
val, when selecting ADs, their doses and duration of administration. However, in most
cases, practitioners prescribe ADs according to the instructions for use in standard doses
without considering the individual characteristics of the patient [45, 46], including with-
out pharmacokinetic and pharmacogenetic profiling [47, 48], which can affect the fre-
quency and severity prolongation of the QT interval, risk of TdP and SDS.

Risk of Antidepressant-Induced QT Interval Prolongation

ADs of different pharmacological groups may have a variable risk of the QTc
interval prolongation. It depends on pharmacokinetics and pharmacogenetic of ADs and
the mechanism of their action on cardiomyocytes (Table 1).

The relationship between AD-induced prolongation of the QTc interval and the
development of TdP is ambiguous. To check the risk of developing TdP, you can use the
constantly updated list of drugs on the website www.crediblemeds.org or through the
CredibleMeds mobile application [49]. CredibleMeds is a non-profit university federal
center for education and research in the field of therapy, whose mission is to promote the
safe use of drugs [14], including ADs.

All ADs listed in Table 1 were entered into the Crediblemeds.org search engine [49],
and then divided into groups according to the risk of developing TdP (Figure 2).
However, in addition to a number of unclassified drugs, the CredibleMeds database lacks
a number of widely used ADs, both Russian (pipofezin, pirlindol) and foreign-made
(agomelatine, amoxapine, tianeptine).
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Table 1. Mechanism of action on cardiomyocytes and the effect of antidepressants on the QTc
interval in adult patients.

Antidepressant Mechanism Effect on QTc Interval Evidence Class Authors
A. Monoamine Oxidase Inhibitors
1. Nonselective Irreversible Monoamine Oxidase Inhibitors
Isocarboxazid N/A N/A
Nialamide N/A N/A N/A N/A
Tranylcypromine N/A N/A
Phenelzine N/A N/A
2. Selective Reversible Inhibitors Monoamine Oxidase Type A
Pirlindole N/A N/A N/A N/A
Prol t f the QTc interval
Moclobemide N/A rolongation of the QT¢ interva C [60]
(toxic dose).
3. Selective Reversible Inhibitors Monoamine Oxidase Type B
Selegiline N/A N/A N/A
B. Presynaptic Monoamine Reuptake Inhibitors
1. Nonselective Presynaptic Monoamine Reuptake Inhibitors
1.1 Tricyclic Antidepressants
High freqL%ency (23%) of severe prolo.ngation of the C (65, 67, 71]
QTc interval (> 500 msec) at toxic doses.
Blockade of the Prolongation of the QTc interval (toxic dose) C [65, 67, 60]
sodium channels. - -
Inhibit ) Prolongation of the QTc interval. C (65, 67, 78]
¢ tn ! ltlotn ?th Low risk of SDS. T
L as curfen orthe Prolongation of the QTc interval. C [52, 65, 67,70, 72]
Amitriptyline potassium slow - -
. . Prolongation of the QTc interval. D [65, 67, 81-86]
straightening (IKr). Prol .  the OTc inb N
Inhibition of internal rolongation of the QTc interva B [44, 65]
. (by 11.6 msec).
slow calcium current. — ; - Py - .
Other mechanisms. No significant prolongation of the QTc interval. B [74]
No significant prolongation of the QTc interval. D [79]
Possible increase in the risk of Brugada's syndrome.
Blockade of the Often (up to 75%) serious prolongation C (65, 71]
sodium channels. of the QTc interval (toxic dose). !
Inhibition of Prolongation of the QTc interval. C [65, 78]
fast current of the Borderline prolongation of the QTc interval B 4465
Imipramine potassium slow (by 11.8 msec). [44, 5]
straightening (IKr). Borderline prolongation of the QTc interval.
Inhibition of internal
. C [65, 74]
slow calcium current.
Other mechanisms.
Significant prolongation of the QTc interval. C [73, 75]
. . Blockade of the Borderline prolongation of the QTc interval C (44, 65]
Clomipramine . (by 18.4 msec).
sodium channels — - -
No significant prolongation of the QTc interval. C [65, 74]
No increase in the risk of SDS. C [78]
Pipofezine N/A N/A N/A N/A
Significant prolongation of the QTc interval
by 23.2 .
o (by 23.2 msec) . C (65, 71]
. . Blockade of the High incidence (41%) of severe QTc prolongation
Nortriptyline ) ,
sodium channels (toxic dose).
Borderline prolongation of the QTc interval B [44, 65]

(by 10.9 msec).
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Borderline prolongation of the QTc interval. C [65, 72, 74]
No prolongation the QTc interval. C 78]
Increase in the risk of SDS.
Significant prolongation of the QTc interval
(by 30.3 msec).
. . [65, 71]
High frequency (33%) of severe prolongation of the
Doxepin QTc interval (toxic dose).
Borderline prolongation of the QTc interval
B [44, 65]
(by 12.8 msec).
No significant prolongation of the QTc interval. C [74]
. No increase in the risk of SDS. C [78]
Dosulepin . - -
No significant prolongation of the QTc interval. C [74]
. . Borderline prolongation of the QTc interval
Desipramine B [44]
(by 11.4 msec).
Trimipramine Borderline prolongation of the QTc interval C [44]
(by 18.6 msec).
Protriptyline N/A N/A N/A
1.2. Selective Norepinephrine Reuptake Inhibitors or
Tetracyclic Antidepressants®
Maprotiline Bl(.)ckade of the Borderline prolongation of the QTc interval. B (65, 74, 87, 88]
sodium channels.
2. Selective Monoamine Reuptake Inhibitors
2.1. Selective Serotonin Reuptake Inhibitors
Borderline prolongation of the QTc interval B (44, 65]
Blockade of the (by 12.4 msec).
P " sodium channels. Significant prolongation of the QTc interval. C [65,92,101]
aroxetine
Blockade of hERG po- No significant prolongation the QTc interval. B 78]
tassium channels. No increase in the risk of SDS.
No significant prolongation of the QTc interval. C [96 - 98, 101]
Borderline prolongation of the QTc interval (more than A [102]
10 msec) at toxic doses.
Borderline prolongation of the QTc interval B [44]
(by 11.6 msec).
No blockade of the - - -
. Significant prolongation of the QTc interval.
. sodium channels. . . C [99]
Sertraline Increase in the risk of TdP.
Blockade of hERG po- . : .
. Significant prolongation of the QTc interval.
tassium channels. . . C [77]
Increase in the risk of TdP.
Significant prolongation of the QTc interval. C 78]
No increase in the risk of SDS.
No significant prolongation of the QTc interval. C [96 — 98, 101]
Blockade of the Shortening of the QTc interval. C [65, 78]
. sodium channels No significant prolongation of the QTc interval.
Fluvoxamine
Blockade of hERG po- C [96 - 98, 101]
tassium channels.
Borderline prolongation of the QTc interval B [44]
(by 13.0 msec).
Borderline prolongation of the QTc interval 12.2
, Blockade of hERG po- ine prolongation of the QTc interval (by C [71]
Fluoxetine . msec) at toxic doses.
tassium channels. - -
No prolongation of the QTc interval. C 78]
No increase in the risk of SDS.
No significant prolongation of the QTc interval. C [96 — 98, 101]

Citalopram No blockade of the Significant prolongation of the QTc interval. A [65, 106]
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sodium channels. Borderline prolongation of the QTc interval

Blockade of hERG po- (by 10.4 msec). B [44, 6]
tassium channels. Significant prolongation of the QTc interval. C [65, 70, 78, 96, 98]
Significant prolongation of the QTc interval
(by 21.7 msec).
. . C [65, 71]
Severe prolongation of the QTc interval frequently
(25%) at toxic doses.
Significant prolonga.tion of the QTc interval C (65, 74]
(toxic dose)
No significant prolongation of the QTc interval. C [94, 97]
Significant prolongation of the QTc interval. C [65, 70, 78, 98,
101]
No blockade of the Severe prolongation of the QTc interval
. . C [71]
Escitalopram sodium channels. frequently (23%) at toxic doses.
Blockade of hERG po- No significant prolongation the QTc interval. C [80]
tassium channels. Increase in the risk of SDS.
No causes significant prolongation of the QTc interval. C [96, 97]
2.2. Selective Norepinephrine Reuptake Inhibitors
, Blockade of hERG po- Significant prolongation of the QTc interval in female. C [108]
Atomoxetine . — - -
tassium channels. Significant prolongation of the QTc interval. C [111]
Viloxazine No significant prolongation the QTc interval. A [112]
Reboxetine N/A N/A N/A N/A
Teniloxazine N/A N/A N/A N/A
2.3. Selective Dopamine and Norepinephrine Reuptake Inhibitors
Prolongation of the QTc interval.
Low frequency (19%) of prolongation C [71]
of the QTc interval (toxic dose).
Bupropion Blockade of hERG po- Prolongation of the QTc interval
tassium channels. . C [113]
(toxic dose).
No significant prolongation of the QTc interval. C [78]
Shortening of the QTc interval. C [70]
2.4. Selective Serotonin and Norepinephrine Reuptake Inhibitors
Borderline prolongation of the QTc interval B (44, 65]
(by 10.6 msec).
Significant prolongation of the QTc interval. C [52, 65, 113]
Increase in the risk of TdP. C [65, 77]
No blockade of the No significant prolongation of the QTc interval
Venlafaxine sodium channels. (by 3.8 msec). . . C (65, 71]
Low frequency (13%) of prolongation of the QTc inter-
Other mechanisms. val (toxic dose).
Significant prolongation of the QTc interval. C (65, 78]
Increase in the risk of SDS (polytherapy). !
Doesn’t cause signifi.cant prolongation C (97, 118]
of the QTc interval.
Significant prolongation of the QTc interval. C [118]
Desvenlafaxine N/A No significant prolongation of the QTc interval
(monotherapy). C [78]
Possible prolongation the QTc interval (polytherapy).
Duloxetine Blockade of the No significant prolongation the QTc interval. C [33, 78, 118]
sodium channels. Significant prolongation of the QTc interval. C [117]
Milnacipran N/A No significant prolongation of the QTc interval. C [118]
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. No significant prolongation of the QTc interval. B [115]
Levomilnacipran o - -
Significant prolongation of the QTc interval. C [116]
Ansofaxin N/A
N/A N/A
Nefopam
C. Antidepressants with Predominant Effects on Receptor Systems
1. Serotonin and alpha-2 adrenoceptor antagonists
1.1 Antagonists of alpha-2-adrenergic receptors and 5-HT2a- and 5-HT3-receptors
No blockade of the Significant prolongation of the QTc interval.
sodium channels.
Mi i C 59, 65,73
tanserin Blockade of hERG po- [ |
tassium channels.
1.2. Antagonists of 5-HT2a and 5HT-2c Receptors and Alpha-2-Adrenergic Receptors
Significant prolon'gation .of the QTc interval. C (59, 65, 122]
Increase in the risk of SDS.
Significant prolongation of the QTc interval. C [59, 125]
No blockade of th Increase in the risk of TdP. C [59, 113, 129]
o blockade ot the Increase in the risk of SDS. o
. . sodium channels. . - -
Mirtazapine Significant prolongation of the QTc interval A (59, 123]
toxic dose). ’
Other mechanisms. — ( ox1c' 0se) -
Significant prolongation of the QTc interval (59, 80]
(toxic dose). !
No significant prolongation of the QTc interval. A [59, 118]
No significant prolongation of the QTc interval. C [59, 78]

1.3. 5-HT1a Receptor Agonist, 5-HT2a- and 5-HT2c-Receptor Antagonist
and Alpha-1-Adrenergic Blocker

Significant prolongation of the QTc interval.

[124, 129, 132,

C
134, 135, 180]
Significant prolongation of the QTc interval.
C 132, 133, 180
. Increase in the risk of TdP. [ ]
Blockade of all major X X )
. Borderline prolongation of the QTc interval
ion channels (IKr, IKs,
(by 12.0 msec).
Trazodone INa and ICa), espe- . . . C [71, 132, 180]
. . High frequency (24%) of the QTc interval prolongation
cially the potassium toxic d
channel hERG. Sienificant 1( OXK;_ osei)t.h OTc int 1
ignificant pro ongfi ion of the QTc interva C [80, 132, 180]
(toxic doses).
No significant prolongation the QTc interval. c [78, 126, 132, 180]
1.4. 5-HT1a Receptor Partial Agonist with Serotonin Reuptake Inhibition
Vilazodon N/A No significant prolongation the QTc interval. C [59, 136]
1.5. 5-HT2a and 5-HT2c receptor antagonist and Serotonin Reuptake Inhibitor
Blockade of the potas- Significant prolongation of the QTc interval.
sium channel hERG
Nefazodon and other ion channels C [135, 181]
(IKr, IKs, INa and
ICa).
1.6. 5-HT1 Receptor Agonists
Gepiron
N/A N/A N/A
Tandospirone

2. Melatonin MT1 and MT2 receptor agonist and Serotonin 5-HT2b and 5-HT2c receptor antagonist
Agomelatine No blockade of the No significant prolongation the QTc interval. A [59, 65, 127]
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sodium channels. No Significant prolongation the QTc interval. [59, 65, 118, 128]

C

D. Antidepressants Mixed (Multimodal), Other or Not Enough Learned Mechanism of Action
1. Serotonin Reuptake Inhibitor and 5-HT1a Receptor Agonist, 5-HT1B Receptor Partial Agonist,
5-HT3 Receptor Antagonist, 5-HT7 Receptor Antagonist

No significant prolongation of the QTc interval. A [59, 140, 181]
Vortioxetine N/A Not significant prolongation the QTc interval. [59, 138, 139, 141,
181]
2. S-Adenosylmethionine Derivative
Ademetionine N/A N/A N/A N/A
3. Facilitation of Serotonin Reuptake with Blockade of Its Destruction
Tianeptine N/A N/A N/A N/A

4. Serotonin and Norepinephrine Reuptake Inhibitor and Serotonin Receptor Antagonist
with Potent Antipsychotic Blockade of D2 Receptors
Amoxapine N/A N/A N/A [59]
Note: QTc — corrected QT; N/A — not available; TdP - Torsades de Pointes; SDS - sudden death syndrome; D2 -
dopamine receptor subtype 2; 5-HT1 - 5-hydroxytryptamine receptor subtype 1; 5-HT1a - 5-hydroxytrypta-
mine receptor subtype 1a; 5-HT1b - 5-hydroxytryptamine receptor subtype 1b; 5-HT3 - 5-hydroxytryptamine
receptor subtype 3; 5-HT7 - 5-hydroxytryptamine receptor subtype 7; MT1 - melatonin receptor subtype 1, MT2
- melatonin receptor subtype 2; IKr - rapidly activating delayed rectifier potassium channels; IKs - slowly acti-
vating delayed rectifier potassium channels; INa - sodium current; ICa - calcium current; hERG - the human
ether-a-go-go-related gene.

Conditional Risk Unknown Risk

*Escitalopram * Atomoxetine * Amitriptyline *Desvenlafaxine

eCitalopram eDesipramine *Clomipramine *Duloxetine
eImipramine *Doxepin *Levomilnacipran
*Maprotiline *Fluoxetine *Milnacipran
*Mianserin *Fluvoxamine *Moclobemide
eMirtazapine eParoxetine *Nefazodone
*Nortriptyline eSertraline e Protriptyline
eTrimipramine *Trazodone *Vilazodone
*Venlafaxine *Vortioxetine

Figure 2. Risk of developing antidepressant-induced Torsades de Pointes.

Note: red box - known risk: there is strong evidence to support the conclusion that these ADs prolong the QTc
interval and are clearly associated with a risk of TdP, even when taken according to official instructions; orange
block - possible risk: there is strong evidence to support the conclusion that these ADs may cause QTc
prolongation, but there is currently insufficient evidence that these ADs, when used according to official package
directions, are associated with a risk of developing TdP; green box - conditional risk: there is substantial evidence
that supports the conclusion that these ADs are associated with a risk of TdP, but only under certain conditions
(eg, overdose, hypokalemia, congenital long QTc interval, or drug-drug interactions that result in prolongation
of the QTc interval); blue block - not classified: these ADs are not reviewed by CredibleMeds, but currently
available evidence has not led to a decision to classify them in any of the ventricular tachycardia risk categories;
this does not indicate that this ADs is not associated with a risk of QTc prolongation or TdP, as it may not have
been adequately tested for these risks in patients (prepared by the authors using available data from
CredibleMeds, last revised date of the QTdrugs list: February 21, 2023 [49]).
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The incidence of AD-induced QTc prolongation depends on the pharmacological
group and the specific drug, as well as on other modifiable and non-modifiable risk factors
[14, 17, 24, 30, 50-52] (Table 2).

Table 2. Risk factors for antidepressant-induced QTc prolongation and development of Torsades

de Pointes.
Modifiable Risk Factors Non-Modifiable Risk Factors
Electrolyte disorders Age over 65 years.

(hypokalemia, hypomagnesemia, hypocalcemia).

Treatment with diuretics. Female.
Rapid intravenous administration of ADs. Congenital long QT syndrome (causal mutations).
that prolongs the QT interval. Familial forms of long QT syndrome (causal mutations).

Multifactorial long QT syndrome.
Inadequate dosing of ADs that prolongs Genetic predisposition to AD-induced QT prolongation
the QT interval in acute kidney injury or chronic kidney disease. (genetic polymorphisms of the candidate genes encoding
voltage-dependent ion channels).
Use of ADs that prolong the QT interval. Genetic predisposition to slow down the metabolism of the ADs
and/or slow down its efflux
(genetic polymorphisms of the candidate genes encoding key

metabolic enzymes and transport proteins of ADs).

Drug-drug interactions. Increase in the QTc interval > 60 msec compared with the value
before ADs treatment.

QTc interval > 500 msec after ADs treatment.
Bradycardia before or after ADs treatment.

Heart disease (myocardial infarction, chronic heart failure, left
ventricular failure, heart failure with reduced ejection fraction).
Recent cardioversion.

Thyroid diseases (decompensated).

Impaired kidney function (chronic renal failure).

Elevated serum CRP.

Note: ADs — antidepressants; CRP — C-reactive protein; QTc — corrected QT.

Risk factors are important in predicting the development of AD-induced
prolongation of the QTc interval and TdP. Compared with patients without risk factors,
the odds ratio (OR) of QTc interval prolongation in patients with one risk factor is 3.2 (95%
confidence interval [CI] 2.1-5.5). The OR increases markedly in patients with two or three
or more risk factors (7.3 [4.6-11.7] and 9.2 [4.9-17 4], respectively [30]. According to the of
“reduced repolarization reserve” proposed by Roden [53], a combination of risk factors is
needed to overcome the complex and compensatory physiological mechanisms (reserve
or redundancy) that interact to maintain normal ventricular concept repolarization.



Personalized Psychiatry and Neurology 2023, 3 (2): 72-119. https://doi.org/10.52667/2712-9179-2023-3-2-72-119 83

The Tisdale's Scale [54] (Figure 3) can be used to assess the risk of AD-induced QTc
prolongation and the risk of developing TdP. However, it has been validated for intensive
care patients.

Risk factor Points

Age 268 years —
1

Gender: Female

The use of loop diuretics
Potassium in blood plasma <3.5 mmol / | —

Admission QTc** >450 msec

e
e
e
-
.

Figure 3. Tisdale's scale. Note: ** During an acute event/illness; The QTc interval usually returns
to normal after resolution; *** 3 points for taking 1 AD that prolongs the QTc interval; 3 additional
points for taking ADs that prolong the QT interval >2 sec (6 points in total). Risk assessment category
(number of points): low risk < 7 points; moderate risk 7-10 points; high risk > 11 points.

Monoamine Oxidase Inhibitors

Drugs of this class were the first to be used as ADs, marking the beginning of this
group of psychotropic drugs [55]. Monoamine oxidase inhibitors (MACQIs) are divided
into non-selective and selective, reversible or irreversible. The first generation of
irreversible and non-selective MAOQIs resulted in serious ADRs such as hepatotoxicity and
tyrosine syndrome. This has led to the development of selective and reversible MAO-A
and MAO-B inhibitors with an improved safety profile [56]. The class of non-selective
MAO inhibitors includes nialamide, phenelzine, tranylcypromine, isocarboxazid.
Selective reversible MAO inhibitors type A include pirlindol and moclobemide; MAO
type B - selegiline [56-59].

During the analyzed period of time, we found only one publication on the effect of
this group of ADs on the QTc interval, the risk of developing TdP and SDS. According to
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a study by Yekehtaz et al. overdose of moclobemide can lead to prolongation of the QTc
interval, predisposing to ventricular tachyarrhythmia and TdP [60]. Also, moclobemide is
included in the list of CredibleMeds [49], but belongs to the group of “unclassified” drugs.

