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Abstract
The pharmacological antidepressant (AD) treatments currently available to treat major depressive disorder (MDD) are associated
with numerous adverse events (AEs), including gastrointestinal disturbances, sexual dysfunction, and sleep difficulties. Intolerance
of the AEs caused by ADs is cited as a main reason for treatment discontinuation, hindering the recovery process. Therefore,
the ability to predict the profile of AEs that an individual patient is likely to experience would hold great clinical value. Here,
we review the extant research identifying biological, clinical, and sociodemographic features that are predictive of the incidence
and severity of AD-induced AEs. We searched Embase and MEDLINE electronic databases for relevant reviews of all types that
discuss predictors of AEs of antidepressant treatment published through March 2018, using a combination of relevant search terms.
This protocol, filtered through our inclusion and exclusion criteria, resulted in the inclusion of 29 reviews. Several genetic factors
involved in convergent biological processes, including the serotonergic, glutamatergic, and noradrenergic systems, were identified
as predictive factors of AE incidence and severity. Non-genetic factors such as age, sex, and pre-existing medical comorbidities were
also shown to have predictive value in this context. We could not conclusively determine the directionality of each finding or assign
formal levels of evidence; rather, we focused on the emerging patterns of predictive factors. In summary, we systematically curated
factors predictive of AD-induced AEs and discussed biological mechanisms that may underlie their predictive value. Additionally,
we highlighted the paucity of predictive biomarkers beyond genetics, and emphasized the import of differential prediction.

M

Introduction

ajor Depressive Disorder (MDD) is characterized by a
complex constellation of symptoms including feelings of
low mood, hopelessness and guilt, as well as anhedonia, loss
of energy, changes in sleep and appetite, and suicidality.1 According to
a 2017 report from the World Health Organization, MDD affects over
300 million people globally, making it the leading cause of disability
worldwide.2 MDD is a costly condition in terms of morbidity and
mortality as well as lost productivity and healthcare service utilization.
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This is in part due to the long and arduous process of optimal treatment
selection for depressed patients. Standard treatment guidelines (e.g.,
the Canadian Network for Mood and Anxiety Treatments [CANMAT]
guidelines) can provide only general recommendations with regards
to personalizing antidepressant (AD) medication selection based on
population-level variables. Therefore, finding an optimal treatment
plan for a given patient often relies on an educated trial-and-error
approach, in which a clinician and a patient try different ADs until a
suitable treatment regime is identified.3 An important consideration
in the selection of AD treatment is the risk of side effects and adverse
events (AEs). Minimizing the incidence and severity of medicationinduced AEs is a central component of personalizing care and
ensuring the best possible outcomes and quality of life.4 Given that
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ADs are known to be associated with a range of troublesome AEs
– including gastrointestinal (GI) disturbance, sexual dysfunction,
weight changes, sleep disturbances, cardiovascular risks, and even
suicidal ideation – mitigating AEs is a priority. In the literature,
certain AEs have been associated with specific types of ADs such as
“serotonergic AEs” arising from selective serotonin reuptake inhibitor
(SSRI) use including nausea, sexual dysfunction, and headaches.5,6
Linking AEs to ADs is the first step in understanding how to prevent
AEs; the next step is elucidating the relationship between AD AEs and
potential predictors. Understanding and minimizing AEs is also key
when looking to maximize compliance and tolerability. Up to 50%
of patients discontinue their AD treatment due to significant AEs.7
Thus, AE prediction is a valuable avenue for the new field of precision
psychiatry.8
Predicting specific AEs in individual patients remains elusive,
although a range of biological, demographic and social factors are
known to affect the presentation and severity of AEs.9 The aim of
this meta-review is to survey the literature to highlight promising
predictors of AEs that may be implemented into routine clinical
practice to reduce their incidence and severity, and improve treatment
adherence, tolerability, and safety. This work will provide an overview
of the landscape of predictors of AD AEs across modalities, ADs,
AEs, and patient populations which to this point has not been done.
Previous reviews in the field of AD AE predictors have been limited
to focusing on genetic predictors exclusively; specific genes as
predictors; and/or specific populations, AEs, and ADs.10,11,12,13 In this
review we considered factors that can be measured either at baseline
and/or early on in the treatment to predict the incidence and severity
of AEs, with a view to using these as input features in a future
machine learning model aimed at personalizing MDD treatment
choice. The features examined in this review include genetic factors
such as polymorphisms in genes for serotonin transporters and
receptors, cytochrome P450 enzymes, glutamate receptors, and
other functional proteins as well as non-genetic factors such as age,
biological sex, marital status, and co-morbidities. It is important to
distinguish between predictors of drug-related AEs and predictors
of drug interactions/drug toxicity. While drug interactions are
relevant considerations when selecting ADs, the focus of this review
will be on predictors of AD AEs based on patient characteristics,
not including their current or past medications. Finally, we provide
potential biological mechanisms as to why the highlighted factors
may confer benefit to a machine learning model representing the
complex dynamics of AEs.

