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Pharmacogenetic testing is a useful and increasingly widespread tool to assist in antidepressant prescription. More than
ten antidepressants (including tricyclics, selective serotonin reuptake inhibitors and venlafaxine) have already genetic
biomarkers of response/side effects in clinical guidelines and drug labels. These are represented by functional genetic
variants in genes coding for cytochrome enzymes (CYP2D6 and CYP2C19). Depending on the predicted metabolic
activity, guidelines provide recommendations on drug choice and dosing. Despite not conclusive, the current evidence
suggests that testing can be useful in patients who did not respond or tolerate at least one previous pharmacotherapy.
However, the current recommendations are based on pharmacokinetic genes only (CYP450 enzymes), while pharmaco-
dynamic genes (modulating antidepressant mechanisms of action in the brain) are still being studied because of their
greater complexity. This may be captured by polygenic risk scores, which reflect the cumulative contribution of many
genetic variants to a trait, and they may provide future clinical applications of pharmacogenetics. A more extensive
use of genotyping in clinical practice may lead to improvement in treatment outcomes thanks to personalized treatments,
but possible ethical issues and disparities should be taken into account and prevented.
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INTRODUCTION

Personalized and precision medicine have become a
major area of research and clinical innovation in the post-
genomic era. This term refers to the outstanding techno-
logical improvements after the sequencing of the first hu-
man genome was completed in 2003, exemplified by a
more than exponential decrease in time and cost needed
for genome sequencing [1]. These advances made possi-
ble the extensive study of genetics influence on a number
of human complex traits, such as response and side effects
to medications, in order to optimize and personalize
treatments. In major depressive disorder (MDD), treat-
ment non-response or incomplete symptom remission are
common (~50% of cases after the first treatment [2]) and
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treatment resistant depression (TRD), defined as lack of re-
sponse to at least two treatments, is observed in ~30% of
cases [3]. TRD is associated with higher social and occu-
pational impairment, suicidal thoughts, decline of phys-
ical health and increased health care utilization [4].
Another common issue is represented by side effects,
which are frequently associated with poor treatment ad-
herence and early treatment discontinuation [5]. Genetic
information can provide additional guidance in treatment
choice compared to clinical evaluation only and sig-
nificantly improve these outcomes. A contribution of ge-
netic variants to antidepressant response has been hy-
pothesized since the observation that there is family clus-
tering and the evaluation of family history of treatment re-
sponse is included among the criteria used to guide drug
choice [6]. Pharmacogenetic studies focused on the most
plausible candidates for antidepressant response and side
effects led to the currently available clinical applications,
described in paragraphs 2 and 3, and to the inclusion of
pharmacogenetic biomarkers in clinical guidelines and
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drug labels [7]. This resulted in the flourish of many com-
panies providing commercial kits for pharmacogenetic
testing and detailed interpretation of the results [8]. The
easy access to these tests and the commonly used di-
rect-to-consumer policy often result in the autonomous
decision of the patient to undertake the test and the only
subsequent consultation with a psychiatrist, while in oth-
er cases the recommendation for testing comes from the
treating psychiatrist. In both scenarios, a good knowledge
of the available testing options, with their pros and cons,
is needed. Pharmacogenetics is also a rapidly advancing
field and updates on the most recent developments are re-
quired to implement the next wave of clinical applica-
tions. The increasing availability of genome-wide or se-
quence data is leading to the identification of more com-
plex genetic predictors, which are based on the combina-
tion of multiple genetic variants into a measure defined as
polygenic risk score (PRS). PRSs aim to capture the overall
genetic susceptibility to a specific trait, such as treatment
response or resistance, and they will probably represent
the basis for future clinical applications of pharmaco-
genetics. Obstacles to the clinical implementation of
pharmacogenetic testing and ethical issues will be also
discussed, since many practical problems and disparities
may emerge as pharmacogenetic testing becomes wide-
spread. Finally, we briefly commented on the possibility
to use pharmacogenetic findings to cut time and develop-
ment costs of new drugs for depression.