Presynaptic Monoamine Reuptake Inhibitors

Further search for ADs with other mechanisms of action and, accordingly, a safer
profile led to the development of the most extensive group - presynaptic monoamine
reuptake inhibitors. This group includes two large subgroups of non-selective and
selective inhibitors of presynaptic monoamine uptake.

Tricyclic Antidepressants

The class of tricyclic antidepressants (TCAs) includes amitriptyline, clomipramine,
imipramine, nortriptyline, doxepin, dosulepine, desipramine, trimipramine, pipofezin,
and protriptyline [62, 63].

TCAs are known to prolong the QTc interval mainly by blocking sodium channels.
This effect is more pronounced with the combined use of TCAs with potassium channel
blockers [64-66]. In addition to blockade of sodium channels [65], amitriptyline and
imipramine inhibit fast potassium current of delayed rectification (IKr) [67] and internal
slow calcium current [68], which leads to delayed cardiomyocyte membrane
repolarization and possible prolongation of the QTc interval. The effect of TCAs and
tetracyclic antidepressants on the QTc interval may also be due to their anticholinergic
effects [61]. TCAs slow down the rate of conduction of electrical excitation through the
bundles of His and its branches, which increases the QRS complex and the duration of the
QT interval [69].

We found 17 studies on the effect of TCAs on QT¢, conducted in the USA [44, 70, 71],
Japan [72, 73], the Netherlands [74], Denmark [65], Germany [52], and Spain [75]. Sample
sizes ranged from 8769 to 5953141 people. The age of the observed patients ranged from
infancy [44] to 78 years [52]. All studies included male and female patients. The duration
of ADs use varied from 62 days [72] to several years [70]. QTc was calculated using both
the Bazett formula [52, 71] and the Frederic formula [73, 74]. In a study by Iribarren C et
al. used log-linear regression of raw QT per RR interval instead of standard QTc duration
formulas, and then fitted adjustment equations within 98 strata to obtain sex- and age-
specific QT values adjusted for HR by sex and race/ethnicity of patients [44]. The ethnic
diversity of patients was also documented in a study by Campleman et al. [71], which may
affect the outcome of the study.

However, the largest number of studies (15 out of 17) of TCAs was devoted to
amitriptyline. It has been suggested that amitriptyline's potent inhibition of Nav1l.5
sodium channels in cardiomyocytes is an important mechanism for its cardiotoxicity [76].
According to the results of most studies, amitriptyline caused a significant prolongation
of the QTc interval [52, 70, 72]. Only the study by Noordam et al. found no prolongation
of the QTc interval when taking this AD [74]. The authors of this study hypothesized that
an increase in HR due to the anticholinergic properties of TCAs leads to an incorrect
calculation of the duration of the QTc interval using the Bazett formula and an
overestimation of the prolongation of the QTc interval when taking TCAs. To do this, QT
interval duration in 12734 participants in the prospective population-based Rotterdam
study was adjusted for heart rate according to Bazett (QTcBazett), Fridericia
(QTcFridericia), or regression coefficient (QTcStatistical). Based on the results of the study,
the authors conclude that there is probably no relationship between taking TCAs and
prolongation of the QTc interval and the preference for calculating QTc using the Frideric
formula [74]. However, in a study by Okayasu et al., the calculation of the duration of the
QTc interval was also carried out using the Fridericia formula. But the authors, on the
contrary, concluded that there was a dose-dependent prolongation of the QTc interval
when taking amitriptyline [73]. Such a difference in the results of previous studies may be
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due to both the different design of studies and the difference in the age and ethnic
composition of the samples.

When taking therapeutic doses of amitriptyline, prolongation of the QTc interval can
reach a borderline level (from 10 to 20 msec) [44], rarely clinically significant [72], and
therefore amitriptyline has a low risk of developing TdP [77] and other cardiac conduction
disorders, as well as SDS [78]. However, in an experiment by Lubna et al. when dogs were
given a toxic dose of amitriptyline, the risk of developing Brugada syndrome was higher
than the risk of QTc prolongation [79]. There is no doubt a significant prolongation of the
QTc interval when taking amitriptyline in toxic doses [71, 80]. This fact is used in
laboratory studies in rats to model QTc interval prolongation and cardiotoxicity with the
administration of high doses of amitriptyline [81-86].

Among the five studies on clomipramine, one study using the Fridericia QTc interval
calculation found no significant prolongation of the QTc interval [74]. Other studies have
found clomipramine-induced prolongation of the QTc interval [44, 75] with a very rare
development of TdP [77]. A study by Okayasu et al. revealed an increased risk of SDS
with clomipramine [73]. At the same time, Aronow et al. deny the risk [78].

According to the results of four studies, imipramine caused a significant
prolongation of the QTc interval in both men and women of all age groups [44, 78],
including when recalculating the QTc interval according to Frederick's formula [74], and
especially at toxic doses [71].

In 4 out of 5 studies, nortriptyline caused QTc prolongation [44, 71-73]. Only in the
study by Aronow et al. no statistically significant prolongation of the QTc interval was
found, but an increase in the risk of SDS was found when taking nortriptyline [78].

Three studies of the effect of doxepin on the QTc interval showed conflicting results,
ranging from no QTc interval prolongation [74] to prolongation of the QTc interval to
borderline values [44] at therapeutic doses and a significant frequent QTc interval
prolongation with the appointment of this AD at toxic doses [71]. The development of
TdP in patients was very rare [77].

The results of two studies of dosulepine demonstrated that this AD does not cause a
significant prolongation of the QTc interval [74] and does not increase the risk of SDS [78].
According to a study by Iribarren et al, desipramine and trimipramine caused
prolongation of the QTc interval to the borderline level [44]. We did not find any studies
of the effect of pipofezin and protriptyline on the QTc interval during the analyzed period.

Tetracyclic Antidepressants

In a number of countries, maprotilin belongs to the group of tetracyclic (heterocyclic)
ADs [87]. In other countries, this AD is classified as a selective norepinephrine reuptake
inhibitor [88]. According to a study by Noordam et al., maprotiline causes borderline
prolongation of the QTc interval [74]. This effect may be due to blockade of sodium
channels in cardiomyocytes [65].

Selective Monoamine Reuptake Inhibitors

This subgroup of presynaptic monoamine reuptake inhibitors includes selective
serotonin reuptake inhibitors (SSRls), norepinephrine, dopamine and selective serotonin
and norepinephrine reuptake inhibitors (SNRIs). The results of previous studies in this
subgroup as a whole and for individual ADs in this subgroup vary widely from no effect
on the QTc interval to a high frequency of its significant lengthening, especially at a toxic
dose, up to an increased risk of TdP and SDS.

Selective Serotonin Reuptake Inhibitors

SSRIs include paroxetine, sertraline, fluvoxamine, fluoxetine, citalopram, and
escitalopram [62, 63]. All these ADs are widely used in clinical practice for the treatment
of depressive, anxiety disorders, and eating disorders [89] in the world [90]. It is believed
that SSRIs prolong the QTc interval through two mechanisms: direct blockade of hERG
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potassium channels and impaired expression of the hERG protein on the cell membrane
of cardiomyocytes. The second effect reduces the flux of potassium ions by reducing the
number of hERG ion channels [64, 68, 91]. Sertraline, citalopram, and escitalopram do not
block sodium channels, unlike fluvoxamine, fluoxetine, and paroxetine, which block them
[65]. Paroxetine significantly reduces the rapid current of sodium ions through the
membrane of human left ventricular cardiomyocytes due to the inhibition of Navl.5
channels, which leads to a slowdown in conduction and a decrease in the excitability of
cardiomyocytes [92].

We found 15 studies on the effect of SSRIs on the QT interval, conducted in the USA
[44, 70, 71, 80, 93, 94], Japan [73, 95], the Netherlands [96, 97], Denmark [65], France [98],
Sweden [43], Germany [77]. Sample sizes varied from 1 clinical case [95, 99] to 618450 [93]
patients with mental disorders. The age of the observed patients ranged from infancy [44]
to 89 years [100]. All studies included male and female patients. The duration of ADs use
varied from 17 days [95] to several years [70, 93, 96]. QTc was calculated using Bazett's
formula [71], Frederick's formula [73, 96], and log-linear regression of raw QT on RR in a
study by Iribarren et al. [44].

Among 7 studies of paroxetine, two publications, one of which was a clinical case of
a 43-year-old woman from Japan who took paroxetine at the maximum therapeutic dose
of 50 mg for 17 days [95], described prolongation of the QTc interval [44]. However, in
most studies, paroxetine did not cause QTc prolongation [78, 96-98, 101] and SDS [78].

Mixed results have been obtained in studies of sertraline. In 4 of 9 studies, sertraline-
induced prolongation of the QTc interval was not found [96-98, 101]. However, 5 studies
have demonstrated QTc prolongation from borderline values with therapeutic doses [44,
78], which occur rarely [77], to a significant prolongation of the QTc interval with
sertraline at toxic doses [102]. The latest study was conducted by the manufacturer and is
grade A evidence [102]. At the same time, some authors did not find an increase in the
risk of sertraline-induced SDS [78], other authors found rare cases of TdP [77] when taking
sertraline. As described by Ott et al. reported a clinical case in a 40-year-old Indian woman
who was taking sertraline at a dose of 50 mg/day and developed ventricular fibrillation
with cardiac arrest against the background of a significantly prolonged QTc interval [99].
However, it is not possible to assess the role of sertraline in the fatal outcome, since there
were no examination results, including ECG, before the start of therapy, and at the time
of loss of consciousness, which served as a reason for hospitalization, the patient had
leukocytosis, severe anemia, hyperglycemia, hyponatremia, hypocalcemia, renal failure,
increased liver transaminases and metabolic acidosis, which indicates a deep
decompensation of a somatic state of unknown origin.

Four studies have demonstrated that fluvoxamine does not prolong the QTc interval
[96-98, 101]. In a study by Aronow et al. showed shortening of the QTc interval [78].

In 5 of 7 studies with fluoxetine, QTc interval prolongation was not found [78, 96-98,
101]. However, two studies documented borderline prolongation of the QTc interval with
fluoxetine at therapeutic doses [44] and toxic doses [71].

In 2011, following post-marketing surveillance, the FDA issued several warning
statements about the risk of QT prolongation and TdP with citalopram, stating that
citalopram should not be given in doses greater than 40 mg/day [103, 104]. The European
Medicines Agency issued a similar safety warning in 2011 [105]. Eight studies conducted
during the analyzed period confirmed the prolongation of the QTc interval when taking
citalopram in both toxic [71, 80] and therapeutic doses [44, 78, 96, 98, 106], with a dose-
dependent effect [69, 70, 73]. However, the authors of two studies did not find QTc
prolongation in people over 60 years of age when taking citalopram [94, 97].

Escitalopram is the S-enantiomer of citalopram. 5 of 8 studies of escitalopram have
shown prolongation of the QTc interval [71, 78, 98, 101] with a dose-dependent effect [70,
73]. However, no QTc prolongation was found in three studies [80, 96, 97]. The results of
studies of the risk of SDS with citalopram and escitalopram compared with other SSRIs
are directly opposite: from the absence, including among patients aged 60 years and with
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cardiovascular risk factors [73, 107], to an increased risk of SDS within 1 year of use these
ADs [80, 91]. Eroglu et al. in a study of sudden death in 2258 Danes taking citalopram and
escitalopram, found an association of SDS with reported blood pressure in men but not in
women [65]. The frequency of CDS increased when taking high doses of citalopram (>20
mg) and high doses of escitalopram (>10 mg; OR 1.46 [95% CI 1.27-1.69], OR 1.43. [95% CI
1.16-1.75], respectively [65].

Paradoxical results were obtained by Zivin et al. [93] in a large cohort study of cardiac
events in US men treated with citalopram and sertraline. The risk of ventricular
arrhythmia and SDS was lower with citalopram greater than 40 mg/day than with less
than 20 mg/day and sertraline greater than 100 mg/day [93]. This may be due to the fact
that the design of the studies did not take into account the presence of cardiovascular
disease in patients at the time of prescription of these ADs. Low doses of these drugs may
have been prescribed by the doctor due to comorbidity, which led to more frequent
cardiac accidents later on.

Danielson et al. analyzed 410 reported cases of TdP in Sweden from 2006 to 2017 [43].
The authors found that TdP was much more common in people > 65 years of age, on ADs
than on other drugs, and in younger patients. Among ADs, a significantly higher
incidence of TdP was found with citalopram [43]. Overall, CredibleMeds [49] classifies
citalopram and escitalopram as ADs with a “known risk” of QTc prolongation and TdP.

Selective Norepinephrine Reuptake Inhibitors

The SNRI class includes atomoxetine [62, 63] and new ADs viloxazine, reboxetine,
and teniloxazine.

Of interest is the study by Suzuki et al. [108], in which among 41 Japanese patients
treated with atomoxetine for at least 2 weeks, prolongation of the QTc interval was
observed only in women. A significant positive correlation was observed between the
dose of atomoxetine and QTcB in women, as well as a slightly significant positive
correlation between the dose of atomoxetine and QTcF. However, no correlation between
plasma concentrations of atomoxetine and QTc interval was found in either women or
men [108]. The authors explain the results obtained by the influence of sex hormones on
the length of the QTc interval. It is shown that the QTc interval decreases with an increase
in the level of endogenous testosteron. Thus, men can be protected from the prolongation
of the QTc interval caused by atomoxetine, due to the relatively high levels of dough-
sterone in plasma [109]. Scherer et al. we drew attention to some limitations of this study:
a small sample size, the absence of pharmacogenetic testing of mutations in the gene
encoding hERG, the blockade of which may explain the lengthening of the QTc interval
when taking atomoxetine [110]. The difference in the distribution of causal mutations of
this gene between male and female patients could affect the risk of negative effects of
atomoxetine on the QTc interval. However, QTc prolongation with atomoxetine is rare
[111].

Viloxazine does not cause QTc prolongation in a Class A study [112]. Publications on
the effect on the QTc interval of reboxetine and teniloxazine were not found for the
specified period.

Selective Dopamine and Norepinephrine Reuptake Inhibitors

This class of ADs includes bupropion [62, 63]. According to some studies, bupropion
at toxic doses causes prolongation of the QTc interval [71, 113]. The prolongation of the
QTc interval in case of an overdose of bupropion is due to its I(Kr)-blocking effect. At the
same time, bupropion practically does not affect I(Ks) and I(Na). It has been shown that
the QRS expansion when taking bupropion is not associated with the blockage of cardiac
sodium channels [114]. Therapeutic doses of bupropion do not prolong the QTc interval
[78] and even shorten it [70].

Selective Serotonin and Norepinephrine Reuptake Inhibitors
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SNRIs include milnacipran, levomilnacipran, duloxetine, venlafaxine,
desvenlafaxine, ansofaxine, and nefopam [62, 63]. We found 11 studies on the effect of
SNRIs on the QTc¢ interval conducted in the USA [44, 71, 113, 115], China [116], Australia
[117], Germany [52, 77], the Netherlands [97]. Sample sizes ranged from 1 patient [117] to
59467 patients [44]. The age of the observed patients ranged from infancy [44] to 80 [115].
All studies included male and female patients. During the indicated period, one study of
the cardiotoxic effects of milnacipran was found, in which prolongation of the QTc
interval was not detected when taking it [118].

Prolongation of the QTc interval in patients taking ADs of this subgroup is associated
with blockade of sodium channels of cardiomyocytes [119].

Two studies of the enantiomer of milnacipran (levomylnacipran [120]), one of which
was a phase Il clinical trial [115], showed no or negligible prolongation of the QTc interval
[116]. In two of three studies, duloxetine did not prolong the QTc interval [78, 118]. Isbister
et al. described two clinical cases of abnormal QT interval when taking duloxetine at a
dose above 120 mg/day [117]: lengthening with bradycardia and shortening with
tachycardia. However, it is not clear from the content of the article whether the correction
of the duration of the QT interval relative to the HR was carried out.

Among the SNRIs, venlafaxine has attracted the greatest interest from researchers.
Eight studies focused on the effect of venlafaxine on the QTc interval. Two of them did
not show prolongation of the QTc interval [97, 118]. However, therapeutic doses of
venlafaxine have been associated with borderline prolongation of the QTc interval [44]
and a rare, slight prolongation of the QTc interval with toxic doses of this AD [71]. In four
studies, venlafaxine caused significant QTc prolongation [52, 113] with rare cases of TdP
[77] and SDS in polytherapy [78]. The risk of QTc prolongation is increased in elderly
patients with cardiovascular disease taking concomitant therapy [69]. An association
between venlafaxine serum concentration and QTc interval duration has not been found
[86]. The active metabolite of venlafaxine [121], desvenlafaxine, caused a significant
prolongation of the QTc interval [118]. Another study clarifies that desvenlafaxine does
not prolong the QTc interval when used alone, but may prolong the QTc interval when
polytherapy [78].

No studies of ansofaxin and nefopam were found during the specified period.

Antidepressants with Predominant Effects on Receptor Systems

This group of ADs includes agonists of serotonin and melatonin receptors,
antagonists of serotonin and adrenergic receptors [62, 63]. We found 23 studies on the
effect of this group of blood pressure on the QTc interval, conducted in the USA [71, 80,
113, 122-124], Japan [73, 125], Canada [126], Denmark [65], France [127], Sweden [43],
Great Britain [128], Switzerland [129]. Sample sizes varied from 1 clinical case [124, 125]
to 1630 patients [126]. The age of the observed patients ranged from 18 [127] to 83 years
[125]. All studies included male and female patients.

Serotonin and Alpha-2 Adrenoreceptor Antagonists

This class of ADs includes mianserin and mirtazapine [62, 63]. It is believed that
mianserin and mirtazapine do not block sodium channels [65]. During this period, only
one study by Okayasu et al was found, according to which mianserin caused a significant
prolongation of the QTc interval [73]. Scherer et al. were found that mianserin inhibits
potassium currents of hERG in a dose-dependent manner in the open and inactivated
state. At the same time, the inhibitory effect was not reversible after elimination of the
drug [130]. In two out of nine studies, mirtazapine did not prolong the QTc interval [78,
118] or slightly prolonged it by less than 5 msec at high doses of 45 mg/day and 75 mg/day
[123]. Three studies documented significant prolongation of the QTc interval with
mirtazapine at therapeutic doses [122], including a low dose (15 mg/day) in an 83-year-
old male from Japan [125] and toxic doses [80]. The authors of four studies concluded that
mirtazapine-induced increased risk of TdP and SDS [65, 113, 122, 131]. Eroglu et al. found
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an increase in the frequency of CDS when taking high doses of mirtazepine (>30 mg; OR
1.59 [95% CI 1.18-2.14]) [65].

Serotonin Receptor Antagonists and Agonists

This class of ADs includes trazodone, vilazodone, and nefazodone [62, 63]. The
largest number of studies are devoted to trazodone. This AD is often used off-label to
induce sleep in people with depression, anxiety, substance abuse, and bulimia [124].
Recently, there has been interest in the use of trazodone for the treatment of Alzheimer's
disease and associated non-cognitive symptoms of dementia [126]. In vitro data show
strong inhibitory activity of trazodone on all major ion channels (IKr, IKs, INa and ICa)
with particularly high inhibitory activity on the hERG potassium channel [68, 132].

Two of nine trazodone publications reported no significant QTc prolongation [78,
126]. However, Armstrong et al. found that male gender was a statistically significant risk
factor for QTc prolongation with trazodone among elderly patients [126]. Four studies
have shown QTc prolongation with trazodone at therapeutic doses [124, 129, 133, 134] and
three studies at toxic doses [71, 80, 135]. A moderate dose-dependent effect was found, in
which there was no prolongation of the QTc interval when using trazodone at a dose of
20 mg/day, but there was a significant prolongation at doses of 60 mg/day and 140 mg/day
[129]. Soe et al. concluded on one clinical case that the risk of developing TdP was
increased when taking trazodone [133].

One study of vilazodone and nefazodone found that vilazodone [136] does not cause
QTc prolongation, while nefazodone causes QTc prolongation [137]. Nefazodone has been
shown to inhibit various voltage-gated ion channel currents, including IKr, IKs, INa, and
ICa, but the main mechanism for QT interval prolongation is the hERG potassium channel
blockade [137].

5HT1 Serotonin Receptor Agonists

Information on the effect of hespirone and tandospirone on the QTc interval was not
found.