Materials and methods
Search strategy

We sought meta-analyses and reviews of the literature, systematic
and non-systematic, containing information on predictors of AEs of
antidepressant treatment in two major electronic databases (Embase
and MEDLINE) with publication dates from inception until March
2018. The EMBASE search was conducted using the syntax (exp
antidepressant agent OR antidepressant agent/ OR antidepress* OR
anti-depress* OR anti depress* ) AND (major depressive disorder
or depress* OR MDD OR exp depression/ ) AND (side effect* OR
side-effect* OR adverse effect* OR adverse outcome* OR tolera* OR
intolera* OR exp adverse event/ OR safety) AND (predict OR exp
prediction/).
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The MEDLINE search was conducted using the syntax
(exp Antidepressive Agents OR exp Antidepressive Agents/ OR
antidepress* OR anti-depress* OR anti depress*) AND (exp
Depressive Disorder, Major/ OR major depressive disorder OR
depress* OR MDD) AND (side effect* OR side-effect* OR adverse
effect* OR adverse-effect* OR tolerab* OR intoler* OR safety profile)
AND predict*.

Inclusion and exclusion criteria

In order to be included, a priori criteria was determined where
reviews had to (1) be written in English; (2) be a review with or
without meta-analysis containing information about predictors
of AE development or severity after AD treatment in MDD;
(3) include studies of adult patients being treated for MDD as
their primary diagnosis (though patients could have psychiatric
and/or medical comorbidities); (4) include information about
biological, sociodemographic and/or symptom-based predictors of
antidepressant AE development and/or severity.
Reviews were excluded, based on a priori criteria, if (1) they
were primarily concerned with individuals with bipolar affective
disorder, though these were considered for inclusion if they
compared predictors of AE occurrence between bipolar and unipolar
depression treated with ADs; (2) MDD was explicitly described as
being secondary to traumatic brain injury, stroke, tumour, heart
attack, or other non-psychiatric illness; (3) only experimental or very
recently approved antidepressants were considered (e.g., ketamine,
scopolamine); or (4) their full text could not be accessed.

Data extraction procedure

This systematic meta-review is registered on the PROSPERO
registry (https://www.crd.york.ac.uk/prospero/ - ID number 90532).
PRISMA reporting guidelines were followed in the organization of
this review. Title and abstract screening was conducted using the
publicly available online tool Rayyan (https://rayyan.qcri.org/).
Two of four authors (E.S., E.B., K.P., T.L-T.) read and extracted data
from each review based on criteria listed in our standardized data
extraction table template, which included the following categories:
type of review (non-systematic, systematic, and/or meta-analysis), list
of significant predictors, list of predictors with conflicting evidence,
list of non-significant predictors, and reasons for review exclusion (if
applicable). Any discrepancies in the content of the data extraction
details from the two readers were resolved by group consensus.
We defined a “predictor” inclusively to encompass mediators and
moderators as described in Perlman et al., 2018, where a factor is
considered a predictor if its presence, absence, or value before or
early on in AD treatment was found to be significantly associated
with the presence, absence, or severity of a specific AE or general AE
burden.14
We looked for predictors of AEs across phenomenological
data (e.g., sociodemographic and clinical data) and all biomarker
categories (e.g., genomics, neuroimaging, and circulating factor
data). Since there is no valid metric for level of evidence for evaluating
multimodal prediction of any given parameter of AD treatment, we
elected not to use any level of evidence metric.14 Any of the current
level of evidence frameworks used can be misleading since they are
not intended to compare findings of different predictor modalities
with variable measurement and timing parameters. Additionally, it
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Table 1. Summary table of the genetic predictors of AE incidence, type, or severity. Predictors followed by “+” indicate predictors which were described in systematic reviews. Predictors followed by “++” indicate predictors which were described in meta-analyses and systematic reviews. Other predictors were only described in non-systematic reviews. A detailed
version of this table with the polymorphisms and their corresponding AE phenotypes can be found in the supplementary material (online)
Gene Symbol

Gene Name

Polymorphisms and/or site of polymorphisms

5-HTR2A

5-Hydroxytryptamine Receptor 2A

· 102 T/C SNP (rs6313)
· -1438 G/A SNP (rs6311) +
· G/A SNP (rs7997012) +

5-HTR2C

5-Hydroxytryptamine Receptor 2C

· G/T SNP (rs6644093) +

5-HTR3A

5-Hydroxytryptamine Receptor 3A

· 178 C/T SNP (rs1062613) +

5-HTR3B

5-Hydroxytryptamine Receptor 3B

· 100-102 AAG del +
· Tyr/Ser SNP (rs1176744) +

5-HTT/SLC6A4

5-Hydroxytryptamine Transporter

· 5-HTTLPR variants (promoter region; S/LA/G alleles) ++
· sTin2 (intron 2: 12/12, 10/10 repeat units of 17bp carriers) +
· A/G SNP (rs25531)