CURRENT CLINICAL APPLICATIONS:
CYTOCHROME GENES

Candidate genes involved in antidepressant metabo-
lism (pharmacokinetics) have sufficiently robust scientific
evidence for clinical applications, as documented in clin-
ical guidelines such as those curated by the Clinical
Pharmacogenetics Implementation Consortium (CPIC)
and Dutch Pharmacogenetic Working Group (DPWG)
[9,10]. These genes are those coding for cytochrome
P450 (CYP450) enzymes responsible for antidepressant
metabolism, namely CYP2D6 and CYP2C19. Functional
genetic variants within these genes are common in the
population and they result in significant variation in the
enzymatic activity, which can be classified in four main
groups (poor metabolizers [PMs], intermediate metabo-
lizers [IMs], extensive metabolizers [EMs] and ultrarapid

metabolizers [UMs]). These metabolizing groups were as-
sociated with pharmacokinetic parameters (e.g., drug and
metabolites plasma concentration) for several antide-
pressants, demonstrating an impact on drug metabolism
[11]. There is however weaker evidence in terms of asso-
ciation between metabolizing groups and clinical out-
comes (response/side effects), as well as unclear relation-
ship between drug plasma concentration and clinical out-
comes, except for tricyclic antidepressants (TCAs), es(cit-
alopram) and venlafaxine [12-14]. Selective serotonin re-
uptake inhibitors (SSRIs) have probably a mostly flat plas-
ma concentration-response curve, with relevant changes
only for very low and very high plasma concentrations
[14]. This means that significant differences in clinical
outcomes may be observed in patients with severely com-
promised or increased enzymatic activity (PMs and UMs,
respectively), but there was poor evidence in the literature
due to the relatively rarity of these groups in the popula-
tion. Recent findings from a larger sample demonstrate
that CYP2C19 PMs have an increased risk of side effects
(gastrointestinal, neurological and sexual) during (es) cit-
alopram treatment, as well as higher symptom improve-
ment and better chances of symptom remission [15].
These results are in line with the recommendations pro-
vided by clinical guidelines, confirming that the starting
dose should be reduced to 50% of the standard dose and
increased clinical monitoring should be performed in
CYP2C19 PMs, but they suggested that being CYP2C19
PMs does not contraindicate treatment with (es)
citalopram. Recommendations provided for other anti-
depressants (mostly TCAs and SSRIs) follow the same
schema: in PMs and UMs consider avoiding drugs mostly
metabolized by the defective or hyperactive enzyme, if
there is a clinical indication for one of those drugs adjust
the dose accordingly and monitor closer. An overview of
recommendations based on CYP2D6/CYP2C19 metabo-
lizing activity is reported in Table 1 and summarized in
Figure 1. In total, 13 antidepressant drugs have pharmaco-
genetic biomarkers provided by CPIC and/or DPWG. Of
particular interest, guidelines do not provide indications
on when and to whom pharmacogenetic testing should
be recommended, since there is still no conclusive in-
formation on the groups which are expected to benefit
more from testing. According the best current evidence,
pharmacogenetic testing should be recommended in pa-
tients who had not responded or tolerated at least one pre-
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Table 1. Prescribing recommendations provided by clinical guidelines based on pharmacogenetic biomarkers

Recommendations

Drug Gene(s) CPIC DPWG FDA
Amitriptyline CYP2D6, CYP2C19 X X X
Citalopram CYP2C19 X X X
Clomipramine ~ CYP2D6, CYP2C19 X X X
Desipramine CYP2D6 X x
Doxepin CYP2D6, CYP2C19 X X X
Escitalopram CYP2C19 X X X
Fluvoxamine CYP2D6 X X
Imipramine CYP2D6, CYP2C19 X X X
Nortriptyline CYP2D6 X X X
Paroxetine CYP2D6 x x
Sertraline CYP2C19 x x
Trimipramine CYP2D6, CYP2C19 X X
Venlafaxine CYP2D6 X X

Avoid drug in PMs and UMs or consider dose adjustments if clinical indication
Consider an alternative drug in UMs or titrate dose to a maximum of 150%
and a 50% reduction of the standard starting dose in PMs
Avoid drug in PMs and UMs or consider dose adjustments if clinical indication
Avoid drug in PMs and UMs or consider dose adjustments if clinical indication
Avoid drug in PMs and UMs or consider dose adjustments if clinical indication
Consider an alternative drug in UMs or titrate dose to a maximum of 150%
and a 50% reduction of the standard starting dose in PMs
Consider a 25 —50% reduction of recommended starting dose in PMs
Avoid drug in PMs and UMs or consider dose adjustments if clinical indication
Avoid drug in PMs and UMs or consider dose adjustments if clinical indication
Select an alternative drug in UMs, consider alternative drug or 50% reduction
of the standard starting dose in PMs
50% reduction of the standard starting dose or alternative drug in PMs
Avoid drug in PMs and UMs or consider dose adjustments if clinical indication
Select alternative drug in PMs and IMs or adjust dose, titrate dose to a
maximum of 150% of the normal dose or select alternative drug in UMs

In the column Food and Drug Administration (FDA), we reported if the drug has an actionable pharmacogenetic biomarker also in drug label ac-

cording to the FDA.