Melatonin Receptor Agonists

This class includes an AD unique in its mechanism of action - agomelatine. In vitro
receptor binding studies have shown that agomelatine has a very low affinity for any of
the tested ion channels, including no effect on the hERG potassium channel [127] and
sodium channels [65]. Studies on agomelatine are few, probably due to the fact that, unlike
Russia, Europe and Australia. This AD is not approved for use in the US and Canada due
to the low level of evidence [59]. Three studies show that agomelatine does not prolong
the QTc interval [118, 127, 128].

Antidepressants with a Mixed (Multimodal), Other or Poorly Understood Mechanism of
Action

This group of ADs includes vortioxetine and ademetionine, tianeptine and
amoxapine. In four studies on vortioxetine, no prolongation of the QTc interval was found
[138-141]. Information on the effect of ademetionine, tianeptine and amoxapine on the
QTCc interval was not found.

The role of Pharmacogenetics and Pharmacokinetics of Antidepressants in the QTc
Interval Prolongation

The pharmacokinetics of ADs and the associated levels of drugs in the blood may
explain the dose-dependent risk of AD-induced prolongation of the QTc interval, espe-
cially for TCAs [73].
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Table 4. Characteristics of antidepressant doses and their reference level in the blood

Average References

Initial dose Maximum dose  Therapeutic blood

Antidepressant (mg/day) ther(aIE;l(‘;;cy <):lose (mg/day) level (ng/ml)
A. Monoamine Oxidase Inhibitors
1. Nonselective Irreversible Monoamine Oxidase Inhibitors

Isocarboxazid 20 40 60 [182]
Nialamide N/A N/A N/A N/A
Tranylcypromine N/A 30 60 [182]
Phenelzine N/A N/A N/A N/A

2. Selective Reversible Inhibitors Monoamine Oxidase Type A
Pirlindole 50-75 150 - 300 400 [57]
Moclobemide 300 300 - 600 600 [57]

3. Selective Reversible Inhibitors Monoamine Oxidase Type B
Selegiline 6 6 12 [182]

B. Presynaptic Monoamine Reuptake Inhibitors
1. Nonselective Presynaptic Monoamine Reuptake Inhibitors
1.1 Tricyclic Antidepressants

Amitriptyline 25-50 150 - 200 300 50 - 250 [182]
Imipramine 75 150 - 200 300 33-85 (182]
Clomipramine 50-75 100 - 150 250 20-175 [182]
Pipofezine 25-50 150 - 200 500 24.5 [57]
Nortriptyline 25 - 50 75 -100 150 50 - 150 [182]
Doxepin 3 6 6 N/A [182]
Dosulepin 25 -50 75 225 30.4 - 279 [182]
Desipramine 50 -75 100 - 200 300 43 -109 [182]
Trimipramine 75 150 300 N/A [182]
Protriptyline 15 40 60 N/A [182]

1.2. Selective Norepinephrine Reuptake Inhibitors or
Tetracyclic Antidepressants*
Maprotiline 25 25-75 150 100 - 400 [182]
2. Selective Monoamine Reuptake Inhibitors

2.1. Selective Serotonin Reuptake Inhibitors

Paroxetine 10 20 60 N/A (182]
Sertraline 25 -50 50 200 N/A (182]
Fluvoxamine 50 - 100 100 300 N/A (182]
Fluoxetine 20 20 60 N/A [182]
Citalopram 10 20 40 47.5-116.6 [182]
Escitalopram 5-10 10 20 N/A [182]
2.2. Selective Norepinephrine Reuptake Inhibitors

Atomoxetine 40 80 -100 100 N/A [182]
Viloxazine 200 400 600 N/A [182]
Reboxetine 4 8 10 N/A [182]
Teniloxazine N/A N/A N/A N/A N/A

2.3. Selective Dopamine and Norepinephrine Reuptake Inhibitors

Bupropion 200 300 450 [182]
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2.4. Selective Serotonin and Norepinephrine Reuptake Inhibitors

Venlafaxine 75 150 - 225 375 N/A [182]
Desvenlafaxine 50 50 - 100 400 N/A [182]
Duloxetine 60 60-120 120 N/A [182]
Milnacipran 50- 100 100 100 120 - 216 [182]
Levomilnacipran 20 40-120 120 N/A [182]
Ansofaxin N/A N/A N/A N/A N/A
Nefopam 20 120 120 N/A [182]
C. Antidepressants with Predominant Effects on Receptor Systems
1. Serotonin and alpha-2 adrenoceptor antagonists
1.1 Antagonists of alpha-2-adrenergic receptors and 5-HT2a- and 5-HT3-receptors
Mianserin 30 60 -90 90 N/A [182]
1.2. Antagonists of 5-HT2a and 5HT-2c Receptors and Alpha-2-Adrenergic Receptors
Mirtazapine 15-30 15-45 45 N/A [182]
1.3. 5-HT1a Receptor Agonist, 5-HT2a- and 5-HT2c-Receptor Antagonist
and Alpha-1-Adrenergic Blocker
Trazodone 75 - 100 75-150 600 N/A [182]
1.4. 5-HT1a Receptor Partial Agonist with Serotonin Reuptake Inhibition
Vilazodone 10 20 - 40 40 156 [182]
1.5. 5-HT2a and 5-HT2c receptor antagonist and Serotonin Reuptake Inhibitor
Nefazodone 200 300 - 600 600 N/A [182]
1.6. 5-HT1 Receptor Agonists
Gepirone N/A N/A N/A N/A N/A
Tandospirone N/A N/A N/A N/A N/A

2. Melatonin MT1 and MT2 receptor agonist and Serotonin 5-HT2b and 5-HT2c receptor antagonist

Agomelatine 25 25-50 50 N/A [57]
D. Antidepressants Mixed (Multimodal), Other or Not Enough Learned Mechanism of Action
Serotonin Reuptake Inhibitor and 5-HT1a Receptor Agonist, 5-HT1B Receptor Partial Agonist,
3. 5-HT3 Receptor Antagonist, 5-HT7 Receptor Antagonist
Vortioxetine 10 20 20 9-18-33 [182]
2. S-Adenosylmethionine Derivative
Ademetionine 500 - 1000 500 - 1500 1500 N/A [57]
3. Facilitation of Serotonin Reuptake with Blockade of Its Destruction
Tianeptine 12.5 25 - 50 50 N/A [57]
4. Serotonin and Norepinephrine Reuptake Inhibitor and Serotonin Receptor Antagonist
with Potent Antipsychotic Blockade of D2 Receptors
Amoxapine 200 200 - 300 600 N/A [182]

The interindividual variability of the effects can be explained by environmental,
physiological and psychological factors, as well as concomitant diseases and the phar-
macogenetic profile of a particular individual [142, 143]. According to experts, about a
quarter of the total variability of the response to ADs is genetically determined [144].
Genes encoding target receptors for ADs are evolutionarily more conservative than genes
encoding enzymes that metabolize ADs. Despite the fact that the available functional in-
terpretation of the effects of major or minor allelic variants of target receptor genes can be
used to personalize pharmacotherapy [145], the efficacy of pharmacodynamic genotyping
is currently still questionable [146], in contrast to pharmacokinetic genotyping. Genes en-
coding enzymes responsible for the pharmacokinetics of ADs have a significant impact on
the variability of the response and the effectiveness of blood pressure acting both on the
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central nervous system [147], and on the heart [118]. Depending on the rate of drug me-
tabolism, four pharmacogenetic phenotypes can be identified in patients receiving ADs:
extensive metabolizer (EM); intermedium metabolizer (IM); poor metabolizer (PM); and
ultrarapid metabolizer (URM) [148]. From the point of view of the problem of AD-induced
QTc interval prolongation, individuals with the PM phenotype require special attention,
since such patients may inadvertently have subtoxic or toxic levels of ADs in the serum.
At the same time, such individuals are at high risk of QTc interval prolongation, especially
against the background of chronic psychopharmacotherapy [28].

The development of panels for pharmacogenetic testing (PGx) and their active intro-
duction into real clinical practice, which has been noted in recent years, confirm that the
risk of an increase in ADs serum level is higher in patients with mental disorders having
a pharmacogenetic profile PM [148]

Differences in plasma concentrations of ADs may be caused by polymorphisms in

genes encoding cytochrome P450 isoenzymes (CYP), through which ADs are metabolized.
The CYP superfamily is a class, containing heme-cofactor proteins that are predominantly
localized in the liver. They are the main enzymes responsible for phase I of the oxidative
reactions of many drugs and endogenous substances. More than 50 isoenzymes are
known, the most significant of which are: CYP1A, CYP2A6, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, CYP2D6 and CYP3A. The metabolic activity of CYP is genetically determined,
and allelic variants in the genes encoding CYP isoenzymes can lead to enzyme variants
with higher, lower, or no activity. The prevalence of different genotypes and phenotypes
varies markedly depending on the ethnicity of patients [149].
For example, the FDA warning for citalopram restricts the selection of a reduced dose for
patients who are poor CYP2C19 metabolizers. The escitalopram label notes that patients
who are poor CYP2C19 metabolizers may be exposed to supratherapeutic levels while
taking the maximum recommended dose [104]. However, the use the PGx to determine
the pharmacogenetic profile of patients with mental disorders is not currently standard
clinical practice. The lack of such information may lead to the fact that empirical prescrib-
ing of ADs by psychiatrists without access to PGx, may expose some patients with poor
metabolizers to an increased risk of AD-induced QT prolongation [101].

Also, the metabolism of ADs can be affected by alcohol intake, since the [3-oxidation
of alcohol is carried out with the participation of P450 isoenzymes of the liver, which leads
to pharmacokinetic interactions with ADs [150, 151]. Smoking can also affect blood levels
of ADs. Systematic review studies found evidence of reduced blood concentrations of flu-
voxamine, duloxetine, mirtazapine and trazodone among smokers compared with non-
smokers [152]. Blood levels of some ADs are known to be reduced in smokers due to in-
duction of metabolism mediated by the enzymes CYP1A2 and CYP2B6 [153].

Table 5. General characteristics of the pharmacokinetics of antidepressants

Single Nu-
. Gene cleotide
Antidepressa . .
t Metabolic pathway Key metabolic enzyme (OMIM Number) Polymor- References
[183] phism
(RSID)
A. Monoamine Oxidase Inhibitors
1. Nonselective Irreversible Monoamine Oxidase Inhibitors
Isocarboxazid Hepatic
Nialamide N/A N/A N/A N/A
Trany.lcyprom Hepatic
ine
Phenelzine Hepatic

2. Selective Reversible Inhibitors Monoamine Oxidase Type A
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Pirlindole Hepatic

Isoenzyme 2C19 of cyto- *2 (rs4244285)
chrome P450 CYP2C19 *4 (rs28399504)
(124020) *5 (rs56337013)
*8 (rs41291556)
Isoenzyme 2D6 of cyto- *4 (rs3892097)
Moclobemide Hepatic chrome P450 *4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097) [184, 185]
*8 (rs5030865)
*10 (rs1065852)
*17 (rs28371706)
3. Selective Reversible Inhibitors Monoamine Oxidase Type B
Isoenzyme 2B6 of cyto- *5A (rs3211371)
chrome P450 *8 (rs12721655)
CYP2B6
*18 (rs28399499) [185, 186]
(123930) .
27 (rs36079186)
*28 (rs34097093)
Isoenzyme 2C9 of cyto- *2 (rs1799853)
chrome P450 *3 (rs1057910)
*4 (rs56165452)
CYP2C9 *5 (rs28371686)
(601130) *8 (rs7900194)
*11 (rs28371685)
*13 (rs72558187)
*15 (rs72558190)
Isoenzyme 3A4 of cyto- *3 (rs4986910)
chrome P450 CYP3A4 *17 (rs4987161)
(124010) *18 (rs28371759)
*20 (rs67666821)
Isoenzyme 3A5 of cyto- CYP3A5 *3 (rs776746)
chrome P450 *6 (rs10264272) [186 - 188]
(605325)
*7 (rs76293380)
B. Presynaptic Monoamine Reuptake Inhibitors

[184, 185]

CYP2D6
(124030)

[185, 186]
Selegiline Hepatic

[185, 186]

1. Nonselective Presynaptic Monoamine Reuptake Inhibitors

1.1 Tricyclic Antidepressants
Isoenzyme 2C19 of cyto- *2 (rs4244285)
chrome P450 CYP2C19 *4 (rs28399504)
(demethylation) (124020) *5 (rs56337013)
*8 (rs41291556)
Isoenzyme 1A2 of cyto- *1C (rs2069514)
chrome P450 *1K (rs2069526
rs12720461
rs762551)
*3 (rs56276455
CYP1A2 rs2470890)
(124060) *4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
1rs2470890)
*11 (rs72547513)

[149, 185, 189, 190]

Amitriptyline Hepatic

[149, 191, 192]
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*15 (rs72547511
rs2470890)
*16 (rs72547515
rs2470890)

Isoenzyme 3A4 of cyto-
chrome P450
(demethylation)

CYP3A4
(124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

Isoenzyme 2D6 of cyto-
chrome P450
(hydroxylation)

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[149, 185, 189]

Isoenzyme 2C9 of cyto-
chrome P450

CYP2C9
(601130)

*2 (rs1799853)
*3 (rs1057910)
*4 (rs56165452)
*5 (rs28371686)
*8 (rs7900194)
*11 (rs28371685)
*13 (rs72558187)
*15 (rs72558190)

[185]

Isoenzyme 2C19 of cyto-
chrome P450
(demethylation)

CYP2C19
(124020)

*D (rs4244285)
*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[149, 185, 189]

Isoenzyme 1A2 of cyto-
chrome P450
(demethylation)

Imipramine Hepatic

CYP1A2
(124060)

*1C (rs2069514)
*1K (rs2069526
1512720461
1s762551)

*3 (rs56276455
1rs2470890)

*4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
1rs2470890)

*11 (rs72547513)
*15 (rs72547511
1rs2470890)

*16 (rs72547515
rs2470890)

[149, 191, 192]

Isoenzyme 3A4 of cyto-
chrome P450
(demethylation)

CYP3A4
(124010)

*3 (rs4986910)
*17 (1s4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

Isoenzyme 2D6 of cyto-
chrome P450
(hydroxylation)

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)

*10 (rs1065852)

[149, 185, 189]
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*17 (rs28371706)

Isoenzyme 2C19 of cyto-
chrome P450 CYP2C19
(demethylation) (124020)

*2 (rs4244285)

*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[149, 185, 189]

Isoenzyme 1A2 of cyto-
chrome P450
(demethylation)

CYPI1A2
(124060)

Clomipramin .
Hepatic
e

*1C (rs2069514)
*1K (rs2069526
rs12720461
rs762551)

*3 (rs56276455
rs2470890)

*4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
rs2470890)

*11 (rs72547513)
*15 (1572547511
rs2470890)

*16 (rs72547515
rs2470890)

[149, 191, 192]

Isoenzyme 3A4 of cyto-
chrome P450 CYP3A4
(demethylation) (124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

Isoenzyme 2D6 of cyto-
chrome P450

hyd lati
(hydroxylation) CYP2D6

(124030)

*4 (1s3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[149, 185, 189]

Isoenzyme 1A2 of cyto-
chrome P450

CYP1A2

Pipofezine Hepatic (124060)

*1C (rs2069514)
*1K (rs2069526
rs12720461
1s762551)

*3 (rs56276455
rs2470890)

*4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
rs2470890)

*11 (rs72547513)
*15 (rs72547511
rs2470890)

*16 (rs72547515
rs2470890)

[57, 191, 192]

Isoenzyme 2C19 of cyto-
chrome P450 CYP2C19

Nortriptyli Hepati
ortriptyline epatic (demethylation) (124020)

*2 (rs4244285)

*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[149, 185]
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Isoenzyme 1A2 of cyto-
chrome P450
(demethylation)

CYPI1A2
(124060)

*1C (rs2069514)
*1K (rs2069526
rs12720461
rs762551)

*3 (rs56276455
rs2470890)

*4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
1rs2470890)

*11 (rs72547513)
*15 (rs72547511
rs2470890)

*16 (rs72547515
rs2470890)

[149, 191, 192]

Isoenzyme 3A4 of cyto-
chrome P450 CYP3A4
(demethylation) (124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

Isoenzyme 2D6 of cyto-
chrome P450

hyd lati
(hydroxylation) CYP2D6

(124030)

*4 (1s3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[149, 185, 189]

Isoenzyme 2C19 of cyto-
chrome P450 CYP2C19
(demethylation) (124020)

*2 (rs4244285)
*4 (1s28399504)
*5 (rs56337013)
*8 (rs41291556)

[149, 185, 189]

Isoenzyme 1A2 of cyto-
chrome P450
(demethylation)

CYP1A2

124060
Doxepin Hepatic ( )

*1C (rs2069514)
*1K (rs2069526
rs12720461
1s762551)

*3 (rs56276455
rs2470890)

*4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
1rs2470890)

*11 (rs72547513)
*15 (rs72547511
rs2470890)

*16 (rs72547515
rs2470890)

[149, 191, 192]

Isoenzyme 2C9 of cyto-
chrome P450
CYP2C9
(601130)

*2 (rs1799853)
*3 (rs1057910)
*4 (1$56165452)
*5 (1528371686)
*8 (rs7900194)
*11 (rs28371685)

[185]
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*13 (rs72558187)
*15 (rs72558190)

Isoenzyme 2D6 of cyto-
chrome P450

hyd lati
(hydroxylation) CYP2D6

(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[149, 185, 189]

Isoenzyme 2C19 of cyto-
chrome P450 CYP2C19
(demethylation) (124020)

*2 (rs4244285)

*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[149, 185]

Isoenzyme 1A2 of cyto-
chrome P450
(demethylation)

CYP1A2
(124060)

Dosulepin Hepatic

*1C (rs2069514)
*1K (rs2069526
rs12720461
rs762551)

*3 (rs56276455
rs2470890)

*4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
1rs2470890)

*11 (rs72547513)
*15 (rs72547511
rs2470890)

*16 (rs72547515
rs2470890)

[149, 191, 192]

Isoenzyme 3A4 of cyto-
chrome P450 CYP3A4
(demethylation) (124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

Isoenzyme 2D6 of cyto-
chrome P450

h lati
(hydroxylation) CYP2D6

(124030)

*4 (1s3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[149, 185]

Isoenzyme 1A2 of cyto-
chrome P450
(demethylation)

CYP1A2

Desipramine Hepatic (124060)

*1C (rs2069514)
*1K (rs2069526
rs12720461
15762551)

*3 (rs56276455
1rs2470890)

*4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
1rs2470890)

*11 (rs72547513)
*15 (rs72547511

[149, 191, 192]
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rs2470890)
*16 (rs72547515
rs2470890)

Isoenzyme 2D6 of cyto-
chrome P450

h lati
(hydroxylation) CYP2D6

(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[149, 185, 189]

Trimipramine

Isoenzyme 2C19 of cyto-
chrome P450
(demethylation)

CYP2C19
(124020)

*2 (rs4244285)

*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[149, 185, 189]

Isoenzyme 1A2 of cyto-
chrome P450
(demethylation)

CYP1A2
(124060)

Hepatic

*1C (rs2069514)
*1K (rs2069526
rs12720461
rs762551)

*3 (rs56276455
rs2470890)

*4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
rs2470890)

*11 (rs72547513)
*15 (rs72547511
rs2470890)

*16 (rs72547515
rs2470890)

[149, 191, 192]

Isoenzyme 3A4 of cyto-
chrome P450
(demethylation)

CYP3A4
(124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

Isoenzyme 2D6 of cyto-
chrome P450

hyd lati
(hydroxylation) CYP2D6

(124030)

*4 (1s3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[149, 185, 189]

Protriptyline

N/A N/A N/A

N/A

1.2. Selective Norepinephrine Reuptake Inhibitors or

Tetracyclic Antidepressants*

Maprotiline

Hepatic

2. Selective Monoamine Reuptake Inhibitors

2.1. Selective Serotonin Reuptake Inhibitors

Paroxetine

Isoenzyme 2D6 of cyto-

CYP2D6
chrome P450

Hepati
epatie (124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)

[149, 185, 193]
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*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (rs28371706)

Isoenzyme 3A4 of cyto-
chrome P450

CYP3A4
(124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

Isoenzyme 2C19 of cyto-
chrome P450

CYP2C19
(124020)

*2 (rs4244285)

*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[185, 193]

Isoenzyme 2C9 of cyto-
chrome P450

CYP2C9
(601130)

*2 (rs1799853)
*3 (rs1057910)
*4 (rs56165452)
*5 (rs28371686)
*8 (rs7900194)
*11 (rs28371685)
*13 (rs72558187)
*15 (rs72558190)

[149, 185]

Isoenzyme 2C19 of cyto-
chrome P450

CYP2C19
(124020)