ABCB1/MDR1

ATP Binding Cassette Subfamily B Member 1

· C/T SNP (rs1128503) +
· G2677T SNP (rs2032582) +
· A/G SNP (rs2235040)
· G/T SNP (rs10245483)
· C3435T SNP (rs1045642) +
· A/G SNP (rs9282564)

ADRA2A

Alpha 2A Adrenergic Receptor

· C/A SNP (rs11195419) +

BDNF

Brain-Derived Neurotrophic Factor

· Val66Met (196G/A) SNP (rs6265) +
· A/G SNP (rs962369) +

CREB1

CAMP Responsive Element Binding Protein 1

· C/T SNP (rs4675690)

CYP2C19

Cytochrome P450 2C19

· PM genotype *2/*2, *2/*3, *3/*3 +

CYP2D6

Cytochrome P450 2D6

· PM genotype *3, *4, *5, *6, *7, *8,
*16, *3xN, *4, *4xN, *5, *6, *6xN,
*7, *8, *11, *12, *13, *14A, *15,
*18, *19, *20, *21, *31, *36, *36xN,
*38, *40, *42, *44, *47, *51, *56,
*57, *62, *68, *92, *100, *101 ++

DRD2

Dopamine receptor D2

· Taq1A (A1 allele)

ELP3

Elongator Acetyltransferase Complex Subunit 3

· Unspecified +

EMID2

Collagen Alpha-1(XXVI) chain

· C/T SNP (rs17135437) +

FKBP5

FK506 Binding Protein 5

· Unspecified +

GDA

Guanine Deaminase

· A/C SNP (rs11143230) +

GRIA1

Glutamate Ionotropic Receptor AMPA Type Subunit 1

· G/C SNP (rs1994862) +
· A/T SNP (rs10515697) +
· T/C SNP (rs1864205) +

GRIA3

Glutamate Ionotropic Receptor AMPA Type Subunit 3

· G/A SNP (rs2285127) +
· G/A SNP (rs2269551) +
· A/G SNP (rs550640) +
· A/G SNP (rs4825476)

GRIK2

Glutamate Ionotropic Receptor Kainate Type Subunit 2

· A/C SNP (rs2518224)
· rs51326+
· G/A or G/C SNP (rs9404130)+
· C/A SNP (rs2518302)+
· C/T SNP (rs2518244)+

GRIN3A

Glutamate Ionotropic Receptor NMDA Type Subunit 3A

· G/A SNP (rs1323427)+
· A/G SNP (rs1323423)+
· A/G SNP (rs2050641)+

IL28RA/IFNLR1

Interferon Lambda Receptor 1

· C/T SNP (rs10903034)+

KCNIP4

Potassium Voltage-Gated Channel Interacting Protein 4

· C/T SNP (rs358592)+

PAPLN

Papilin, Proteoglycan Like Sulfated Glycoprotein

· C/T SNP (rs11628713)+

is challenging to compare predictors from distinct modalities to any
meaningful extent given the large disparity in sample sizes required
to obtain appropriate statistical power, as well as the under-reporting
of effect sizes.

Results

Our formal search initially identified 6,187 papers, and an
additional 3 papers were hand-picked by the authors, which were
identified by focused searches on classes of AEs. This included 4,153
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unique papers after duplicates were removed. These papers were then
screened by title and abstract. Based on our inclusion and exclusion
criteria listed above, 4,062 papers were removed, such as papers that
were not reviews, papers discussing animal studies, or papers in
which depression was not the primary diagnosis. This left 91 fulltext papers to be read. Two authors, out of E.S., E.B., K.P., and T.L-T.,
independently read each text and excluded 62 more papers that either
did not mention AE predictors or were not review articles. At the end
of this process, as outlined by the PRISMA flow chart in Figure 1,
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29 papers discussing predictors of antidepressant AEs were included
in our review consisting of 22 non-systematic reviews, 6 systematic
reviews, and 1 meta-analysis. Supplemental Table 1 (online) provides
a summary of the AE predictors identified.

Genetics

Genetic factors seem to be the most well studied predictors of
antidepressant AEs. The most replicated findings relate to genes
encoding serotonin receptors and transporters.
Several polymorphisms of serotonin receptor genes including
5-HTR2A, 5-HTR2C, 5-HTR3A and 5-HTR3B have been associated
with antidepressant AEs. Polymorphisms of the 5-HTR2A gene
have been studied extensively. A C/C genotype of the 102 T/C
polymorphism has been linked to GI and paroxetine associated
AEs, and a general increased risk for AEs in European and Asian
populations as well as geriatric patients.15,16,17,18,19,20 Similarly, the
G allele of the -1438 G/A polymorphism has been associated
with increased AE risk and severity, particularly GI and sexual
AEs.19 Receptor polymorphisms 5-HT3A and 5-HT3B have been
associated with increased vomiting and nausea with paroxetine
treatment, including the rs1062613 SNP of 5-HTR3A, the 129 Tyr/
Ser and rs1176744 polymorphisms and the 100-102 AAG deletion of
5-HTR3B.15,21 Serotonin transporter gene (SLC6A) polymorphisms
have also been reviewed extensively, particularly in the HTTLPR
region. The S allele is associated with increased AEs and reduced
tolerability of ADs in Caucasians, including AD-induced mania, GI
effects, severe headaches, insomnia and agitation, higher suicidality
and weight loss, while the L allele has been associated with decreased
AEs.10,15,19,20,22,23 This may be limited to Caucasian patients, as these
results have not been replicated in Asian populations for whom the
opposite effect has been found.10,23
Genes underlying the cytochrome P450 enzymes CYP2D6 and
CYP2C19 have also been implicated in AD AE severity. Based on
enzyme activity, patients can be categorized as poor metabolizers
(PM), extensive (normal) metabolizers (EM), or ultra-rapid
metabolizers (UM). The PM phenotype is often associated with
increased AEs, although there have been some studies showing no
association.11,16,19,25,26 In particular, the CYP2D6 PM phenotype was
not associated with AEs in geriatric patients treated with paroxetine
or with sexual dysfunction during paroxetine treatment.16,19,25
CYP2C19 PM status has also been associated with AEs.10,27
In a 2016 review, Bruckl & Uhr identified several ATP Binding
Cassette Subfamily B Member 1 (ABCB1) polymorphisms associated
with AEs.11 A T/T genotype of rs1045642 predicted increased AE
risk, especially postural hypotension with nortriptyline, while a T/T
genotype of rs1128503 and rs2032582 predicted sexual dysfunction
in females treated with SSRIs.11 The minor alleles of SNPs rs2235040
and rs2032583 were predictive of a higher number of AEs, particularly
sleep-related and serotonergic AEs, which include weight gain and GI
issues.11,28 Genotypes of polymorphisms rs2032582, rs2214102, and
rs1045642 were associated with antidepressant treatment-emergent
suicidal ideation (TESI).11,28 By contrast, the A allele of rs2032582
and the minor allele of rs9282564 predicted reduced AEs, and the C
allele of rs1882478 predicted reduced insomnia with escitalopram.11
Several glutamate receptor genes have been associated with
the AEs of sexual dysfunction and TESI. Thomas and Ellingrod
(2009) reported that a C/C genotype of the GRIK2 SNP rs2518224
and the G allele of the GRIA3 SNP rs4825476 were associated with
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Figure 1. Prisma flow diagram depicting the review article selection process.

citalopram TESI.19 Additionally, several glutamate receptor genes
were identified to predict sexual dysfunction with citalopram
treatment in Caucasians. Orgasm difficulties and reduced libido were
associated with polymorphisms in genes underlying the glutamate
AMPA receptor genes GRIA1 (SNPs rs1994862, rs10515697, and
rs1864205) and GRIA3 (SNPs rs2285127, rs2269551, and rs550640),
respectively.19 Additionally, reduced libido was associated with
the glutamate kainate receptor gene GRIK2 (rs51326, rs9404130,
rs2518302, and rs2518244).19 Finally, erectile dysfunction in males
has been associated with the glutamate NMDA receptor gene
GRIN3A (rs1323427, rs1323423 and rs2050641).19
Genes involved in the CREB1-BDNF signaling pathway seem to
be implicated in the development of TESI and sexual dysfunction
as well. Specifically, variants of the CREB1 SNP rs4675690 were
associated with TESI during the first three days of citalopram
treatment.19 The BDNF polymorphism rs962369 is also associated
with TESI.19 Additionally, Chinese patients with the Met allele of
the BDNF Val66Met polymorphism were less likely to experience
decreased sexual desire with fluoxetine treatment.13
Several other genes have been identified to predict various AEs.
For example, Lett et al. (2016) identified the PAPLN polymorphism
rs11628713 and the IL28RA polymorphism rs10903034 to be
associated with citalopram TESI.10 Similarly, FKBP5 variants
were found to be associated with TESI.10 Crisafulli and colleagues
(2011) additionally pointed out associations between the ADRA2A
polymorphism rs11195419 with TESI from nortriptyline treatment.21
Additionally, variants of the hERG gene, which encodes for a
potassium channel subunit, was found to be related to a longer QT
interval induced by drugs such as tricyclic antidepressants (TCAs).22
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Figure 2. A graphical representation of the relationships between the genetic predictive finding with respect to AD-induced AEs. The border of the figure represents
“General AEs”, meaning the AEs associated with the genes linked to the border by arrows were not described within specified categories. Several patterns of note
can be appreciated visually here in terms of both patterns of genes with respect to AEs and patterns of AEs with respect to genes:
1) The serotonergic system, ABCB1, and CYP gene variants are associated with “General AEs”.The vast majority of “Other Genes” are associated only with TESI.
Serotonergic system genes as a group display the most diverse AE associations, the 5-HTT gene in particular, and these associations have generally been shown with
SSRI therapy. Glutamatergic system genes are associated with Sexual Dysfunction AEs and TESI, and these associations have been shown with SSRI therapy. 2) TESI
is associated with genes from the serotonergic system, glutamatergic system, noradrenergic system, and nine genes from the “Other Gene” group, making it the AE
with the most diverse genetic associations. Sexual Dysfunction AEs are associated mainly with serotonergic and glutamatergic system genes, as well as BDNF and
ABCB1. GI AEs appear to be associated exclusively with serotonergic genes.