*D (rs4244285)

*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[149, 185, 193]

Isoenzyme 2D6 of cyto-

. . chrome P450
Sertraline Hepatic

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[149, 185, 193]

Isoenzyme 3A4 of cyto-
chrome P450

CYP3A4
(124010)

*3 (rs4986910)
*17 (1s4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

Isoenzyme 2B6 of cyto-
chrome P450

CYP2B6
(123930)

*5A (rs3211371)
*8 (rs12721655)

*18 (rs28399499)
*27 (rs36079186)
*28 (rs34097093)

[185, 193]

Isoenzyme 1A2 of cyto-
chrome P450

Fluvoxamine Hepatic

CYP1A2
(124060)

*1C (rs2069514)
*1K (rs2069526
rs12720461
15762551)

*3 (rs56276455
1rs2470890)

*4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
1rs2470890)

*11 (rs72547513)

[149, 191, 192]
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*15 (rs72547511
rs2470890)
*16 (rs72547515
rs2470890)

Isoenzyme 2D6 of cyto-
chrome P450

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (rs28371706)

[149, 185, 193]

Isoenzyme 2C19 of cyto-
chrome P450 CYP2C19
(124020)

*D (rs4244285)
*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[185, 193]

Isoenzyme 2C19 of cyto-
chrome P450

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (rs28371706)

[149, 185, 193]

Isoenzyme 2C9 of cyto-
chrome P450

CYP2C9
Fluoxetine Hepatic (601130)

*2 (rs1799853)
*3 (rs1057910)
*4 (rs56165452)
*5 (rs28371686)
*8 (rs7900194)
*11 (rs28371685)
*13 (rs72558187)
*15 (rs72558190)

[149, 185]

Isoenzyme 2C19 of cyto-
chrome P450 CYP2C19
(124020)

*2 (rs4244285)

*4 (rs28399504)
*5 (1$56337013)
*8 (rs41291556)

[149, 185, 193]

Isoenzyme 3A4 of cyto-
chrome P450 CYP3A4
(124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[149]

Isoenzyme 2C19 of cyto-
chrome P450 CYP2C19
(124020)

*2 (rs4244285)
*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[149, 185, 193]

Isoenzyme 2D6 of cyto-
chrome P450

CYP2D6

Citalopram Hepatic
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (rs28371706)

[149, 185, 193]

Isoenzyme 3A4 of cyto-
chrome P450 CYP3A4
(124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)

[149, 185]
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*20 (rs67666821)

Isoenzyme 2C19 of cyto-
chrome P450

CYP2C19
(124020)

*2 (rs4244285)

*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[149, 185, 193]

Isoenzyme 2D6 of cyto-
chrome P450

Escitalopram Ileuenounsin

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[149, 185, 193]

Isoenzyme 3A4 of cyto-
chrome P450

CYP3A4
(124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

2.2. Selective Norepinephrine Reuptake Inhibitors

Isoenzyme 2D6 of cyto-
chrome P450

Atomoxetine Hepatic

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[185, 194]

Isoenzyme 2D6 of cyto-
chrome P450

Viloxazine* Hepatic

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[185]

Isoenzyme 3A4 of cyto-

h P450
Reboxetine Hepatic chrome

CYP3A4
(124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

Teniloxazine N/A N/A

N/A

N/A

2.3. Selective Dopamine and Norepinephrine Reuptake Inhibitors

Isoenzyme 2B6 of cyto-

h P4
Mixed chrome P450

B .
vpropion (inclining hepatic)

CYP2B6
(123930)

*5A (rs3211371)
*8 (1s12721655)

*18 (rs28399499)
*27 (rs36079186)
*28 (rs34097093)

[149, 185]

2.4. Selective Serotonin and Norepinephrine Reuptake Inhibitors

Isoenzyme 2D6 of cyto-
chrome P450

Venlafaxine Hepatic

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (rs28371706)

[149, 185, 193]
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Isoenzyme 3A4 of cyto-
chrome P450

CYP3A4
(124010)

*3 (rs4986910)
*17 (rs4987161)

*18 (rs28371759)
*20 (rs67666821)

[149, 185]

Isoenzyme 2C19 of cyto-
chrome P450

CYP2C19
(124020)

*2 (rs4244285)

*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[185, 193]

Isoenzyme 2C9 of cyto-
chrome P450

CYP2C9
(601130)

*2 (rs1799853)
*3 (rs1057910)
*4 (rs56165452)
*5 (1528371686)
*8 (rs7900194)
*11 (rs28371685)
*13 (rs72558187)
*15 (rs72558190)

[185]

Isoenzyme 3A4 of cyto-
chrome P450

Desvenlafaxin

CYP3A4
(124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[185, 195]

x Hepatic

e Isoenzyme 2C19 of cyto-

chrome P450

CYP2C19
(124020)

*D (rs4244285)

*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[185, 195]

Isoenzyme 2D6 of cyto-
chrome P450

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (1s28371706)

[149, 185, 193]

Isoenzyme 1A2 of cyto-
chrome P450

Duloxetine Hepatic

CYP1A2
(124060)

*1C (rs2069514)
*1K (rs2069526
rs12720461
1s762551)

*3 (rs56276455
rs2470890)

*4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
rs2470890)

*11 (rs72547513)
*15 (rs72547511
rs2470890)

*16 (rs72547515
rs2470890)

[149, 191, 192]

Isoenzyme 2C19 of cyto-
chrome P450

CYP2C19
(124020)

*D (rs4244285)
*4 (rs28399504)
*5 (rs56337013)
*8 (rs41291556)

[185, 193]
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Isoenzyme 3A4 of cyto- *3 (rs4986910)
chrome P450 CYP3A4 *17 (rs4987161) (185]
(124010) *18 (rs28371759)
*20 (rs67666821)
Isoenzyme 2C8 of cyto- *2 (rs11572103)
chrome P450 CYP2C8 *3 (rs10509681)
[196, 197]
(601129) (rs11572080)
*4 (rs1058930)
Isoenzyme 2C19 of cyto- *2 (rs4244285)
chrome P450 CYP2C19 *4 (rs28399504) (185]
(124020) *5 (rs56337013)
Milnacipran Hepatic *8 (rs41291556)
Isoenzyme 2D6 of cyto- *4 (rs3892097)
chrome P450 *4F (rs3892097)
*4G (rs3892097)
CYP2D6
*4H (rs3892097) [185]
(124030)
*8 (rs5030865)
*10 (rs1065852)
*17 (rs28371706)
Isoenzyme 2]J2 of cyto- *2 (rs55753213)
chrome P450 CYP2j2 *3 (rs56307989) [198]
(601258) *4 (rs66515830)
*6 (rs72547598)
Isoenzyme 3A4 of cyto- *3 (rs49863910)
chrome P450 CYP3A4 *17 (rs4987161)
[185, 199]
(124010) *18 (rs28371759)
*20 (rs67666821)
Isoenzyme 2C8 of cyto- *2 (rs11572103)
h P4 * 1 1
chrome FEE CYP2CS ( 31(37(;())(5):)?8 ) [196, 197, 199]
r 7 4
(601129) s
*4 (rs1058930)
Isoenzyme 2C19 of cyto- *2 (rs4244285)
chrome P450 CYP2C19 *4 (rs28399504) (185, 199]
Levomilnacip . (124020) *5 (rs56337013) ’
Hepatic
ran *8 (rs41291556)
Isoenzyme 2D6 of cyto- *4 (rs3892097)
chrome P450 *4F (rs3892097)
*4G (rs3892097
CYP2D6 (rs )
*4H (rs3892097) [185, 199]
(124030)
*8 (rs5030865)
*10 (rs1065852)
*17 (rs28371706)
Isoenzyme 2]J2 of cyto- *2 (rs55753213)
chrome P450 CYP2j)2 *3 (rs56307989)
[198, 199]
(601258) *4 (rs66515830)
*6 (rs72547598)
Ansofaxine N/A N/A N/A N/A
Nefopam N/A N/A N/A N/A

C. Antidepressants with Predominant Effects on Receptor Systems

1. Serotonin and alpha-2 adrenoceptor antagonists

1.1 Antagonists of alpha-2-adrenergic receptors and 5-HT2a- and 5-HT3-receptors
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Mianserin Hepatic

1.2. Antagonists of 5-HT2a and 5HT-2c Receptors and Alpha-2-Adrenergic Receptors

Isoenzyme 2D6 of cyto-
chrome P450

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (rs28371706)

[149, 185, 200]

Isoenzyme 1A2 of cyto-
chrome P450

Mirtazapine Hepatic
CYP1A2

(124060)

*1C (rs2069514)
*1K (rs2069526
rs12720461
1s762551)

*3 (rs56276455
rs2470890)

*4 (rs72547516)
*6 (rs28399424)
*7 (rs56107638)
*8 (rs72547517
rs2470890)

*11 (rs72547513)
*15 (rs72547511
rs2470890)

*16 (rs72547515
152470890)

[149, 191, 192]

Isoenzyme 3A4 of cyto-
chrome P450 CYP3A4

(124010)

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

1.3. 5-HT1a Receptor Agonist, 5-HT2a- and 5-HT2c-Receptor Antagonist
and Alpha-1-Adrenergic Blocker

Isoenzyme 3A4 of cyto-

chrome P450 CYP3A4

T d
razodone (124010)

Hepatic

*3 (rs4986910)
*17 (rs4987161)
*18 (rs28371759)
*20 (rs67666821)

[149, 185]

1.4. 5-HT1a Receptor Partial Agonist with Serotonin Reuptake Inhibition

Isoenzyme 3A4 of cyto-
chrome P450 CYP3A4

(124010)

*3 (rs4986910)
*17 (1s4987161)
*18 (rs28371759)
*20 (rs67666821)

[185, 201]

Isoenzyme 2C19 of cyto-
chrome P450 CYP2C19
(124020)

Vilazodone Hepatic

*2 (rs4244285)
*4 (1528399504)
*5 (rs56337013)
*8 (rs41291556)

[185, 201]

Isoenzyme 2D6 of cyto-
chrome P450

CYP2D6
(124030)

*4 (rs3892097)
*4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097)
*8 (rs5030865)
*10 (rs1065852)
*17 (rs28371706)

[185, 201]

1.5. 5-HT2a and 5-HT2c receptor antagonist and Serotonin Reuptake Inhibitor
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Isoenzyme 3A4 of cyto- *3 (rs4986910)
_ chrome P450 CYP3A4 *17 (rs4987161)
Nefazod Hepat 149, 185
elazodone epatic (124010) *18 (1528371759 [ ]

*20 (rs67666821)
1.6. 5-HT1 Receptor Agonists

Gepirone N/A
Tandospirone N/A

2. Melatonin MT1 and MT?2 receptor agonist and Serotonin 5-HT2b and 5-HT?2c receptor antagonist
Isoenzyme 1A2 of cyto- *1C (rs2069514)
chrome P450 *1K (rs2069526
1512720461
1rs762551)
*3 (rs56276455
rs2470890)
*4 (rs72547516)
CYP1A2 *6 (rs28399424)
(124060) *7 (rs56107638)
*8 (rs72547517
Hepatic rs2470890)
(90% CYP1A2 1 10% *11 (rs72547513)
CYP2C9) *15 (rs72547511
rs2470890)
*16 (rs72547515
152470890)
Isoenzyme 2C9 of cyto- *2 (rs1799853)
chrome P450 *3 (rs1057910)
*4 (rs56165452)
CYP2C9 *5 (rs28371686)
(601130) *8 (rs7900194)
*11 (rs28371685)
*13 (rs72558187)
*15 (rs72558190)
D. Antidepressants Mixed (Multimodal), Other or Not Enough Learned Mechanism of Action
1. 2. Serotonin Reuptake Inhibitor and 5-HT1a Receptor Agonist, 5-HT1B Receptor Partial Agonist,
5-HT3 Receptor Antagonist, 5-HT7 Receptor Antagonist
Isoenzyme 2D6 of cyto- *4 (rs3892097)
chrome P450 *4F (rs3892097)
*4G (rs3892097)
*4H (rs3892097) [185, 193]
*8 (rs5030865)
*10 (rs1065852)
*17 (rs28371706)
Isoenzyme 2C19 of cyto- *2 (rs4244285)
Vortioxetine Hepatic chrome P450 CYP2C19 *4 (rs28399504)
(124020) *5 (rs56337013)
*8 (rs41291556)
Isoenzyme 3A4 of cyto- *3 (rs4986910)
chrome P450 CYP3A4 *17 (rs4987161)
(124010) *18 (rs28371759)
*20 (rs67666821)
Isoenzyme 3A5 of cyto- CYP3A5 *3 (rs776746)
chrome P450 (605325) *6 (rs10264272)

[149, 191, 192]

Agomelatine

[185]

CYP2D6
(124030)

[185, 193]

[185]

[186 - 188]
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*7 (rs76293380)

Isoenzyme 2C9 of cyto-
chrome P450

CYP2C9
(601130)

*2 (rs1799853)
*3 (rs1057910)
*4 (rs56165452)
*5 (rs28371686)
*8 (rs7900194)
*11 (rs28371685)
*13 (rs72558187)
*15 (rs72558190)

[185]

Isoenzyme 2A6 of cyto-
chrome P450

CYP2A6
(122720)

*2 (rs1801272)

*5 (rs5031017)
(rs111033610)
(rs28399447)

*6 (rs4986891)

*7 (rs5031016)

*9A (528399433)
*11 (rs28399447)
*17 (rs28399454)
*18 (rs1809810)
*19 (rs1809810 )
*23 (rs56256500)
*24A (rs143731390)
*24A (rs72549435)
*26 (rs59552350)
*26 (rs4986891)
*27 (rs2839944)
*27 (rs28399445)
*35 (rs143731390)
*41 (rs1404717037)

[185]

Isoenzyme 2C8 of cyto-
chrome P450 CYP2C8

(601129)

*2 (rs11572103)
* 3 (rs10509681)
(rs11572080)

*4 (rs1058930)

[196, 197]

Isoenzyme 2B6 of cyto-

h P4
chrome P450 CYP2B6

(123930)

*5A (rs3211371)

*8 (rs12721655)

*18 (rs28399499) [185]
*27 (rs36079186)

*28 (rs34097093)

2. S-Adenosylmethionine Derivative

Ademetionine Hepatic

3. Facilitation of Serotonin Reuptake with Blockade of Its Destruction

Tianeptine Hepatic

4. Serotonin and Norepinephrine Reuptake Inhibitor and Serotonin Receptor Antagonist

with Potent Antipsychotic Blockade of D2 Receptors

Amoxapine Hepatic

Note: * Also metabolized by conjugation mediated by isoforms of UGT (UGT1A9, UGT2B15)

[202]

** Metabolized predominantly by conjugation mediated by isoforms of UGT (UGT1Al,

UGT1A3, UGT2B4, UGT2B15 u UGT2B17) [195]

It is unrealistic to expect that practicing psychiatrists have the desire and ability to
regularly study the scientific literature in addition to their clinical work. This partly
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explains why it is necessary to translate reliable scientific evidence into informative clini-
cal recommendations regarding the use of PGx to assess the risk of AD-induced QTc pro-
longation. Overall, there is a knowledge gap among clinicians in most parts of the world
regarding the cost-effectiveness of predictive PGx in psychiatry, although a personalized
approach in psychiatry could be cost-effective if PGx became less expensive. In addition,
most existing cost-effectiveness models for PGx in psychiatry do not consider the indirect
costs of correcting frequent and severe ADRs, which are known to be high for psychiatric
patients. Although, in recent years, the cost of PGx has been decreasing, which makes it
more likely that its results will be introduced into real psychiatric practice.

The simultaneous prescription of ADs with other psychotropic drugs (antipsychot-
ics, mood stabilizers, anticonvulsants) is a common practice in the treatment of mental
disorders. These concomitant drugs can affect the pharmacokinetics of ADs, which in turn
contributes to the transformation of the pharmacogenetic profile of EM into the pheno-
typic URM, IM or PM (phenoconversion) due to their cumulative effect on the enzymatic
activity of CYP isoenzymes (induction or inhibition, respectively). This phenoconversion
may influence therapeutic response to an ADs and the risk of developing ADRs, including
the risk of cardiotoxicity and AD-induced QTc prolongation. However, in most of the
publications we analyzed, this problem was not considered. Although, we do not exclude
that such studies could evaluate the adjusted risk of prolongation of the QTc interval dur-
ing chronic psychopharmacotherapy prescribed in a polytherapy.

Although the results of genetic association studies convincingly demonstrate the role
of the above-mentioned SNPs of the CYP family genes and the role of PGx in the promo-
tion and safety of ADs. There are no large-scale (multicenter) international studies de-
voted to the cost-effectiveness of introducing PGx into real clinical practice in psychiatry.
Although dosing recommendations for many psychotropic medications, including ADs,
are being developed based on PGx results, the majority of ADs are prescribed to patients
with psychiatric disorders who have not undergone predictive PGx and/or genetic screen-
ing [154] (for example, monogenic and multifactorial forms of LQTS) before or at the be-
ginning of treatment, even in identifying QT interval prolongation at the start of pharma-
cotherapy.

Therapeutic drug monitoring (TDM) of plasma levels of ADs has been used in psy-
chiatry for a long time, particularly for TCAs [60]. This diagnostic method takes into ac-
count all factors of interindividual variability in the metabolism of ADs and other drugs.
However, PGx can be performed before ADs are prescribed, whereas TDM can only be
performed when ADs levels reach a stable level and when the patient may already have
AD-induced QTc prolongation. Therefore, ideally, the psychiatrist should consider all
available genetic, physical, dietary, and environmental parameters to make the best pos-
sible choice of ADs and dosage when initiating therapy for each individual patient. Once
the level of ingested ADs reaches a stable blood level, TDM may be useful to clarify
whether the QTc prolongation is due to disruption of the pharmaconetics of ADs and its
accumulation [144].

Ideally, PGx-based decision-making algorithms for the mental health practitioner
should include information on a wide range of genetic, pharmacokinetic, and environ-
mental factors associated with the risk of developing AD-induced QTc prolongation. This
is a pressing interdisciplinary problem in psychiatry, since many of the most reliable pre-
dictors of the risk of AD-induced prolongation of the QTc interval may be not only clinical,
but also psychosocial in nature [155].

However, most psychiatrists express the opinion that it is advisable to prescribe PGx
to patients with mental disorders in cases of development of ADRs, including cardiotoxic
ones, followed by pharmacogenetic counseling [156, 157]. At the same time, the develop-
ers of PGx panels support the predictive use of this diagnostic method (that is, before
prescribing ADs) [158].

The reality is that the evidence base for both proactive and reactive use of PGx to
predict and diagnose AD-induced QTc prolongation ADRs remains limited.
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Various decision systems are available to clinicians when choosing a PGx. One of the
most well-known system is the Oxford Center for Evidence-Based Medicine (CEBM) level
of evidence [159], which can help clinicians identify and assess the risks of ADs use [155]
[158, 160, 161]. The CEBM recommends consider at least four questions before deciding
to use ADs: (1) “Is there good reason to believe that the patients observed are sufficiently
similar to the patients in the randomized clinical trials? (randomized clinical trials on the
treatment of depression mainly involved white women over the age of forty who had no
comorbidities [160], with underrepresentation of patients of non-Caucasian origin, and
the allelic frequency of genes encoding key enzymes of ADs metabolism used to assess
the pharmacogenetic profile varies significantly in frequency depending on ethnic origin)
[162-164]; (2) «Does the PGx panel have clinically significant benefits that outweigh the
harms?” (Evidence to date suggests the potential benefits associated with the use of PGx
and adoption support systems [165] [166] [167], such as reduction of ADRs [165] [168] and
cost saving [165, 169-171]). The exception is a long period of time (from 1 day to 3 weeks)
to obtain the results of PGx in cases where a delay in initiating the prescription of ADs
may be undesirable from a bioethical and clinical point of view [172], as well as the
potential risk of violation of genetic confidentiality [173, 174]; (3) “Is another tool better
than PGx?” (there are no large comparative studies of the effectiveness of PGx panels and
decision support systems); (4) “Are the patient's values and circumstances compatible
with the use of PGx decision support tools?” (understanding of the value of PGx panels
may vary from patient to patient [174, 175].

Discussion

This narrative review updates our knowledge of AD-induced QT interval prolonga-
tion in patients with mental disorders. Single studies of the effect of MAOIs on the dura-
tion of the QTc interval can be explained by the rarity of the use of these ADs in real
clinical practice due to the high risk of developing ADRs (primarily hepatotoxicity, tyro-
sine syndrome), which leads to the gradual phase-out of some ADs of this group, and,
accordingly, low interest in them from scientists and practitioners.