Non-genetic predictors
Sociodemographics

Sociodemographic predictors of antidepressant AEs include age,
sex and marital status. These have been studied less extensively than
genetic predictors but are important as they are often more easily
accessible. Elderly patients are at a higher risk of hyponatremia with
fluoxetine or paroxetine compared to other SSRIs and venlafaxine,
and orthostatic hypotension with imipramine compared to
reboxetine.28,29 Patients younger than 40 years old are at a higher
risk for TESI.30 Younger patients are at risk of orgasm dysfunction
during citalopram treatment, and patients with earlier onset of
illness are at risk of decreased libido.13,28 Female patients experience
greater orgasmic inhibition and are more likely to develop sexual
dysfunction with SSRIs, specifically paroxetine.13,28 Being male and
being married are associated with decreased libido and increased
orgasm dysfunction with citalopram treatment.13,28
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Comorbidities

Cumulative medical comorbidities in general have been
associated with orgasm dysfunction during citalopram treatment,13
but specific illnesses have been studied as well. For example, patients
with pre-existing liver disease and patients who drink alcohol heavily
have a higher risk of hepatotoxicity with duloxetine.12 Additionally,
an underlying central nervous system (CNS) pathology may increase
a patient’s risk for akathisia with fluoxetine treatment.31

Discussion

The results from our analysis give insight into potential predictors
which could be measured at the beginning of treatment to help select
the AD with the least AEs for a given patient. The literature appears
to frequently report predictors of AEs without specification of the
type or severity of an AE; “general AEs” was often the reported
outcome. In order to highlight the patterns found, we will emphasize
the plausible biological mechanisms and supportive evidence for
the extracted predictors as well as discuss how these pathways and
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systems may interact. Figure 2 illustrates the interactions between
types of AEs, neurotransmitter systems, genetic constituents, and
other relevant genes.
The multimodal nature of the extracted predictors and
heterogeneity in methodologies and reporting restricted our ability
to assign a level of evidence to predictors, but in Table 1 we have
denoted predictors which were described in a systematic review
with “+” and predictors which were described in a systematic review
and a meta-analysis with “++” as a proxy for level of evidence.
This is adapted from an approach by Kirk et al., 2012 based on the
Canadian Best Practice Initiative Methodology Background Paper;
we considered predictors identified through systematic reviews
and/or meta-analyses to be suitable for developing effective clinical
recommendations, compared to non-systematic reviews as suitable
for developing promising clinical recommendations.32,33

Cytochrome P450 genes

Genetic polymorphisms within the genes for CYP 2C19 and
2D6 predict general AEs with ADs. Stratification according to CYP
metabolic function has already been proposed as a clinical tool to
guide treatment with dosage reduction of ADs metabolized by these
enzymes in PM phenotypes to avoid excess drug concentration and
consequent AEs.48,49

ABCB1 gene

Genetics

The ABCB1 gene (also known as MDR1) encodes P-glycoprotein,
a transporter expressed throughout the body including tissues in the
liver, intestines, and blood-brain barrier.50 Polymorphisms affecting
the activity of this gene may influence the intracerebral concentrations
of AD substrates and therefore their efficacy or potential for AEs.
More specifically, ABCB1 polymorphisms have been associated with
female sexual dysfunction, TESI, and sleep related AEs, all of which
are related to cognition.11,35,51