Most ADs of the non-selective monoamine reuptake inhibitor subgroup, except for
dosulepine, have a dose-dependent effect, that is, the duration of the QTc interval depends
on the serum level of the drug according to therapeutic drug monitoring [86]. Therapeutic
doses of ADs of this subgroup can cause prolongation of the QTc interval to borderline
values, very rarely causing the development of TdP and SDS. At toxic doses, TCAs cause
a significant prolongation of the QTc interval. Patients taking TCAs and having an under-
lying conduction defect, especially the blockade of the bundle of His bundle, are at in-
creased risk of developing symptomatic atrioventricular block [60]. Accordingly, the ap-
pointment of TCAs is undesirable for patients with impaired conduction, especially at
high doses [60].

Among SNRIs, venlafaxine and its metabolite desvenlafaxine have the greatest risk
of prolongation of the QTc interval, TdP, and SDS. Other ADs of this class do not cause
significant prolongation of the QTc interval.

Among SSRIs, citalopram clearly has the highest risk of QTc prolongation. A slightly
lower risk, but also high, escitalopram has. According to the present review, sertraline is
not a safe AD in terms of QTc interval prolongation and development of TdP. When tak-
ing paroxetine and fluoxetine, the risk of prolongation of the QTc interval is low. In rele-
vant studies, QTc prolongation was rare and non-significant. Probably the safest SSRI is
fluvoxamine. We did not find a single study demonstrating a prolongation of the QTc
interval when taking this AD.

The high risk of developing TdP in elderly patients when taking citalopram conflicts
with the ability of citalopram to improve cognitive functions [176, 177] and to stop non-
cognitive impairments, in particular, agitation, in patients with dementia of the
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Alzheimer's type [106]. This may create certain difficulties for a psychiatrist in the selec-
tion of therapy for a particular patient of an older age group.

The effect of AD-induced sodium channel blockade on QTc interval prolongation is
interesting. Among SSRIs, sodium channel blockers are paroxetine, fluoxetine, and flu-
voxamine [65]. Paroxetine, by inhibiting sodium Nav1.5 channels, significantly reduces
the fast sodium current in human left ventricular cardiomyocytes, thereby slowing down
conduction and reducing their excitability [92]. At the same time, sertraline, citalopram
and escitalopram do not block sodium channels [65]. However, citalopram, escitalopram
and sertraline prolong the QTc interval to a much greater extent, unlike paroxetine and
fluvoxamine. The mechanism of this phenomenon needs further study. Also, ADs with
sodium channel blocking properties did not show a higher incidence of SDS compared
with ADs without this property (OP 0.96 [95% CI 0.89-1.05]) [65].

A similar paradoxical situation arises when studying the effect of duloxetine and
venlafaxine on the QTc interval. Duloxetine, which is a strong inhibitor of the sodium
Nav1.5 channel in vitro, unlike venlafaxine, does not affect the duration of the QTc inter-
val, being probably one of the safest ADs in this respect.

Stoetzer et al. [33] suggest that this effect may be due to the strong binding of dulox-
etine to plasma proteins, which leads to low effective concentrations in vivo and does not
cause a corresponding inhibition of sodium channels. At the same time, the authors them-
selves note a contradiction in the case of amitriptyline, which also binds strongly to
plasma proteins, but has a dose-dependent prolongation of the QTc interval. Amitripty-
line is known to inhibit cardiac hERG channels with a significantly higher affinity than
duloxetine. In this regard, the authors conclude that hERG channel inhibition may be
more important for QTc prolongation than Nav1.5 inhibition [33]. Finally, an increased
risk of SDS was found in patients taking ADs that inhibit cardiac potassium channels, but
not ADs that inhibit voltage-dependent sodium channels [65].

The effect of enantiomers on the racemate is interesting. Henry et al. [178] compared
the pharmacokinetics of the fluoxetine’s R-enantiomer and the racemate and found differ-
ences in QTc effects between the two enantiomers. The FDA also presented 2 similar stud-
ies of QTc prolongation with citalopram and escitalopram in a recent warning about cital-
opram [104]. Even though escitalopram is the S-enantiomer of citalopram, the QT pro-
longing effects of escitalopram are not mentioned in the FDA warning (although other
agencies do it) [104, 179].

Most of the information analyzed in this review was obtained from retrospective
studies [52, 70-72, 80, 126]. Prospective studies [74], especially consistent with level A ev-
idence [102], have been sporadic. Studies rarely analyzed risk factors for QTc and TdP
prolongation, such as age, gender, cardiovascular disease, and concomitant therapy. In-
formation on duration of therapy, comorbidities, and general somatic examination of pa-
tients, such as serum electrolyte levels, was rarely present. Patient compliance and poten-
tially confounding factors, such as smoking [107] and the pharmacogenetic profile of pa-
tients, including genetic variants that can alter the effect of ADs on the QTc interval, have
not been taken into account anywhere [44].

Okayasu et al. believed that the difference in the results of assessing the risk of SDS
when taking various ADs may be associated with the ethnicity of patients [73]. Despite
the declaration of ethnic and racial diversity in some studies, none of them evaluated the
dependence of QTc prolongation on the race and/or ethnicity of patients with mental dis-
orders. Thus, it is maximally generalized the groups, standardizing the selection of ADs
and their doses, and minimizing mimicking the personification of therapy [44, 71, 93].

At the same time, to reduce the risk of AD-induced TdP, the following recommenda-
tions were formulated: 1) avoid prescribing ADs that prolongs the QTc interval to patients
with a QTc interval > 450 msec before treatment; 2) stop taking ADs that prolongs the QTc
interval, if the QTc interval is extended to 500 msec or more after the start of therapy; 3)
reduce the dose or stop taking ADs that prolongs the QTc interval if the QTc interval in-
creases by 60 msec or more compared to the value before treatment; 4) maintain the
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concentration of potassium, magnesium and calcium in the blood serum within the nor-
mal range; 5) avoid the use of ADs that prolong the QTc interval in patients with heart
failure and left ventricular ejection fraction <20%; 6) avoid important drug-drug interac-
tions that increase the risk of prolongation of the QTc interval; 7) adjust doses of renally
excreted ADs that prolong the QTc interval in patients with acute kidney injury or chronic
kidney disease; 8) avoid rapid intravenous administration of ADs that prolongs the QTc
interval; 9) avoid the simultaneous use of more than one AD that prolongs the QTc inter-
val; 10) avoid the use of ADs that prolongs the QTc interval in patients with a history of
drug-induced TdP or in those who have previously been resuscitated after an episode of
SDS; 11) avoid prescribing ADs that prolongs the QTc interval in patients with one of the
congenital/familial long QT syndromes [31].

Conclusions

The use of ADs requires a personal assessment of the risk of QTc and TdP prolonga-
tion to achieve an optimal balance between the efficacy and safety of psychopharma-
cotherapy and minimize the risk of potentially fatal complications. It should be recog-
nized that there is not yet enough evidence base for the widespread introduction of ADs’
pharmacogenetics into everyday psychiatric practice in patients with mental disorders for
personalized risk assessment of AD-induced cardiotoxic ADRs. However, increasing the
level of knowledge of practicing psychiatrists is essential so that they are adequately ed-
ucated in the field of modern advances in the pharmacokinetics and pharmacogenetics of
ADs and are provided with adequate guidelines for the clinical interpretation of TDM and
PGx results to assess risk of QTc interval prolongation in an individual patient.

Author Contributions: Conceptualization, N.A.S.,, M.M.P. and R.F.N.; methodology, A.R.A. and
N.G.N.; software, D.S.K.; validation, G.V.M. and N.V.L.; formal analysis, A.A.E.; investigation,
N.P.G. and G.A.C; resources, A.R.A.; data curation, R.F.N.; writing —original draft preparation,
A.VK. and E.E.V,; writing—review and editing, N.A.S., M.M.P. and R.F.N,; visualization, A.V.K,;
supervision, N.G.N.; project administration, N.A.S. and R.E.N. All authors have read and agreed to
the published version of the manuscript

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Alexandrovsky, Y.A.; Neznanov, N.G.; Mironova, N.V. Psychiatry: a national guide. 2nd edition, revised and enlarged. Moscow:
Limited Liability Company Publishing Group "GEOTAR-Media", 2018, 976. ISBN 978-5-9704-4462-7.

2.  Sheffler, ZM.; Patel, P.; Abdijadid, S. Antidepressants. [Updated 2023 May 26]. In: StatPearls [Internet]. Treasure Island (FL):
StatPearls Publishing; 2023 Jan-. [Accessed June 15, 2023]. Available from: https://www.ncbi.nlm.nih.gov/books/NBK538182/

3. Jennings, L. Antidepressants. In: Grossberg, G., Kinsella, L. (eds) Clinical Psychopharmacology for Neurologists. Springer,
Cham. 2018, 45-71. https://doi.org/10.1007/978-3-319-74604-3 4.

4. Pratt, L.A; Brody, D.J.; Gu Q. Antidepressant use among persons aged 12 and over: United States, 2011-2014. NCHS Data Brief.
2017, 283, 1-8. PMID: 29155679.

5. Moore, T.J.; Mattison D.R. Adult utilization of psychiatric drugs and differences by sex, age, and race. JAMA Intern Med. 2017,
177(2), 274-275. https://doi.org/10.1001/jamainternmed.2016.7507.

6. Jakobsen, J.C.; Gluud, C.; Kirsch I. Should antidepressants be used for major depressive disorder? BM] Evidence-Based Medicine
2020, 25, 130-136. https://doi.org/10.1136/bmjebm-2019-111238.

7. InformedHealth.org [Internet]. Cologne, Germany: Institute for Quality and Efficiency in Health Care (IQWiG); 2006-. Treat-
ments for depression. [Updated 2020 Jun 18]. [Accessed  June 15, 2023]. Available at:
https://www.ncbi.nlm.nih.gov/books/NBK279282/

8. Molenaar, N.M.; Kamperman, A.M.; Boyce, P.; Bergink, V. Guidelines on treatment of perinatal depression with antidepressants:
An  international review. Australiosn &  New  Zealand  Journal — of  Psychiatry 2018,  52(4),  320-327.
https://doi.org/10.1177/0004867418762057.



https://www.ncbi.nlm.nih.gov/books/NBK538182/
https://doi.org/10.1007/978-3-319-74604-3_4
https://www.ncbi.nlm.nih.gov/books/NBK279282/

Personalized Psychiatry and Neurology 2023, 3 (2): 72-119. https://doi.org/10.52667/2712-9179-2023-3-2-72-119 111

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Litvinenko, T.S.; Safronenko, A.V.; Gantsgorn, E.V.; Kudelina, O.M.; Postnikova, E.S.; Chotiy, V.A. Adverse drug reactions and
methodological approaches to their monitoring. Journal Biomed. 2021, 17(3), 56-61. https://doi.org/10.33647/2074-5982-17-3-56-61.
Alomar, M.; Tawfiq, A.M.; Hassan, N.; Palaian, S. Post marketing surveillance of suspected adverse drug reactions through
spontaneous reporting: current status, challenges and the future. Ther Adv Drug Saf. 2020, 10, 11.
https://doi.org/10.1177/2042098620938595.

Coleman, J.J.; Pontefract, S.K. Adverse drug reactions. Clin Med (Lond). 2016, 16(5), 481-485. https://doi.org/10.7861/clinmedi-
cine.16-5-481.

Shakib, S.; Caughey, G.E.; Fok, ].S.; Smith, W.B. Adverse drug reaction classification by health professionals: appropriate dis-
crimination between allergy and intolerance? Clin Transl Allergy 2019, 9, 18. https://doi.org/10.1186/513601-019-0259-6.

Fda.gov [Internet]. What is a serious adverse event? [Updated 2023 Jun 10]. [Accessed June 15, 2023]. Available at:
https://www.fda.gov/safety/reporting-serious-problems-fda/what-serious-adverse-event.

Li, M.; Ramos, L.G. Drug-induced QT prolongation and Torsades de Pointes. P T. 2017, 42(7), 473-477. PMID: 28674475.
Ostroumova, O.D.; Goloborodova, I.V. Drug-induced long QT interval: prevalence, risk factors, treatment and prevention. Con-
silium Medicum 2019, 21(5), 62-67. https://doi.org/10.26442/20751753.2019.5.190415.

Chernova, A.A. The syndrome of elongated QT interval. Siberian Medical Review 2012, 3 (75), 91-95.

Khatib, R.; Sabir, F.R.N; Omari, C.; Pepper, C.; Tayebjee, M.H. Managing drug-induced QT prolongation in clinical practice. Post-
grad Med ]. 2021, 97(1149), 452-458. https://doi.org/10.1136/postgradmed;-2020-138661.

Li, Y,; Li, P.; Wang, X; Karmakar, C.; Liu, C; Liu, C. Short-term QT interval variability in patients with coronary artery disease
and congestive heart failure: A comparison with healthy control subjects. Med Biol Eng Comput. 2019, 57, 389-400.
https://doi.org/10.1007/s11517-018-1870-8.

Zhuravlev, N.M.; Shnayder, N.A.; Vaiman, E.E.; Abdyrakhmanova, A.K; Petrova, M.M.; Bochanova, E.N.; Romanova, I.V.; Gav-
rilyuk, O.A,; Lareva, N.V.; Nasyrova, R.F. Interindividual variability of anticonvulsant-induced QT prolongation risk. Personal-
ized Psychiatry and Neurology 2022, 2(1), 22—45. https://doi.org/10.52667/2712-9179-2022-2-1-23-45.

Vandenberk, B.; Vandael, E.; Robyns, T.; Vandenberghe, J.; Garweg, C.; Foulon, V; Ector, J.; Willems, R. Which QT Correction
formulae to use for QT monitoring? | Am Heart Assoc. 2016, 5(6), €003264. https://doi.org/10.1161/JAHA.116.003264. Erratum in:
] Am Heart Assoc. 2018, 7(16), e004252. https://doi.org/10.1161/JAHA.116.003264.

Rubricator of clinical recommendations [Accessed June 20, 2023]. Available at:
https://cr.minzdrav.gov.ru/schema/569 1#doc a2.

FDA Guidance for Industry E14 (2017) Clinical evaluation of QT/QTc interval prolongation for non-antiarrhythmic drugs—
questions and answers (R3). [Accessed June 20, 2023]. Available at: https://www.fda.gov/ucm/groups/fdagov-public/@fdagov-
drugs gen/documents/document/ucm073161.pdf.

Aktiirk, G.; Kalkan, S. Drug-induced QT interval prolongation: mechanisms, risk factors, genetics and clinical management.
Journal of Basic and Clinical Health Sciences 2019, 3 (3), 193-198. https://doi.org/10.30621/jbachs.2019.712.

Christensen, L.; Turner, J.R; Peterson, G.M.; Naunton, M.; Thomas, J.; Yee, K.C.; Kosari, S. Identification of risk of QT prolonga-
tion by pharmacists when conducting medication reviews in residential aged care settings: a missed opportunity? | Clin Med.
2019, 8(11), 1866. https://doi.org/10.3390/jcm8111866.

Heemskerk, C.P.M.; Pereboom, M.; van Stralen, K.; Berger, F.A.; van den Bemt, P.M.L.A; Kuijper, A.F.M.; van der Hoeven,
R.T.M.; Mantel-Teeuwisse, A.K.; Becker, M.L. Risk factors for QTc interval prolongation. Eur | Clin Pharmacol. 2018, 74(2), 183-
191. https://doi.org/10.1007/s00228-017-2381-5.

Sedlak, T.; Shufelt, C.; Iribarren, C.; Merz, C.N.B. Sex hormones and the QT interval: a review. Journal of Women's Health 2012,
933-941. http://doi.org/10.1089/jwh.2011.3444.

Turner, ].R.; Rodriguez, I.; Mantovani, E.; Gintant, G.; Kowey, P.R; Klotzbaugh, R.J.; Prasad, K.; Sager, P.T.; Stockbridge, N.;
Strnadova, C.; Cardiac Safety Research Consortium. Drug-induced proarrhythmia and Torsade de Pointes: a primer for students
and practitioners of medicine and pharmacy. | Clin Pharmacol. 2018, 58(8), 997-1012. https://doi.org/10.1002/jcph.1129.

Vaiman, E.E.; Shnayder, N.A.; Zhuravlev, N.M.; Petrova, M.M.; Asadullin, A.R.; Al-Zamil, M.; Garganeeva, N.P.; Shipulin, G.A ;
Cumming, P.; Nasyrova, R.F. Genetic biomarkers of antipsychotic-induced prolongation of the QT interval in patients with
schizophrenia. Int ] Mol Sci. 2022, 23(24), 15786. https://doi.org/10.3390/ijms232415786.

Shlaykhtina, N.V.; Shabalin, A.V.; Yakhontov, D.A. Significance of increase in QT interval variance and changes in indicators of
heart rhythm turbulence for estimation of risk of ventricular arrythmia development during the ethanol intoxication. Siberian
Medical Review 2009, 3 (57), 31-33.

Tisdale, ].E. Drug-induced QT interval prolongation and torsades de pointes: Role of the pharmacist in risk assessment, preven-
tion and management. Can Pharm | (Ott). 2016, 149(3), 139-52. https://doi.org/10.1177/1715163516641136.

Tolstikova, T.V.; Bregel, L.V.; Czurkan, S.V.; Marchuk, T.P.; Dudnik, A.V. Jervell and Lange-Nielsen syndrome. Family case
(clinical observation). Siberian Medical Review 2020, 5 (125), 88-92. https://doi.org/10.20333/2500136-2020-5-88-92.

Beach, S.R.; Celano, C.M.; Noseworthy, P.A.; Januzzi, ].L.; Huffman, J.C. QTc prolongation, torsades de pointes, and psycho-
tropic medications. Psychosomatics 2013, 54(1), 1-13. https://doi.org/10.1016/j.psym.2012.11.001.

Stoetzer, C.; Papenberg, B.; Doll, T.; Volker, M.; Heineke, J.; Stoetzer, M.; Wegner F.; Leffler, A. Differential inhibition of cardiac
and neuronal Na+ channels by the selective serotonin-norepinephrine reuptake inhibitors duloxetine and venlafaxine. European
Journal of Pharmacology 2016, 783, 1-10. https://doi.org/10.1016/j.ejphar.2016.04.051.



https://www.fda.gov/safety/reporting-serious-problems-fda/what-serious-adverse-event
https://cr.minzdrav.gov.ru/schema/569_1#doc_a2
https://doi.org/10.30621/jbachs.2019.712
https://doi.org/10.1089/jwh.2011.3444

Personalized Psychiatry and Neurology 2023, 3 (2): 72-119. https://doi.org/10.52667/2712-9179-2023-3-2-72-119 112

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Drew, B.J.; Ackerman, M.].; Funk, M.; Gibler, W.B.; Kligfield, P.; Menon, V_; Philippides, G.J.; Roden, D.M.; Zareba, W.; American
Heart Association Acute Cardiac Care Committee of the Council on Clinical Cardiology; the Council on Cardiovascular Nursing;
the American College of Cardiology Foundation. Prevention of torsade de pointes in hospital settings: a scientific statement from
the American Heart Association and the American College of Cardiology Foundation. Circulation 2010, 121(8), 1047-60.
https://doi.org/10.1161/CIRCULATIONAHA.109.192704.

Duncan, R.S.; McPate, M.].; Ridley, ].M.; Gao, Z.; James, A.F.; Leishman, D.].; Leaney, ].L.; Witchel, H.].; Hancox, J.C. Inhibition
of the HERG potassium channel by the tricyclic antidepressant doxepin. Biochem Pharmacol. 2007, 74(3), 425-437. https://doi.org/
10.1016/j.bcp.2007.04.024.

Baxter, K.; Preston, C.L. Stockley’s drug interactions. London: Pharmaceutical Press. [Accessed June 22, 2023]. Available at:
http://www.new.medicinescomplete.com.

Rochester, M.P.; Kane, A.M.; Linnebur, S.A.; Fixen, D.R. Evaluating the risk of QTc prolongation associated with antidepressant
use in older adults: a review of the evidence. Ther Adv Drug Saf. 2018, 9(6), 297-308. https://doi.org/10.1177/2042098618772979.
Cantet, G.; Berges, A.; O'Sullivan, R.; Cohen-Rabbie, S.; Dota, C.; Dubois, V.; Benoist, G.E.; Tomkinson, H.; Reki¢, D.; Parkinson,
J.; Schalkwijk, S. Concentration-QT modelling in early clinical oncology settings: Simulation evaluation of performance. Br | Clin
Pharmacol. 2022, 88(3), 1010-1019. https://doi.org/10.1111/bcp.15047.