Serotonin transporter and receptor genes

Glutamate receptor genes

We found a high volume of research on both serotonin
transporter and receptor gene polymorphisms and their influence
on AEs. Most often, these were linked to GI AEs and sexual AEs,
particularly with respect to SSRIs. These findings have important
implications for the prescription of ADs given that approximately
50% of patients treated with SSRIs report GI AEs such as nausea and
vomiting, and 40-65% report sexual AEs, two of the most common
reasons for discontinuation.35,36,37
5-HT2 receptors located in the spinal cord are involved in sexual
arousal and are likely responsible for some SSRI-induced sexual
dysfunction; antagonists to these receptors have been shown to be
effective in relieving AD treatment-emergent sexual dysfunction, and
mirtazapine and nefazodone, both agents with antagonistic action
for 5-HT2 receptors, have shown no difference compared to placebo
in terms of sexual dysfunction.6,38 Another physiological mechanism
proposed to mediate AD-induced sexual AEs is a reduction of
dopamine in the mesolimbic system due to the inhibitory actions of
5-HT2Rs in the brain.39,40 It has been suggested that the concordant
administration of dopaminergic agents could counteract sexual AEs
emerging from SSRI treatment with pro-sexual effects.41,42
Agents acting on the peripheral serotonergic system are known
to affect gastric motility and sensory regulation, and agents acting
on central serotonin receptors have been associated with nausea and
vomiting.43,44 Specifically, the 5-HT3 receptor subtype is concentrated
in the dorsal vagal complex of the brainstem, an area involved in
the initiation and coordination of the vomiting reflex. Variants
of this gene are directly associated with GI AEs, and antagonists
to this receptor have been shown to reduce nausea with AD and
chemotherapy treatment.45
Another AE associated with serotonergic antidepressants is weight
gain, which has been hypothesized to result from desensitization
and downregulation of 5-HT2C receptors associated with appetite
control.46 The relationship between 5-HT2C receptors and druginduced weight gain has been investigated with antipsychotic
treatment, where polymorphisms within the 5-HT2C gene impact
circulating leptin levels, and protective alleles against antipsychoticinduced weight gain in the promoter region lead to reduced activity.47
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Our review suggests two main AEs associated with glutamate
receptor gene polymorphisms: sexual dysfunction and TESI. While
the main hypothesis for sexual dysfunction triggered by AD therapy
revolves around serotonergic pathways, the association between
treatment-emergent sexual dysfunction and genes encoding
glutamate receptor subunits deserves to be explored further.39,40
Glutamatergic neurotransmission plays a role in normal mammalian
sexual function and there is evidence that monoaminergic-based ADs
alter the function of the glutamatergic system with the observation of
reduced glutamine concentrations in cerebrospinal fluid and reduced
glutamate in serum and plasma associated with AD treatment.52,53,54
It may be that some ADs modulate glutamatergic transmission
through serotonin receptors to cause sexual dysfunction.55
Gene variants of receptors involved in the glutamatergic system
have been linked to TESI; specifically GRIK2 and GRIA3.56,57 The
involvement of the glutamatergic system with suicidal ideation
has been demonstrated through investigations of the efficacy of
ketamine, an NMDA receptor antagonist, in the acute treatment of
suicidality.58,59,60,61 As further support for the relationship between
variants of glutamate receptor genes and TESI, differential expression
of GRIA3 has been observed to be significantly down-regulated in
the prefrontal cortex of individuals with and without MDD who died
by suicide.62

BDNF-CREB1 Pathway genes

The BDNF-NTRK2-CREB1 signaling pathway has been
implicated in the pathophysiology of MDD and response to AD
treatment.63,64,65,66 CREB1 is a transcription factor; one of its target
genes is the BDNF gene, encoding a neurotrophin involved in the
regulation of neural circuit development and synaptic function
and plasticity.67 Data from animal and human studies suggest that
acute stress decreases BDNF expression in the hippocampus and
prefrontal cortex, mediated by decreased CREB1 signaling, and
the use of ADs has been associated with reversing this decrease in
BDNF expression and CREB activity.64,66,68,69 In terms of AEs, there
is evidence to suggest that overexpression or upregulation of the
CREB1-BDNF signaling pathway in regions outside of the prefrontal
cortex and hippocampus, such as the ventral tegmental area and
nucleus accumbens, is associated with an MDD-like phenotype.66
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Thus, a potential mechanism for AD TESI and reduced sexual desire
could involve increased BDNF-CREB1 pathway activity in regions of
the brain that were functioning normally pre-treatment.

Other genes

Several other genes have been associated with AEs of ADs. In
particular, the FKBP5 gene linked to TESI encodes a co-chaperone
for glucocorticoid receptor folding with the ability to modulate the
glucocorticoid-mediated stress response.10,70,71
The link between TESI and FKBP5 variants that decrease the
sensitivity of the glucocorticoid receptor may be explained by
the relationship between suicidal ideation and insensitivity of the
hypothalamic-pituitary-adrenal (HPA) axis to negative feedback,
resulting in chronically increased cortisol secretion.72 Anacker and
colleagues (2012) hypothesized that antidepressant modulation of
the glucocorticoid receptor at least partially involves restoration of
glucocorticoid sensitivity in the brain and negative feedback signals
to the HPA axis.73 The glucocorticoid receptor modulated by FKBP5
has been shown to regulate BDNF expression, also connected with
TESI.74
A variant in the ADRA2A gene has been associated with an
increased risk for TESI during nortriptyline treatment, particularly
in males.65 The ADRA2A gene encodes the alpha-2A adrenergic
receptor concentrated in the prefrontal cortex - interestingly,
upregulation, increased expression and increased sensitivity of this
receptor in this brain region has been observed in individuals who
have died by suicide compared to those who have not.75,76 Variants
within this gene may have promise for differential prediction of
treatment-induced AEs, as ADRA2A polymorphisms specifically
affect the adrenergic system targeted directly by SNRIs.77

Non-genetic predictors

Sociodemographic factors which were reported to associate with
AD AEs include age, sex and marital status. Patients who develop
TESI are more likely to be younger than 30 years old, and those who
develop suicidal behavior after initiation of AD treatment tend to be
younger than 40 years old.30,78 It may be that ADs increase suicide
risk in younger individuals through induction of a state of agitation
or restlessness, or that AD treatment first addresses symptoms
of depression such as anhedonia before mood which leads to an
increased ability to act without alleviation of mood symptoms.72,79,80
Overall sexual dysfunction during SSRI treatment has been
generally reported to affect males more than females, although
specific aspects of sexual dysfunction may appear more frequently
among women. Notably, women are said to experience higher rates
of arousal dysfunction, which may be related to greater dependence
on cognitive compared to physiological aspects of arousal.28 While
this trend is interesting, it is important to consider it in concert
with factors which may affect its validity. Firstly, sexual dysfunction
AEs are notoriously underreported.28,39 Furthermore, women may
be more likely to report arousal dysfunction and men more likely
to report overall sexual dysfunction, decreased libido, and orgasm
dysfunction.
Finally, medical comorbidities are associated with significant
AD-linked AEs. Severity of general medical comorbidity is associated
with erectile dysfunction and difficulty with orgasm during AD
treatment and in general without AD treatment.81,82,83 CNS pathology
has been proposed as a risk factor for fluoxetine-induced akathisia,
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a movement disorder of restlessness and an inability to remain
still, which is hypothesized to result from reduced dopaminergic
neurotransmission secondary to AD treatment.84 Fluoxetine-induced
akathisia may result from drug accumulation due to its long halflife and increased serotonergic inhibition of dopaminergic neurons
through its affinity for 5-HT2C receptors, and CNS pathologies may
affect dopaminergic transmission at baseline, predisposing patients
to this AE.84,85,86 These comorbidities with predictive value for ADinduced AEs may be explained in a “multiple-hit” fashion, where
both AD treatment and medical comorbidities individually increase
the risk for a given symptom or AE and result in an additive effect
when both are present.
An unexpected finding of this systematic meta-review was the
relative lack of sociodemographic predictors compared to genetic
predictors. Our previous work reported a plethora of multimodal
predictors for AD treatment response, including dimensions
of genetics, neuroimaging, sociodemographics and peripheral
markers.14 In the case of AD AE predictors, there is a striking
dominance of genetic predictors, a paucity of sociodemographic
predictors and an absence of any other dimensions such as peripheral
markers or neuroimaging. This discordance between research into
predictors of AD treatment response versus AD-induced AEs is
relevant in and of itself, as it appears that these other modalities
have not yet been explored to a great extent despite the importance
of AEs in treatment adherence and success. Thus, while the genetic
predictors discussed here certainly hold value in their relationship to
AD AEs, more research into other modalities is needed.