Jackobson, G.; Carmel, N.N.; Lotan, D.; Kremer, A.; Justo, D. Reckless administration of QT interval-prolonging agents in elderly
patients with drug-induced torsades de pointes. Z Gerontol Geriatr 2018; 51, 41-7. https://doi.org/10.1007/s00391-016-1155-5.
Schachtele, S.; Tumena, T.; Gassmann, K.G.; Fromm, M.F.; Maas, R. Co-prescription of QT-interval prolonging drugs: an analysis
in a large cohort of geriatric patients. PloS One 2016, 11(5): €0155649. https://doi.org/10.1371/journal.pone.0155649.

Roden, D.M. Predicting drug-induced QT prolongation and torsades de pointes. | Physiol. 2016, 594, 2459—68. https://doi.org/
10.1113/JP270526.

Yap, Y.G,; Camm, A.J. Drug induced QT prolongation and torsades de pointes. Heart 2003, 89(11), 1363-72. https://doi.org/
10.1136/heart.89.11.1363.

Danielsson, B.; Collin, J.; Nyman, A.; Bergendal, A.; Borg, N.; State, M.; Bergfeldt, L.; Fastbom, J. Drug use and torsades de
pointes cardiac arrhythmias in Sweden: a nationwide register-based cohort study. BM] Open 2020, 10(3), e034560.
https://doi.org/10.1136/bmjopen-2019-034560.

Iribarren, C.; Round, A.D.; Peng, J.A; Lu, M.; Zaroff, ].G.; Holve, T.J.; Prasad, A.; Stang, P. Validation of a population-based
method to assess drug-induced alterations in the QT interval: a self-controlled crossover study. Pharmacoepidemiol Drug Saf. 2013,
22(11), 1222-1232. https://doi.org/10.1002/pds.3479.

Wong, J.; Motulsky, A.; Abrahamowicz, M.; Eguale, T.; Buckeridge, D.L.; Tamblyn, R. Off-label indications for antidepressants
in primary care: descriptive study of prescriptions from an indication based electronic prescribing system. BM] 2017, 356, j603.
https://doi.org/10.1136/bm;j.j603.

Schroder, C.; Dorks, M.; Kollhorst, B.; Blenk, T.; Dittmann, R.W.; Garbe, E.; Riedel, O. Outpatient antidepressant drug use in
children and adolescents in Germany between 2004 and 2011. Pharmacoepidemiol Drug Saf. 2017, 26, 170-9.
https://doi.org/10.1002/pds.4138.

Khasanova, A.K.; Nasyrova, R.F. Pharmacogenetic testing of cytochrome P450 system enzymes in the therapy of bipolar affective
disorder. Personalized Psychiatry and Neurology 2022, 2(2), 90-96. https://doi.org/10.52667/2712-9179-2022-2-2-90-96.

Strelnik, A.L; Romanov, D.V.; Strelnik, S.N. Generalized anxiety disorder therapy, associated with pronounced side effects, and
prospects for the use of pharmacogenetic testing: case report. Personalized Psychiatry and Neurology 2023, 3(1), 59-65.
https://doi.org/10.52667/2712-9179-2023-3-1-59-65.

Woosley, R.L.; Romero, K.A. QT Drugs Lists (registration required) [Accessed June 30, 2023]. Available at: www.Credi-
bleMeds.org.

Heemskerk, C.P.M.; Pereboom, M.; van Stralen, K.; Berger, F.A.; van den Bemt, P.M.L.A.; Kuijper, A.F.M.; van der Hoeven,
R.T.M.; Mantel-Teeuwisse, A.K.; Becker, M.L. Risk factors for QTc interval prolongation. Eur ].Clin Pharmacol. 2018, 74, 183-191.
https://doi.org/ 10.1007/s00228-017-2381-5.

Vandael, E.; Vandenberk, B.; Vandenberghe, ].; Willems, R.; Foulon, V. Risk factors for QTc-prolongation: Systematic review of
the evidence. Int | Clin Pharm. 2017, 39, 16-25. https://doi.org/10.1007/s11096-016-0414-2.

Hefner, G.; Hahn, M.; Hohner, M.; Roll, S.C.; Klimke, A.; Hiemke, C. QTc Time correlates with amitriptyline and venlafaxine
serum levels in elderly psychiatric inpatients. Pharmacopsychiatry 2019, 52(1), 38-43. https://doi.org/10.1055/s-0044-102009.
Roden, D.M. Drug-induced prolongation of the QT interval. N Engl | Med. 2004, 350(10), 1013-22. https://doi.org/
10.1056/NEJMra032426.

Tisdale, J.E.; Jaynes, H.A,; Kingery, ].R.; Mourad, N.A; Trujillo, T.N.; Overholser, B.R.; Kovacs, R.J]. Development and validation
of a risk score to predict QT interval prolongation in hospitalized patients. Circ Cardiovasc Qual Outcomes 2013, 6(4), 479-87.
https://doi.org/10.1161/CIRCOUTCOMES.113.000152.

Novitsky, M.A.; De Suosa, A.; Asadullin, A.R.; Gavrilyuk, O.A.; Petrov, A.V.; Nasyrova, R.F. Possibilities and limitations of
antidepressant use to correct depressive and negative symptoms in schizophrenia. Personalized Psychiatry and Neurology 2021,
1(2), 21-45. https://doi.org/

Tripathi, A.C.; Upadhyay, S.; Paliwal, S.; Saraf, S.K. Privileged scaffolds as MAO inhibitors: Retrospect and prospects. European
Journal of Medicinal Chemistry 2018, 145, 445-497. https://doi.org/10.1016/j.ejmech.2018.01.003.

State Register of Medicines [Accessed June 30, 2023]. Available at: https://grls.rosminzdrav.ru/Default.aspx.



https://doi.org/10.52667/2712-9179-2023-3-1-59-65
http://www.crediblemeds.org/
http://www.crediblemeds.org/
https://grls.rosminzdrav.ru/Default.aspx

Personalized Psychiatry and Neurology 2023, 3 (2): 72-119. https://doi.org/10.52667/2712-9179-2023-3-2-72-119 113

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Danilov, D.S. A 70-year history of tricyclic antidepressants. Zhurnal Nevrologii i Psikhiatrii imeni S.S. Korsakova 2019, 119(12), 115-
123. https://doi.org/10.17116/jnevro2019119121115.

Fasipe, O.]. The emergence of new antidepressants for clinical use: Agomelatine paradox versus other novel agents. IBRO Rep.
2019, 6, 95-110. https://doi.org/10.1016/j.ibror.2019.01.001.

Yekehtaz, H.; Farokhnia, M.; Akhondzadeh, S. Cardiovascular considerations in antidepressant therapy: an evidence-based re-
view. | Tehran Heart Cent. 2013, 8(4), 169-76. PMID: 26005484.

Noordam, R;; Sitlani, CM.; Avery, C.L.; Stewart, ].D.; Gogarten, S.M.; Wiggins, K.L.; Trompet, S.; Warren, H.R.; Sun, F.; Evans,
D.S.; Li, X,; Li, J.; Smith, A.V,; Bis, ].C.; Brody, J.A.; Busch, E.L.; Caulfield, M.].; Chen, Y.I.; Cummings, S.R.; Cupples, L.A.; Duan,
Q.; Franco, O.H.; Méndez-Giraldez, R.; Harris, T.B.; Heckbert, S.R.; van Heemst, D.; Hofman, A ; Floyd, ].S.; Kors, J.A.; Launer,
L.J.;Li, Y.; Li-Gao, R.; Lange, L.A,; Lin, H.J.; de Mutsert, R.; Napier, M.D.; Newton-Cheh, C.; Poulter, N.; Reiner, A.P.; Rice, KM.;
Roach, J.; Rodriguez, C.J.; Rosendaal, F.R; Sattar, N.; Sever, P.; Seyerle, A.A.; Slagboom, P.E.; Soliman, E.Z.; Sotoodehnia, N.;
Stott, D.J.; Stiirmer, T.; Taylor, K.D.; Thornton, T.A,; Uitterlinden, A.G.; Wilhelmsen, K.C.; Wilson, ].G.; Gudnason, V.; Jukema,
J.W.; Laurie, C.C,; Liu, Y.; Mook-Kanamori, D.O.; Munroe, P.B.; Rotter, ].I.; Vasan, R.S.; Psaty, B.M.; Stricker, B.H.; Whitsel, E.A.
A genome-wide interaction analysis of tricyclic/tetracyclic antidepressants and RR and QT intervals: a pharmacogenomics study
from the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) consortium. | Med Genet. 2017, 54(5), 313-
323. https://doi.org/10.1136/jmedgenet-2016-104112.

Alvano, S5.A ; Zieher, L.M. An updated classification of antidepressants: A proposal to simplify treatment. Personalized Medicine
in Psychiatry 2019, 19-20. https://doi.org/10.1016/j.pmip.2019.04.002.

Fasipe, O.].; Akhideno, P.E.; Owhin, O.S.; Ibiyemi-Fasipe, O.B. Announcing the first novel class of rapid-onset antidepressants
in clinical practice. Journal of Medical Sciences 2019, 39(5), 205-216. https://doi.org/10.4103/jmedsci.jmedsci_36_19.

Nachimuthu, S.; Assar, M.D.; Schussler, ].M. Drug-induced QT interval prolongation: mechanisms and clinical management.
Ther Adv Drug Saf. 2012, 3(5), 241-53. https://doi.org/10.1177/2042098612454283.

Eroglu, T.E.; Barcella, C.A.; Gerds, T.A.; Kessing, L.V.; Zylyftari, N.; Mohr, G.H.; Kragholm, K.; Polcwiartek, C.; Wissenberg, M.;
Folke, F.; Hanno, L.T.; Torp-Pedersen, C.; Gislason, G.H. Risk of out-of-hospital cardiac arrest in antidepressant drug users. Br |
Clin Pharmacol. 2022, 88, 3162-3171. https://doi.org/10.1111/bcp.15224.

Wilson, M.; Tripp, J. Clomipramine. [Updated 2021 Jan 26]. In: StatPearls [Internet]. Treasure Island (FL): Stat Pearls Publishing
2021 Jan. [Accessed June 26, 2023]. Available at: https://www.ncbi.nlm.nih.gov/books/NBK541006. PMID: 31082050.
Villatoro-Goémez, K.; Pacheco-Rojas, D.O.; Moreno-Galindo, E.G.; Navarro-Polanco, R.A.; Tristani-Firouzi, M.; Gazgalis, D.; Cui,
M.; Sanchez-Chapula, J.A.; Ferrer, T. Molecular determinants of Kv7.1/KCNEI1 channel inhibition by amitriptyline. Biochem Phar-
macol. 2018, 152, 264-271. https://doi.org/10.1016/j.bcp.2018.03.016.

Zemrak, W.R.; Kenna, G.A. Association of antipsychotic and antidepressant drugs with Q-T interval prolongation. Am | Health
Syst Pharm. 2008, 65(11), 1029-38. https://doi.org/10.2146/ajhp070279.

Shubin, D.Yu.; Kechemaykina, M.IL; Kiryukhina, S.V.; Labunsky, D.A. Features of the dynamics of some hematological and bio-
chemical blood parameters during coronavirus infection in patients with mental disorders. Sovrem. ter. psih. rasstrojstv [Current
Therapy of Mental Disorders] 2023, 2, 2-9. https://doi.org/10.21265/PSYPH.2023.47.96.001.

Nose, M., Barbui, C. Do antidepressants prolong the QT interval? Epidemiol Psychiatr Sci. 2014, 23(1), 19-20.
https://doi.org/10.1017/S204579601300070X.

Campleman, S.L.; Brent, J.; Pizon, A.F.; Shulman, J.; Wax, P.; Manini, A.F. Drug-specific risk of severe QT prolongation following
acute drug overdose. Clin Toxicol (Phila). 2020, 58(12), 1326-1334. https://doi.org/10.1080/15563650.2020.1746330.

Funai, Y.; Funao, T.; Ikenaga, K.; Takahashi, R.; Hase, I.; Nishikawa, K. Use of tricyclic antidepressants as analgesic adjuvants
results in nonhazardous prolongation of the QTc interval. Osaka City Med ]. 2014, 60(1), 11-9. PMID: 25272563.

Okayasu, H.; Ozeki, Y.; Fujii, K.; Takano, Y.; Shinozaki, T.; Ohrui, M.; Shimoda, K. Investigation of the Proarrhythmic Effects of
Antidepressants according to QT interval, QT dispersion and T wave peak-to-end interval in the clinical setting. Psychiatry In-
vestig. 2019, 16(2), 159-166. https://doi.org/10.30773/pi.2018.12.11.

Noordam, R;; van den Berg, M.E.; Niemeijer, M.N.; Aarts, N.; Leening, M.].; Deckers, ] W.; Hofman, A.; Rijnbeek, P.R,;
Eijgelsheim, M.; Kors, J.A.; Stricker, B.H.; Visser, L.E. Assessing prolongation of the heart rate corrected QT interval in users of
tricyclic antidepressants: advice to use Fridericia rather than Bazett's correction. | Clin Psychopharmacol. 2015, 35(3), 260-5.
https://doi.org/ 10.1097/JCP.0000000000000321.

Rodriguez-Leal, C.M.; Lépez-Lunar, E.; Carrascosa-Berndldez, ].M.; Provencio-Arranz, R.M. Electrocardiographic surveillance
in a psychiatric institution: avoiding iatrogenic cardiovascular death. Int | Psychiatry Clin Pract. 2017, 21(1), 64-66.
https://doi.org/10.1080/13651501.2016.1234623.

Liu, M,; Yang, K.C.; Dudley, S. Cardiac sodium channel mutations: why so many phenotypes?. Nat Rev Cardiol. 2014, 11, 607-
615. https://doi.org/10.1038/nrcardio.2014.85.

Elsayed, M.; Abdel-Kahaar, E.; Gahr, M.; Connemann, B.J.; Denkinger, M.; Schonfeldt-Lecuona, C. Arrhythmias related to anti-
psychotics and antidepressants: an analysis of the summaries of product characteristics of original products approved in Ger-
many. Eur | Clin Pharmacol. 2021, 77(5), 767-775. https://doi.org/10.1007/s00228-020-03049-x.

Aronow, W.S,; Shamliyan, T.A. Effects of antidepressants on QT interval in people with mental disorders. Arch Med Sci. 2020,
16(4), 727-741. https://doi.org/10.5114/aoms.2019.86928.



Personalized Psychiatry and Neurology 2023, 3 (2): 72-119. https://doi.org/10.52667/2712-9179-2023-3-2-72-119 114

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

Lubna, N.J.; Wada, T.; Nakamura, Y.; Chiba, K.; Cao, X; Izumi-Nakaseko, H.; Ando, K.; Naito, A.T.; Satoh, Y.; Sugiyama, A.
Amitriptyline may have possibility to induce Brugada syndrome rather than long QT syndrome. Cardiovasc Toxicol. 2018, 18(1),
91-98. https://doi.org/10.1007/s12012-017-9417-z.

Ryan, K.; Benz, P.; Zosel, A.; Farkas, A.; Theobald, J. QTc prolongation in Poison Center Exposures to CredibleMeds List of
substances with "Known risk of Torsades de Pointes". Cardiovasc Toxicol. 2022, 22(9), 866-877. https://doi.org/10.1007/s12012-022-
09764-4.

Sahin, O.; Akturk, G.; Cilaker, M.S.; Gursoy, D.O.; Karapinar, F.; Hocaoglu, N.; Ergur, B.U.; Akan, P.; Tuncok, Y.; Kalkan, S.
Effect of the selective mitochondrial KATP channel opener nicorandil on the QT prolongation and myocardial damage induced
by amitriptyline in rats. ] Pharm Pharmacol. 2023, 75(3), 415-426. https://doi.org/10.1093/jpp/rgac089.

Baris, V.O.; Gedikli, E.; Dingsoy, A.B.; Erdem, A. Empagliflozin significantly prevents QTc prolongation due to amitriptyline
intoxication. Cardiovasc | Afr. 2023, 34, 1-5. https://doi.org/10.5830/CV]JA-2023-017.

Basol, N.; Aygun, H.; Gul, S.S. Beneficial effects of edaravone in experimental model of amitriptyline-induced cardiotoxicity in
rats. Naunyn Schmiedebergs Arch Pharmacol. 2019, 392(11), 1447-1453. https://doi.org/10.1007/s00210-019-01683-6.

Sorodoc, V.; Sorodoc, L.; Ungureanu, D.; Sava, A.; Jaba, LM. Cardiac troponin T and NT-proBNP as biomarkers of early myo-
cardial damage in amitriptyline-induced cardiovascular toxicity in rats. Int ] Toxicol. 2013, 32(5), 351-7.
https://doi.org/10.1177/1091581813503888.

Aygun, H.; Basol, N.; Gul, S.S. Cardioprotective effect of paricalcitol on amitriptyline-induced cardiotoxicity in rats: comparison
of [99mTc]PYP cardiac scintigraphy with electrocardiographic and biochemical findings. Cardiovasc Toxicol. 2020, 20(4), 427-
436. https://doi.org/10.1007/s12012-020-09569-3.

Unterecker, S.; Pfuhlmann, B.; Kopf, J.; Kittel-Schneider, S.; Reif, A.; Deckert, J. Increase of heart rate and QTc by amitriptyline,
but not by venlafaxine, is correlated to serum concentration. | Clin Psychopharmacol. 2015, 35(4), 460-3.
https://doi.org/10.1097/JCP.0000000000000336.

Ivanov, 5.V.; Voronova, E.I. Depression therapy for somatic diseases. S.S. Zhurnal nevrologii i psikhiatrii imeni S.S. Korsakova [Kor-
sakov Journal of Neurology and Psychiatry] 2021, 121(5), 106-112. https://doi.org/10.17116/jnevro2021121052106
Nussbaumer-5Streit, B.; Thaler, K.; Chapman, A.; Probst, T.; Winkler, D.; Sénnichsen, A.; Gaynes, B.N.; Gartlehner, G. Second-
generation antidepressants for treatment of seasonal affective disorder. The Cochrane Database of Systematic Reviews 2021, 3.
https://doi.org/10.1002/14651858.CD008591.pub3.

Verbenko, V.; Dvirsky, A. The SSRI antidepressants: clinical aspects, new side effects and mechanisms of actions. Psikhiatriya.
2018, 1(77), 123-133. https://doi.org/2618-6667-2018-77-123-133.

Edinoff, A.N.; Akuly, H.A.; Hanna, T.A.; Ochoa, C.O.; Patti, S.J.; Ghaffar, Y.A.; Kaye, A.D.; Viswanath, O.; Urits, I; Boyer, A.G.;
Cornett, E.M.; Kaye, A.M. Selective serotonin reuptake inhibitors and adverse effects: a narrative review. Neurology International
2021, 13(3), 387-401. https://doi.org/10.3390/neurolint13030038.

Assimon, M.M.; Brookhart, M.A.; Flythe, ].E. Comparative cardiac safety of selective serotonin reuptake inhibitors among indi-
viduals receiving maintenance hemodialysis. ] Am Soc Nephrol. 2019, 30(4), 611-623. https://doi.org/10.1681/ASN.2018101032.
Plijter, 1.S.; Verkerk, A.O.; Wilders, R. The Antidepressant paroxetine reduces the cardiac sodium current. Int | Mol Sci. 2023,
24(3), 1904. https://doi.org/10.3390/ijms24031904.

Zivin, K; Pfeiffer, P.N.; Bohnert, A.S.B.; Ganoczy, D.; Blow, F.C.; Nallamothu, B.K.; Kales, H.C. Evaluation of the FDA warning
against prescribing citalopram at doses exceeding 40 mg. American Journal of Psychiatry 2013, 170(6), 642-650.
https://doi.org/10.1176/appi.ajp.2013.12030408.

Straley, C.M.; Sochacki, M.; Reed, E.; Carr, C.N.; Baugh, T.B. Comparison of the effect of citalopram, bupropion, sertraline, and
tricyclic ~ antidepressants on  QTc: A  cross-sectional study. | Affect Disord. 2022, 296, 476-484.
https://doi.org/10.1016/j.jad.2021.08.149.

Otsuka, Y. Paroxetine-induced QTc prolongation. | Gen Fam Med. 2017, 18(6), 442-445. https://doi.org/10.1002/jgf2.137.

Maljuric, N.M.; Noordam, R.; Aarts, N.; Niemeijer, M.N.; van den Berg, M.E.; Hofman, A.; Kors, J.A; Stricker, B.H.; Visser, L.E.
Use of selective serotonin re-uptake inhibitors and the heart rate corrected QT interval in a real-life setting: the population-based
Rotterdam Study. Br | Clin Pharmacol. 2015, 80(4), 698-705. https://doi.org/10.1111/bcp.12681.

van Haelst, LM.; van Klei, W.A.; Doodeman, H.].; Warnier, M.].; De Bruin, M.L.; Kalkman, C.J.; Egberts, T.C. QT interval pro-
longation in users of selective serotonin reuptake inhibitors in an elderly surgical population: a cross-sectional study. ] Clin
Psychiatry 2014, 75(1), 15-21. https://doi.org/10.4088/JCP.13m08397.

Ojero-Senard, A.; Benevent, J.; Bondon-Guitton, E.; Durrieu, G.; Chebane, L.; Araujo, M.; Montastruc, F.; Montastruc, J.L. A
comparative study of QT prolongation with serotonin reuptake inhibitors. Psychopharmacology (Berl). 2017, 234(20), 3075-3081.
https://doi.org/10.1007/s00213-017-4685-7.

Ott, W.P,; Bellamy, S.E.; Khan, M.; Shahid, A.; Javed, M.T. Acquired long QT syndrome: ventricular fibrillation in an otherwise
healthy young female. Cureus 2023, 15(4), e37263. https://doi.org/10.7759/cureus.37263.

Straley, C.M.; Sochacki, M.; Reed, E.; Carr, C.N.; Baugh, T.B. Comparison of the effect of citalopram, bupropion, sertraline, and
tricyclic ~ antidepressants on  QTc: a  cross-sectional  study.  Journal  of  Affective  Disorders 2021,
https://doi.org/10.1016/j.jad.2021.08.149.

Funk, K.A.; Bostwick, ].R. A comparison of the risk of QT prolongation among SSRIs. Ann Pharmacother. 2013, 47(10), 1330-41.
https://doi.org/10.1177/1060028013501994.



https://doi.org/10.17116/jnevro2021121052106
https://doi.org/2618-6667-2018-77-123-133
https://doi.org/10.3390/neurolint13030038

Personalized Psychiatry and Neurology 2023, 3 (2): 72-119. https://doi.org/10.52667/2712-9179-2023-3-2-72-119 115

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Abbas, R.; Riley, S.; LaBadie, R.R.; Bachinsky, M.; Chappell, P.B.; Crownover, P.H.; Damle, B. A thorough QT study to evaluate
the effects of a supratherapeutic dose of sertraline on cardiac repolarization in healthy subjects. Clin Pharmacol Drug Dev. 2020,
9(3), 307-320. https://doi.org/10.1002/cpdd.749.

U.S. Food and Drug Administration. Abnormal heart arrhythmias associated with high foses of Celexa (citalopram hydrobro-
mide). FDA Safety Communication 2011 [Accessed June 26, 2023]. Available at: https://www.fda.gov/Drugs/DrugSafety/
ucm269086.htm#data.

U.S. Food and Drug Administration. FDA Drug Safety Communication: Revised recommendations for Celexa (citalopram hy-
drobromide) related to a potential risk of abnormal heart rhythms with high doses. Drug Safety and Availability 2012; [Accessed
June 26, 2023]. Available at: https://www.fda.gov/Drugs/DrugSafety/ucm?297391.htm.

Coupland, C,; Hill, T.; Morriss, R.; Moore, M.; Arthur, A.; Hippisley-Cox, J. Antidepressant use and risk of cardiovascular out-
comes in people aged 20 to 64: cohort study using primary care database. BM] 2016, 352, 11350 https://doi.org/10.1136/bmj.i1350.
Drye, L.T.; Spragg, D.; Devanand, D.P.; Frangakis, C.; Marano, C.; Meinert, C.L.; Mintzer, ].E.; Munro, C.A,; Pelton, G.; Pollock,
B.G.; Porsteinsson, A.P.; Rabins, P.V.; Rosenberg, P.B.; Schneider, L.S.; Shade, D.M.; Weintraub, D.; Yesavage, ].; Lyketsos, C.G.
CitAD Research Group. Changes in QTc interval in the citalopram for agitation in Alzheimer's disease (CitAD) randomized trial.
PLoS One 2014, 9(6), €98426. https://doi.org/10.1371/journal.pone.0098426.

Ray, W.A_; Chung, C.P.; Murray, K.T.; Hall, K.; Stein, C.M. High-dose citalopram and escitalopram and the risk of out-of-hospital
death. J Clin Psychiatry 2017, 78(2), 190-195. https://doi.org/10.4088/JCP.15m10324.

Suzuki, Y.; Tajiri, M.; Sugimoto, A.; Orime, N.; Hayashi, T.; Egawa, J.; Sugai, T.; Inoue, Y.; Someya, T. Sex differences in the effect
of atomoxetine on the QT interval in adult patients with attention-deficit hyperactivity disorder. | Clin Psychopharmacol. 2017,
37(1), 27-31. https://doi.org/10.1097/JCP.0000000000000630.

van Noord, C.; Dorr, M.; Sturkenboom, M.C.; Straus, S.M.; Reffelmann, T.; Felix, S.B.; Hofman, A.; Kors, ].A.; Haring, R.; de Jong,
F.H.; Nauck, M.; Uitterlinden, A.G.; Wallaschofski, H.; Witteman, J.C.; Volzke, H.; Stricker, B.H. The association of serum testos-
terone levels and ventricular repolarization. Eur | Epidemiol. 2010, 25(1), 21-8. https://doi: 10.1007/s10654-009-9406-z.

Scherer, D.; Hassel, D.; Bloehs, R.; Zitron, E.; von Lowenstern, K.; Seyler, C.; Thomas, D.; Konrad, F.; Biirgers, H.F.; Seemann, G.;
Rottbauer, W.; Katus, H.A.; Karle, C.A.; Scholz, E.P. Selective noradrenaline reuptake inhibitor atomoxetine directly blocks hRERG
currents. Br | Pharmacol. 2009, 156(2), 226-36. https://doi: 10.1111/j.1476-5381.2008.00018.x.

Reed, V.A,; Buitelaar, J.K,; Anand, E.; Day, K.A ; Treuer, T.; Upadhyaya, H.P.; Coghill, D.R.; Kryzhanovskaya, L.A.; Savill, N.C.
The safety of atomoxetine for the treatment of children and adolescents with attention-deficit/hyperactivity disorder: a compre-
hensive review of over a recade of research. CNS Drugs 2016, 30(7), 603-28. https://doi.org/10.1007/s40263-016-0349-0.

Nasser, A.; Faison, S.L.; Liranso, T.; Adewole, T.; Busse, G.D.; Fava, M.; Kleiman, R.B.; Schwabe, S. Evaluation of the effect of
SPN-812 (viloxazine extended-release) on QTc interval in healthy adults. | Clin Psychiatry 2020, 81(6), 20m13395. https://doi.org/
10.4088/JCP.20m13395.

Jasiak, N.M.; Bostwick, J.R. Risk of QT/QTc prolongation among newer non-SSRI antidepressants. Ann Pharmacother. 2014, 48(12),
1620-8. https://doi.org/10.1177/1060028014550645.

Caillier, B.; Pilote, S.; Castonguay, A.; Patoine, D.; Ménard-Desrosiers, V.; Vigneault, P.; Hreiche, R.; Turgeon, J.; Daleau, P.; De
Koninck, Y.; Simard, C.; Drolet, B. QRS widening and QT prolongation under bupropion: a unique cardiac electrophysiol ogical
profile. Fundam Clin Pharmacol. 2012, 26(5), 599-608. https://doi: 10.1111/j.1472-8206.2011.00953 .

Mago, R.; Forero, G.; Greenberg, W.M.; Gommoll, C.; Chen C. Safety and tolerability of levomilnacipran ER in major depressive
disorder: results from an open-label, 48-week extension study. Clin Drug Investig. 2013, 33(10), 761-71.
https://doi.org/10.1007/s40261-013-0126-5.

Huang, Q.; Zhong, X.; Yun, Y.; Yu, B.; Huang, Y. Efficacy and safety of multiple doses of levomilnacipran extended-release for
the treatment of major depressive disorder. Neuropsychiatr Dis Treat. 2016, 12, 2707-2714. https://doi.org/10.2147/NDT.S114955.
Isbister, G.K.; Polanski, R.; Cooper, ].M.; Keegan, M.; Isoardi, K.Z. Duloxetine overdose causes sympathomimetic and serotonin
toxicity without major complications. Clin Toxicol (Phila). 2022, 60(9), 1019-1023. https://doi.org/10.1080/15563650.2022.2083631.
Behlke, L.M.; Lenze, E.J.; Carney, R.M. The Cardiovascular Effects of Newer Antidepressants in Older Adults and Those With
or At High Risk for Cardiovascular Diseases. CNS Drugs 2020, 34(11), 1133-1147. https://doi.org/10.1007/s40263-020-00763-z.
Waring, W.S. Clinical use of antidepressant therapy and associated cardiovascular risk. Drug Healthc Patient Saf. 2012, 4, 93-101.
https://doi: 10.2147/DHPS.528804.

Scott, L.J. Levomilnacipran extended-release: a review of its use in adult patients with major depressive disorder. CNS Drugs
2014, 28(11), 1071-1082. https://doi.org/10.1007/s40263-014-0203-1.

Colvard, M.D. Key differences between Venlafaxine XR and Desvenlafaxine: An analysis of pharmacokinetic and clinical data.
Mental Health Clinician 2014, 4(1), 35-39 https://doi.org/10.9740/mhc.n186977.

Allen, N.D.; Leung, ].G.; Palmer, B.A. Mirtazapine's effect on the QT interval in medically hospitalized patients. Ment Health
Clin. 2020, 10(1), 30-33. https://doi.org/10.9740/mhc.2020.01.030.

Gurkan, S;; Liu, F.; Chain, A.; Gutstein, D.E. A study to assess the proarrhythmic potential of mirtazapine using concentration-
QTc (C-QTc) analysis. Clin Pharmacol Drug Dev. 2019, 8(4), 449-458. https://doi.org/10.1002/cpdd.605.

Mohan, G.; Ajitkumar, A.; Bhide, P.; Ravilla, J.; Kramer, V. Trazodone overdose manifesting as hypotension and QT prolonga-
tion. Cureus 2023, 15(3), e36871. https://doi.org/10.7759/cureus.36871.

Matsuda, Y.; Furukawa, Y.; Yamazaki, R.; Inamura, K,; Kito, S.; Nunomura, A.; Shigeta, M. Mirtazapine-induced long QT syn-
drome in an elderly patient: a case report. Psychogeriatrics 2020, 20(4), 536-537. https://doi.org/10.1111/psyg.12520.



https://www.fda.gov/Drugs/DrugSafety/ucm297391.htm
https://doi.org/10.1097/JCP.0000000000000630
https://doi.org/10.1177/1060028014550645
https://doi.org/10.1007/s40263-020-00763-z

Personalized Psychiatry and Neurology 2023, 3 (2): 72-119. https://doi.org/10.52667/2712-9179-2023-3-2-72-119 116

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Armstrong, S.E.M.; Brown, HK.; Shorey, C.; Madan, R.; Szabuniewicz, C.; Koh, S.; Crépeau-Gendron, G.; Mah, L. No association
between trazodone and corrected-QT prolongation in older adults. | Clin Psychopharmacol. 2019, 39(5), 528-530.
https://doi.org/10.1097/JCP.0000000000001102.

Donazzolo, Y.; Latreille, M.; Caillaud, M.A.; Mocaer, E.; Seguin, L. Evaluation of the effects of therapeutic and supratherapeutic
doses of agomelatine on the QT/QTc interval: a phase I, randomized, double-blind, placebo-controlled and positive-controlled,
crossover thorough QT/QTc study conducted in healthy volunteers. | Cardiovasc Pharmacol. 2014, 64(5), 440-51.
https://doi.org/10.1097/FJC.0000000000000136.

Heun, R.; Ahokas, A.; Boyer, P.; Giménez-Montesinos, N.; Pontes-Soares, F.; Olivier, V. Agomelatine study group. The efficacy
of agomelatine in elderly patients with recurrent major depressive disorder: a placebo-controlled study. | Clin Psychiatry 2013,
74(6), 587-94. https://doi.org/10.4088/JCP.12m08250.

Tellone, V.; Rosignoli, M.T.; Picollo, R.; Dragone, P.; Del Vecchio, A.; Comandini, A.; Radicioni, M.; Leuratti, C.; Calisti, F. Effect
of 3 single doses of trazodone on QTc interval in healthy subjects. | Clin Pharmacol. 2020, 60(11), 1483-1495.
https://doi.org/10.1002/jcph.1640.

Scherer, D.; von Lowenstern, K.; Zitron, E.; Scholz, E.P.; Bloehs, R.; Kathofer, S.; Thomas, D.; Bauer, A.; Katus, H.A.; Karle, C.A.;
Kiesecker, C. Inhibition of cardiac hERG potassium channels by tetracyclic antidepressant mianserin. Naunyn Schmiedebergs Arch
Pharmacol. 2008, 378(1), 73-83. https://doi: 10.1007/s00210-008-0289-4.

Danielsson, B.; Collin, J.; Jonasdottir Bergman, G.; Borg, N.; Salmi, P.; Fastbom, J. Antidepressants and antipsychotics classified
with torsades de pointes arrhythmia risk and mortality in older adults - a Swedish nationwide study. Br | Clin Pharmacol. 2016,
81(4), 773-83. https://doi.org/10.1111/bcp.12829.

Lee, S.; Lee, H.A.; Kim, S.J.; Kim, K.S. Cellular mechanisms for trazodone-induced cardiotoxicity. Hum Exp Toxicol. 2016, 35(5),
501-10. https://doi.org/10.1177/0960327115595683.

Soe, KK,; Lee, M.Y. Arrhythmias in severe trazodone overdose. Am | Case Rep. 2019, 20, 1949-1955. https://doi.org/
10.12659/AJCR.919833.

Saiz-Rodriguez, M.; Belmonte, C.; Derqui-Fernandez, N.; Cabaleiro, T.; Roman, M.; Ochoa, D.; Talegon, M.; Ovejero-Benito, M.C.;
Abad-Santos, F. Pharmacogenetics of trazodone in healthy volunteers: association with pharmacokinetics, pharmacodynamics
and safety. Pharmacogenomics 2017, 18(16), 1491-1502. https://doi.org/10.2217/pgs-2017-0116.

Husak, N.; Leonard, J.B.; Seung, H.; Klein-Schwartz, W. Single-substance trazodone exposures reported to US poison centers
from 2000 to 2019. Clin Toxicol (Phila). 2022, 60(9), 1032-1038. https://doi.org/10.1080/15563650.2022.2068423.

Sahli, Z.T.; Banerjee, P.; Tarazi, F.I. The preclinical and clinical effects of vilazodone for the treatment of major depressive disor-
der. Expert Opin Drug Discov. 2016, 11(5), 515-523. https://doi.org/10.1517/17460441.2016.1160051.

Lee, S.; Lee, H.A.; Choi, S.W.; Kim, S.].; Kim, K.S. Evaluation of nefazodone-induced cardiotoxicity in human induced pluripotent
stem cell-derived cardiomyocytes. Toxicol Appl Pharmacol. 2016, 296, 42-53. https://doi.org/10.1016/j.taap.2016.01.015.

Connolly, K.R.; Thase, M.E. Vortioxetine: a new treatment for major depressive disorder. Expert Opin Pharmacother. 2016, 17(3),
421-431. https://doi.org/10.1517/14656566.2016.1133588.

Bordet, C.; Rousseau, V.; Montastruc, F.; Montastruc, J.L. QT prolongation and vortioxetine: a post-marketing study and com-
parison  with  other serotonin reuptake inhibitors.  Psychopharmacology  (Berl). 2020, 237(4), 1245-1247.
https://doi.org/10.1007/s00213-020-05461-8.

Wang, Y.; Nomikos, G.G.; Karim, A.; Munsaka, M.; Serenko, M.; Liosatos, M.; Harris, S. Effect of vortioxetine on cardiac repolar-
ization in healthy adult male subjects: results of a thorough QT/QTc study. Clin Pharmacol Drug Dev. 2013, 2(4), 298-309.
https://doi.org/10.1002/cpdd.51.

Filippova, N.V.; Barylnik, Yu.B.; Bogdanova, T.M.; Blinova, V.V.; Shchelchkova, A.A.; Mozgacheva, E.S. Efficiency and safety of
Vortioxetine in the treatment of depressive disorders in cardiac patients. V.M. Bekhterev review of psychiatry and medical psychology
2023, 57(2), 105-115. https://doi.org/10.31363/2313-7053-2023-817.

Lauschke, V.M.; Ingelman-Sundberg, M. Prediction of drug response and adverse drug reactions: from twin studies to nextgen-
eration sequencing. Eur | Pharm Sci. 2019, 130, 65-77. https://doi: 10.1016/j.ejps.2019.01.024.

Lauschke, V.M.; Zhou, Y.; Ingelman-Sundberg, M. Novel genetic and epigenetic factors of importance for inter-individual dif-
ferences in drug disposition, response and toxicity. Pharmacol  Ther. 2019, 197, 122-52. https://doi:
10.1016/j.pharmthera.2019.01.002.

van Westrhenen, R.; Aitchison, K.J.; Ingelman-Sundberg, M.; Juki¢, M.M. Pharmacogenomics of Antidepressant and Antipsy-
chotic Treatment: How Far Have We Got and Where Are We Going? Front. Psychiatry. 2020, 11, 94. https://doi:
10.3389/fpsyt.2020.00094.

Hauser, A.S; Chavali, S.; Masuho, L; Jahn, L.J.; Martemyanov, K.A.; Gloriam, D.E.; Babu, M.M. Pharmacogenomics of GPCR
drug targets. Cell. 2018, 172(1-2), 41-54 e19. https://doi: 10.1016/j.cell.2017.11.033.

Zeier, Z.; Car-penter, L.L.; Kalin, N.H.; Rodriguez, C.I,; McDonald, W.M.; Widge, A.S.; Nemeroff, C.B. Clinical implementation
of pharmacogenetic decision support tools for antidepressant drug prescribing. Am | Psychiatry. 2018, 175(9), 873-86. https://doi:
10.1176/appi.ajp.2018.17111282.

Clinical Pharmacogenetics Implementation Consortium (CPIC); 2009-. Guidelines. [Updated 2022 Sep 23]. [Accessed June 28,
2023]. Available at: https://cpicpgx.org/guidelines/.

Nasyrova, R.F.; Neznanov, N.G; editors. Clinical Psychopharmacogenetics. DEAN Publishing House; Saint-Petersburg, Russia:
2019. 405p. ISBN 978-5-6043573-7-8.



https://doi.org/10.31363/2313-7053-2023-817
https://cpicpgx.org/guidelines/

Personalized Psychiatry and Neurology 2023, 3 (2): 72-119. https://doi.org/10.52667/2712-9179-2023-3-2-72-119 117

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Crisafulli, C.; Fabbri, C.; Porcelli, S.; Drago, A.; Spina, E.; De Ronchi, D.; Serretti, A. Pharmacogenetics of antidepressants. Front
Pharmacol. 2011, 16, 2, 6. https://doi: 10.3389/fphar.2011.00006.

Tanaka, E. Toxicological interactions involving psychiatric drugs and alcohol: an update. | Clin Pharm Ther. 2003, 28(2), 81-95.
https://doi.org/10.1046/j.1365-2710.2003.00459.x.

Menkes, D.B.; Herxheimer, A. Interaction between antidepressants and alcohol: signal amplification by multiple case reports.
Int ] Risk Saf Med. 2014, 26(3), 163-70. https://doi: 10.3233/JRS-140632.

Oliveira, P.; Ribeiro, J.; Donato, H.; Madeira, N. Smoking and antidepressants pharmacokinetics: a systematic review. Ann Gen
Psychiatry 2017, 16, 17. https://doi.org/10.1186/s12991-017-0140-8.

Maideen, N.M.P. Tobacco smoking and its drug interactions with comedications involving CYP and UGT enzymes and nicotine.
World | Pharmacol. 2019, 8(2), 14-25. https://doi: 10.5497/wjp.v8.i2.14.

Bousman, C.A.; Bengesser, S.A.; Aitchison, K.J.; Amare, A.T.; Aschauer, H.; Baune, B.T.; Asl, B.B.; Bishop, ].R.; Burmeister, M.;
Chaumette, B.; Chen, L.S.; Cordner, Z.A.; Deckert, J.; Degenhardt, F.; DeLisi, L.E.; Folkersen, L.; Kennedy, J.L.; Klein, T.E.;
McClay, ].L.; McMahon, F.J.; Musil, R.; Saccone, N.L.; Sangkuhl, K.; Stowe, RM.; Tan, E.C.; Tiwari, A K,; Zai, C.C.; Zai, G.; Zhang,
J.; Gaedigk, A.; Miiller, D.]J. Review and Consensus on Pharmacogenomic Testing in Psychiatry. Pharmacopsychiatry. 2021, 54(1),
5-17. https://doi: 10.1055/a-1288-1061.