Relevance for clinical decision support systems

The patient features discussed may hold some value
independently for prediction of optimal therapy for a given patient
but are more likely to be of use when integrated into a comprehensive
panel as part of a clinical decision support system (CDSS). While
the predictors reported here have not been assessed using a quality
of evidence metric, the identification of these features was intended
to provide a maximal pool of features from which a machine
learning model could parse and assign weight to features which hold
relevant predictive value for AD AEs. In this sphere of research and
development, breadth and diversity of predictors is paramount for
a model to build its predictions to assist in clinical decision making
rather than depth and detail of predictor relationships with outcomes
in group analyses.14 Our discussion here provides plausible biological
bases for the identified predictors of AD AEs, and this information
may be helpful in confirming or questioning features identified
through a machine learning approach which may hold predictive
value for AD AEs. A CDSS could help identify and refine optimal
treatments by considering personalized patient factors influencing
AEs and treatment response. Indeed, recent trials have shown the
utility of using genetic information to help select ADs. Iniesta and
colleagues (2018) have demonstrated the feasibility of using genetic
information as part of machine learning model aimed at predicting
remission.87
A confound in AD AE studies is related to the difficulty
in disentangling AEs which arise solely as a result of the
pharmacotherapeutic agents from changes in heterogeneous disease
symptomatology. Consistent reporting of timing, medication dosage
changes and adherence, symptom scales, and AEs scales would help
to better establish causal relationships between AD use and reported
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AEs. Overall, tracking these variables through a clinical support
system paired with a patient digital health reporting platform would
allow for higher resolution information such as dose-dependency
and timing of AE development and provide optimized data for future
studies.

Limitations

While this topic is of significant relevance to the improvement
of MDD treatment, there are several limitations of this review. First,
we did not consider grey literature (e.g., doctoral theses, unpublished
materials) which may contain important information in a field with
ongoing research.88 Given the widespread scope of relevant literature,
the decision was made to consider only extant reviews, as these were
arguably most likely to capture the most widely reproduced results.
We elected to include non-systematic reviews (e.g. narrative
reviews and scoping reviews) in our search, in addition to systematic
reviews and meta-analyses, in order to provide a broader overview
of the predictor landscape in terms of predictor modalities, AEs,
ADs, and patient populations. In contrast to a meta-analysis,
which would have allowed us to assign some level of evidence to
the various predictors, we were limited in the conclusions we could
draw from the selected reviews. While our broad approach aligns
with our rationale of determining the state of research in the AD AE
prediction field and ensuring maximal identification of predictors,
we are aware that the tradeoff with a modality- and methodologyinclusive approach is a loss of granularity in the description of our
findings and an inability to assign quality of evidence metrics to our
results. This is particularly relevant with genome-wide association
studies (GWAS) where sample sizes, effect sizes, and methodology
provide important insight into the quality of results.89 Thus, our
synthesis focused on extracting overall trends of predictors of ADinduced AEs and delving into the biological evidence supporting
these predictors. We believe that explaining the relationship between
a predictor, AD treatment, and AEs within a reasonable biological
framework can add to the overall credibility of such a predictor.
However, this cannot be the sole dimension used to determine a
predictor’s level of evidence, and we recognize that an objective and
comprehensive quantification of the potential predictors’ relevance
and validity remains to be explored.
Currently, mixed results have been reported regarding many
of the genetic predictors of AD-related AEs and it is difficult to
determine whether negative results are, for example, due to the lack
of statistical power in the primary studies. The data captured in this
review is the result of studies which mainly (but not exclusively)
recruited Western Caucasians, which may limit the generalizability
of these trends to other populations and overlook relevant patterns
of ethnicity-specific predictors of AD-induced AEs.
An innate limitation to the field of AD AE research is the lack
of a standard metric to measure AE type, severity, and burden with
AD treatment. Several scales exist to evaluate a patient’s AD AEs
including the Toronto Side Effects Scale (TSES), the Antidepressant
Side Effect Checklist (ASEC), and the Frequency, Intensity, and
Burden of Side Effects Rating Scale (FIBSER), although AEs were
often reported in the literature as “general AEs” without description
of the specific type of AE.90,91,92 Further, scales such as the Arizona
Sexual Experience Scale (ASEX) have been used to characterize
categories of AD AEs such as sexual dysfunction. This heterogeneity
in methodology further limited our ability to effectively compare
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predictors.93 We recommend development and consensus on
a standardized and detailed AE metric or equivalence system
specifically for AD treatment to be used consistently in future
research, and we emphasize the importance of reporting specific
types of AEs rather than aggregating AE burden into a single metric.
A critical limitation of the interpretation of our results is the
lack of insight we have into the details of predictors reported to be
associated with “general AEs”. While certain classes of predictors
such as variants within the CYP enzyme family might be expected
to produce systemic AEs, many others are directly associated with
a specific biological system, and in these cases researchers should
investigate and report on specific types of AEs related to that system
rather than a general score of AE burden.94

Conclusions

From this systematic meta-review, it is evident that genetic
information is the most explored biomarker in the context of AD AE
profile prediction. This research has generated promising findings,
and therefore it would be a worthwhile investment to continue to
make pharmacogenomic technology more accessible, encourage its
adoption into routine clinical use, and promote basic and clinical
studies in this area. More recent research in transcriptomics,
epigenomics and microbiomics may lead to even more useful
indicators of AE development, burden, specificity and/or timing
given that they might be able to capture more dynamic processes that
have been shown to be involved in AD AEs.95
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