Bousman, C.A.; Forbes, M.; Jayaram, M.; Eyre, H.; Reynolds, C.F.; Berk, M.; Hopwood, M.; Ng, C. Antidepressant prescribing in
the precision medicine era: a prescriber's primer on pharmacogenetic tools. BMC Psychiatry. 2017, 17(1), 60. https://doi:
10.1186/s12888-017-1230-5.

Thompson, C.; Steven, P.H.; Catriona, H. Psychiatrist attitudes towards pharmacogenetic testing, direct-to-consumer genetic
testing, and integrating genetic counseling into psychiatric patient care. Psychiatry Res. 2015, 226(1), 68-72. https://doi:
10.1016/j.psychres.2014.11.044.

Salm, M.; Abbate, K.; Appelbaum, P.; Ottman, R.; Chung, W.; Marder, K; Leu, C.S.; Alcalay, R.; Goldman, ].; Curtis, A.M.; Leech,
C.; Taber, K.J.; Klitzman, R. Use of genetic tests among neurologists and psychiatrists: knowledge, attitudes, behaviors, and
needs for training. | Genet Couns. 2014, 23(2), 156—63. https://doi: 10.1007/s10897-013-9624-0.

Bousman, C.A.; Hopwood, M. Commercial pharmacogenetic-based decision-support tools in psychiatry. Lancet Psychiatry. 2016,
3(6), 585-90. https://doi: 10.1016/52215-0366(16)00017-1.

The 2011 Oxford CEBM Evidence Levels of Evidence (Introductory Document) Available at: http://www.cebm.net/in-
dex.aspx?0=5653.

Peterson, K.; Dieperink, E.; Anderson, J.; Boundy, E.; Ferguson, L.; Helfand, M. Rapid evidence review of the comparative effec-
tiveness, harms, and cost-effectiveness of pharmacogenomics-guided antidepressant treatment versus usual care for major de-
pressive disorder. Psychopharmacology (Berl). 2017, 234(11), 1649-1661. https://doi: 10.1007/s00213-017-4622-9.

Rosenblat, ].D.; Lee, Y.; McIntyre, R.S. Does Pharmacogenomic Testing Improve Clinical Outcomes for Major Depressive Disor-
der? A Systematic Review of Clinical Trials and Cost-Effectiveness Studies. | Clin Psychiatry. 2017, https://doi:
10.4088/JCP.15r10583.

Fricke-Galindo, I.; Cespedes-Garro, C.; Rodrigues-Soares, F.; Naranjo, M.E.; Delgado, A.; de Andres, F.; Lopez-Lopez, M.; Penas-
Lledo, E.; LLerena, A. Interethnic variation of CYP2C19 alleles, ‘predicted” phenotypes and ‘measured” metabolic phenotypes
across world populations. Pharmacogenomics . 2016, 16(2), 113-23. https://doi: 10.1038/tpj.2015.70.

Gaedigk, A.; Sangkuhl, K.; Whirl-Carrillo, M.; Klein, T.; Leeder, J.S. Prediction of CYP2D6 phenotype from genotype across
world populations. Genet Med. 2017, 19(1), 9-76. https://doi: 10.1038/gim.2016.80.

Mizzi, C.; Dalabira, E.; Kumuthini, J.; Dzimiri, N.; Balogh, I.; Basak, N.; Bohm, R.; Borg, J.; Borgiani, P.; Bozina, N.; Bruckmueller,
H.; Burzynska, B.; Carracedo, A.; Cascorbi, I; Deltas, C.; Dolzan, V.; Fenech, A.; Grech, G.; Kasiulevicius, V.; Kadasi, L.; Kucin-
skas, V.; Khusnutdinova, E.; Loukas, Y.L.; Macek, M.Jr.; Makukh, H.; Mathijssen, R.; Mitropoulos, K.; Mitropoulou, C.; Novelli,
G.; Papantoni, I.; Pavlovic, S.; Saglio, G.; Setric, J.; Stojiljkovic, M.; Stubbs, A.P.; Squassina, A.; Torres, M.; Turnovec, M.; van
Schaik, R.H.; Voskarides, K.; Wakil, 5.M.; Werk, A.; Del Zompo, M.; Zukic, B.; Katsila, T.; Lee, M.T.; Motsinger-Rief, A.; Mc Leod,
H.L.; van der Spek, P.J.; Patrinos, G.P. A european spectrum of pharmacogenomic biomarkers: implications for clinical phar-
macogenomics. PLoS One. 2016, 11(9), e0162866. https://doi: 10.1371/journal.pone.0162866.

Singh, A.B. Improved antidepressant remission in major depression via a pharmacokinetic pathway polygene pharmacogenetic
report. Clin Psychopharmacol Neurosci. 2015, 13(2), 150-6. https://doi: 10.9758/cpn.2015.13.2.150.

Hall-Flavin, D.K.; Winner, ].G.; Allen, ].D.; Carhart, ].M.; Proctor, B.; Snyder, K.A.; Drews, M.S.; Eisterhold, L.L.; Geske, J.;
Mrazek, D.A. Utility of integrated pharmacogenomic testing to support the treatment of major depressive disorder in a psychi-
atric outpatient setting. Pharmacogenet Genomics. 2013, 23(10), 535—48. https://doi: 10.1097/FPC.0b013e3283649b9a.

Breitenstein, B.; Scheuer, S.; Pfister, H.; Uhr, M.; Lucae, S.; Holsboer, F.; Ising, M.; Bruckl, T.M. The clinical application of ABCB1
genotyping in antidepressant treatment: a pilot study. CNS Spectr. 2014, 19(2), 165-75. https://doi: 10.1017/51092852913000436.
Brennan, F.X.; Gardner, K.R.; Lombard, J.; Perlis, R.H.; Fava, M.; Harris, H.W.; Scott, R. A Naturalistic Study of the Effectiveness
of Pharmacogenetic Testing to Guide Treatment in Psychiatric Patients With Mood and Anxiety Disorders. Prim Care Companion
CNS Disord. 2015, 17(2), 10.4088/PCC.14m01717. https://doi: 10.4088/PCC.14m01717.

Winner, J.; Allen, ].D.; Altar, C.A.; Spahic-Mihajlovic, A. Psychiatric pharmacogenomics predicts health resource utilization of
outpatients with anxiety and depression. Transl Psychiatry. 2013, 3:242. https://doi: 10.1038/tp.2013.2.



https://doi.org/10.1046/j.1365-2710.2003.00459.x
https://doi.org/10.1186/s12991-017-0140-8
http://www.cebm.net/index.aspx?o=5653
http://www.cebm.net/index.aspx?o=5653

Personalized Psychiatry and Neurology 2023, 3 (2): 72-119. https://doi.org/10.52667/2712-9179-2023-3-2-72-119 118

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Winner, J.G.; Carhart, ].M.; Altar, C.A.; Goldfarb, S.; Allen, J.D.; Lavezzari, G.; Parsons, K.K.; Marshak, A.G.; Garavaglia, S.;
Dechairo, B.M. Combinatorial pharmacogenomic guidance for psychiatric medications reduces overall pharmacy costs in a 1
year prospective evaluation. Curr Med Res Opin. 2015, 31(9), 1633—43. https://doi: 10.1185/03007995.2015.1063483.

Brixner, D.; Biltaji, E.; Bress, A.; Unni, S.; Ye, X.; Mamiya, T.; Ashcraft, K.; Biskupiak, J. The effect of pharmacogenetic profiling
with a clinical decision support tool on healthcare resource utilization and estimated costs in the elderly exposed to polyphar-
macy. ] Med Econ. 2016, 19(3), 213-28. https://doi: 10.3111/13696998.2015.1110160.

Roberts, ].D.; Wells, G.A.; Le May, M.R,; Labinaz, M.; Glover, C.; Froeschl, M.; Dick, A.; Marquis, J.F.; O'Brien, E.; Goncalves, S.;
Druce, I; Stewart, A.; Gollob, M.H. Point-of-care genetic testing for personalisation of antiplatelet treatment (RAPID GENE): a
prospective, randomised, proof-of-concept trial. Lancet. 2012, 379(9827), 1705-11. https://doi: 10.1016/S0140-6736(12)60161-5.
Hudson, K.L.; Holohan, M.K,; Collins, F.S. Keeping pace with the times--the genetic information nondiscrimination Act of 2008.
N Engl ] Med. 2008, 358(25), 2661-3. https://doi: 10.1056/NEJMp0803964.

Haga, S.B.; O’'Daniel, ].M,; Tindall, G.M.; Lipkus, L.R.; Agans, R. Survey of US public attitudes toward pharmacogenetic testing.
Pharmacogenomics J. 2012, 12(3), 197-204. https://doi: 10.1038/tpj.2011.1.

Lanktree, M.B.; Zai, G.; Vanderbeek, L.E.; Giuffra, D.E.; Smithson, D.S.; Kipp, L.B.; Dalseg, T.R.; Speechley, M.; Kennedy, ]J.L.
Positive perception of pharmacogenetic testing for psychotropic medications. Hum Psychopharmacol. 2014, 29(3), 287-91.
https://doi: 10.1002/hup.2383.

Reddy, A.P.; Sawant, N.; Morton, H.; Kshirsagar, S.; Bunquin, L.E.; Yin, X.; Reddy, P.H. Selective serotonin reuptake inhibitor
citalopram ameliorates cognitive decline and protects against amyloid beta-induced mitochondrial dynamics, biogenesis, au-
tophagy, mitophagy and synaptic toxicities in a mouse model of Alzheimer’s disease. Human Molecular Genetics 2021, 30(9), 789-
810. https://doi.org/10.1093/hmg/ddab091.

Zhang, Q.; Yang, C; Liu, T, Liu, L.; Li, F.; Cai, Y.; Fan, X. Citalopram restores short-term memory deficit and non-cognitive
behaviors in APP/PS1 mice while halting the advance of Alzheimer’s disease-like pathology. Neuropharmacology 2018, 131, 475—
486. https://doi.org/10.1016/j.neuropharm.2017.12.

Henry, M.E.; Schmidt, M.E.; Hennen, J.; Villafuerte, R.A; Butman, M.L.; Tran, P.; Kerner, L.T.; Cohen, B.; Renshaw, P.F. A com-
parison of brain and serum pharmacokinetics of R-fluoxetine and racemic fluoxetine: a 19-F MRS study. Neuropsychopharmacol-
ogy. 2005, 30, 1576-1583. https://doi:10. 1038/sj.npp.1300749.

Medicines and Healthcare Products Regulatory Agency. Citalopram and escitalopram: QT interval prolongation: new maximum
daily dose restrictions (including in elderly patients), contraindications and warnings. Accessed March 23, 2013. Available at:
http://www.mhra.gov.uk/Safetyinformation/DrugSafetyUpdate/CON137769.

Nikitina, A.Yu.; Levin, O.S. A The use of trazodone in neuropsychiatric disorders in the elderly. Sovrem. ter. psih. rasstrojstv
[Current Therapy of Mental Disorders] 2022, 4, 43-48. https://doi.org/10.21265/PSYPH.2022.60.29.006.

Danilov, D.S.; Mul'timodal'nye serotoninergicheskie antidepressanty [Multimodal serotonergic antidepressants]. Zh Nevrol
Psikhiatr Im S S Korsakova. 2017, 117(9), 103-111. https://doi.org/10.17116/inevro201711791103-111.

FDA. Medication Guides. Available at: https://www.accessdata.fda.gov/scripts/cder/daf/in-
dex.cfm?event=medguide.page&utm campaign=SBIA%3A%20FDA%20Launches%20New%20Medication%20Guide%20Data-
base&utm medium=email&utm source=Elogqua.

OMIM Online Mendelian Inheritance in Man. An Online Catalog of Human Genes and Genetic Disorders. [Updated 3 September
2021] [accessed on 10 February 2022]. Available at: https://www.omim.org/.

Bonnet, U. Moclobemide: therapeutic use and clinical studies. CNS Drug Rev. 2003, 9(1), 97-140. https://doi: 10.1111/1.1527-
3458.2003.tb00245.x.

Shnayder, N.A.; Grechkina, V.V.; Khasanova, A.K.; Bochanova, E.N.; Dontceva, E.A.; Petrova, M.M.; Asadullin, A.R.; Shipulin,
G.A.; Altynbekov, K.S.; Al-Zamil, M.; Nasyrova R.F. Therapeutic and Toxic Effects of Valproic Acid Metabolites. Metabolites.
2023, 13, 134. https://doi.org/10.3390/metabo13010134.

FDA. Medication Guides. Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/
021336s0141bl.pdf#page=34.

Kuehl, P.; Zhang, J.; Lin, Y.; Lamba, J.; Assem, M.; Schuetz, J.; Watkins, P.B.; Daly, A.; Wrighton, S.A.; Hall, S.D.; Maurel, P.;
Relling, M.; Brimer, C.; Yasuda, K.; Venkataramanan, R.; Strom, S.; Thummel, K.; Boguski, M.S.; Schuetz, E. Sequence diversity
in CYP3A promoters and characterization of the genetic basis of polymorphic CYP3A5 expression. Nat Genet. 2001, 27(4), 383-
91. https://doi: 10.1038/86882.

Hustert, E.; Haberl, M.; Burk, O.; Wolbold, R.; He, Y.Q,; Klein, K.; Nuessler, A.C.; Neuhaus, P.; Klattig, J.; Eiselt, R.; Koch, I.;
Zibat, A.; Brockmoller, J.; Halpert, J.R.; Zanger, U.M.; Wojnowski, L. The genetic determinants of the CYP3A5 polymorphism.
Pharmacogenetics. 2001, 11(9), 773-9. https://doi: 10.1097/00008571-200112000-00005.

Hicks, J.K.; Sangkuhl, K.; Swen, J.J.; Ellingrod, V.L.; Miiller, D.J.; Shimoda, K.; Bishop, J.R.; Kharasch, E.D.; Skaar, T.C.; Gaedigk,
A.; Dunnenberger, H.M.; Klein, T.E.; Caudle, K.E.; Sting], J.C. Clinical pharmacogenetics implementation consortium guideline
(CPIC) for CYP2D6 and CYP2C19 genotypes and dosing of tricyclic antidepressants: 2016 update. Clin Pharmacol Ther. 2017,
102(1), 37-44. https://doi: 10.1002/cpt.597.

Matthaei, J.; Brockmaoller, J.; Steimer, W.; Pischa, K.; Leucht, S.; Kullmann, M.; Jensen, O.; Ouethy, T.; Tzvetkov, M.V.; Rafehi, M.
Effects of Genetic Polymorphism in CYP2D6, CYP2C19, and the Organic Cation Transporter OCT1 on Amitriptyline Pharmaco-
kinetics in Healthy Volunteers and Depressive Disorder Patients. Front Pharmacol. 2021, 12, 688950. https://doi:
10.3389/fphar.2021.688950.



https://doi.org/10.1093/hmg/ddab091
http://www.mhra.gov.uk/Safetyinformation/DrugSafetyUpdate/CON137769
https://doi.org/10.17116/jnevro201711791103-111
https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm?event=medguide.page&utm_campaign=SBIA%3A%20FDA%20Launches%20New%20Medication%20Guide%20Database&utm_medium=email&utm_source=Eloqua
https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm?event=medguide.page&utm_campaign=SBIA%3A%20FDA%20Launches%20New%20Medication%20Guide%20Database&utm_medium=email&utm_source=Eloqua
https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm?event=medguide.page&utm_campaign=SBIA%3A%20FDA%20Launches%20New%20Medication%20Guide%20Database&utm_medium=email&utm_source=Eloqua
https://www.omim.org/
https://doi.org/10.3390/metabo13010134

Personalized Psychiatry and Neurology 2023, 3 (2): 72-119. https://doi.org/10.52667/2712-9179-2023-3-2-72-119 119

191.
192.
193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

The Pharmacogene Variation (PharmVar) Consortium. Updated 2017 Available at: https://www.pharmvar.org/gene/CYP1A2.
dbSNP Short Genetic Variations. Updated September 21, 2022 Available at: https://www.ncbi.nlm.nih.gov/snp/rs2069514.
Bousman, C.A ; Stevenson, ].M.; Ramsey, L.B.; Sangkuhl, K.; Hicks, ] K.; Strawn, ].R.; Singh, A.B.; Ruafio, G.; Mueller, D.J.; Tserm-
pini, E.E.; Brown, ].T.; Bell, G.C; Leeder, ].S.; Gaedigk, A.; Scott, S.A.; Klein, T.E.; Caudle, K.E.; Bishop, J.R. Clinical Pharmaco-
genetics Implementation Consortium (CPIC) Guideline for CYP2D6, CYP2C19, CYP2B6, SLC6A4, and HTR2A Genotypes and
Serotonin Reuptake Inhibitor Antidepressants. Clin Pharmacol Ther. 2023, 114(1), 51-68. https://doi: 10.1002/cpt.2903.

Brown, J.T.; Bishop, J.R.; Sangkuhl, K.; Nurmi, E.L.; Mueller, D.J.; Dinh, J.C.; Gaedigk, A.; Klein, T.E.; Caudle, K.E.; McCracken,
J.T.; de Leon, J.; Leeder, ].S. Clinical Pharmacogenetics Implementation Consortium Guideline for Cytochrome P450 (CYP)2D6
Genotype and Atomoxetine Therapy. Clin Pharmacol Ther. 2019, 106(1), 94-102. https://doi: 10.1002/cpt.1409.

Calleja, S.; Zubiaur, P.; Ochoa, D.; Villapalos-Garcia, G.; Mejia-Abril, G.; Soria-Chacartegui, P.; Navares-Gomez, M.; de Miguel,
A.; Roman, M.; Martin-Vilchez, S.; Abad-Santos, F. Impact of polymorphisms in CYP and UGT enzymes and ABC and SLCO1B1
transporters on the pharmacokinetics and safety of desvenlafaxine. Front Pharmacol. 2023, 2, 14:1110460. https://doi:
10.3389/fphar.2023.1110460.

Bagher, A.M. Association of CYP2C9x3 and CYP2C8+3 Non-Functional Alleles with Ibuprofen-Induced Upper Gastrointestinal
Toxicity in a Saudi Patient. Case Rep Med. 2023, 6623269. https://doi: 10.1155/2023/6623269.

Sandosh Padmanabhan. Handbook of Pharmacogenomics and Stratified Medicine. 2014. ISBN978-0-12-386882-4
https://doi.org/10.1016/C2010-0-67325-1.

King, L.M.; Ma, J.; Srettabunjong, S.; Graves, J.; Bradbury, J.A.; Li, L.; Spiecker, M.; Liao, ].K.; Mohrenweiser, H.; Zeldin, D.C.
Cloning of CYP2]J2 gene and identification of functional polymorphisms. Mol Pharmacol. 2002, 61(4), 840-52. https://doi:
10.1124/mol.61.4.840.

Bruno, A.; Morabito, P.; Spina, E.; Muscatello, M.R. The Role of Levomilnacipran in the Management of Major Depressive Dis-
order: A Comprehensive Review. Curr Neuropharmacol. 2016, 14(2), 191-9. PubMed ID 26572745.

Timmer, C.J.; Sitsen, ].M.; Delbressine, L.P. Clinical pharmacokinetics of mirtazapine. Clin Pharmacokinet. 2000, 38(6), 461-74.
https://d0i:10.2165/00003088-200038060-00001.

Chavan, B.B.; Kalariya, P.D.; Tiwari, S.; Nimbalkar, R.D.; Garg, P.; Srinivas, R.; Talluri, M.V.N.K. Identification and characteri-
zation of vilazodone metabolites in rats and microsomes by ultrahigh-performance liquid chromatography/quadrupole time-of-
flight tandem mass spectrometry. Rapid Commun Mass Spectrom. 2017, 31(23), 1974-1984. https://doi: 10.1002/rcm.7982.

Yu, C. Metabolism and in vitro drug-drug interaction assessment of viloxazine. Xenobiotica. 2020, 50(11), 1285-1300. https://doi:
10.1080/00498254.2020.1767319.



https://www.pharmvar.org/gene/CYP1A2
https://www.ncbi.nlm.nih.gov/snp/rs2069514
https://doi.org/10.1016/C2010-0-67325-1
https://doi:10.2165/00003088-200038060-00001