CPIC, Clinical Pharmacogenetics Implementation Consortium; DPWG, Dutch Pharmacogenetic Working Group; CYP2D6, cytochrome 2D6;
CYP2C19, cytochrome 2C19; PMs, poor metabolizers; UMs, ultrarapid metabolizers; IMs, intermediate metabolizers.

Non-response or non-tolerated
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»

CYP2C19/CYP2D6
genotyping

Use clinical criteria
only to guide drug
choice

LU

D

Fig. 1. Schema of CYP2D6/CYP2C19

Avoid drugs metabolized by
the hyperactive CYP450 or
titrate dose upper the
standard limit + increased
monitoring, including TDM if
available

Avoid drugs metabolized
by the defective CYP450
or reduce starting dose +
increased monitoring,
including TDM if available

genetic testing implementation in
clinical practice.

EM, extensive metabolizer; UM, ultra-
rapid metabolizer; PM, poor meta-
bolizer; TDM, therapeutic drug moni-

vious pharmacotherapy [16].

Polymorphisms in other CYP450 genes (e.g., CYP1A2,
CYP3A4/A5, CYP2B6) have probably not clinically rele-
vant consequences on drug metabolism, because their
level of activity is much more dependent from environ-
mental factors (e.g., smoking, diet, concomitant drugs)
than genetic factors [17]. Therefore, polymorphisms in
these genes should not be included in pharmacogenetic
testing.

COMMERCIAL PHARMACOGENETIC TESTS

The inclusion of pharmacogenetic biomarkers in clin-

toring.

ical guidelines and drug labels provided by the main drug
regulatory agencies have led to the rapid development of
many commercial pharmacogenetic tests which are avail-
able on the Internet and in drug stores in some countries.
These tests can be a useful option when testing is not pro-
vided by the national health care system (greatest part of
cases currently, see paragraph 4) or when there is no near-
by laboratory having a certification for pharmacogenetic
testing for clinical use. When considering the use of a
commercial pharmacogenetic test, a few points should be
kept in mind. Only some of the available tests were eval-
uated in clinical trials for potential benefits compared to
standard care, and only six randomized controlled trials
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(RCTs) evaluating five different commercial tests are pub-
lished [18-23], while dozens of different tests exist and
have no published evidence from RCTs or non-random-
ized case control studies. The available studies, including
RCTs, had some methodological limitations, for example
limited sample size and imperfect blinding, but the meta-
analytic evidence coming from RCTs shows that there is
probably a benefit in terms of symptom remission com-
pared to standard care, particularly in patients who did
not respond to at least one previous pharmacotherapy
[24]. The last key point to consider when evaluating com-
mercial tests is which genes and genetic variants are geno-
typed and how the prescribing recommendations are for-
mulated based on the genotyping results. All the commer-
cial tests are indeed multi-gene and multi-variant tests,
and they typically include also genetic variants which are
not endorsed by clinical guidelines and not cited in drug
labels [8]. The interpretative report should explain on
which genetic variants the provided recommendations
are based, in a way that it is possible to select recom-
mendations based on genes with the strongest scientific
evidence and having clinical usefulness according to
guidelines.

BARRIERS TO THE CLINICAL
IMPLEMENTATION OF
PHARMACOGENETICS

Pharmacogenetics is still not implemented in routine
clinical practice in the most part of countries, with some
exceptions (for example, Switzerland). The main barrier
consists in the need to invest resources to create standard
procedures for test prescription and genotyping, but also
for standard interpretation of the genotyping results in pre-
scriptive recommendations. This would mean educa-
tional programs for clinicians and other health care pro-
fessionals, costs for sample transport and genotyping, in-
tegration of Clinical Decision Support (CDS) tools in clin-
ical settings, in other words: time and money. CDS tools
can be optimized to integrate different types of in-
formation: genetic information, medical history from
electronic health records (e.g., hospitalizations and diag-
noses, drug prescriptions, blood tests and other tests),
standard assessment scales for symptom evaluation and
disease diagnosis, prescription recommendations from
guidelines. This would of course require relevant invest-

ments to create and harmonize a common CDS, acces-
sible from different health care services within a country,
but it could provide major improvements in the quality of
health care. This and the other steps needed for routine
clinical application of pharmacogenetic testing require
robust cost-effectiveness evidence before implemen-
tation. A medical intervention is defined as cost-effective
when it costs more than standard care, but the extra-cost
is considered acceptable based on the improvements in
clinical outcomes, according to what is usually defined as
willingness to pay threshold [25]. There are a few pub-
lished studies looking at the cost-effectiveness of pharma-
cogenetic testing in guiding antidepressant prescription
compared to standard care [26-28]. They reported evi-
dence of cost-effectiveness compared to standard care,
even though they were based on simulated clinical out-
comes using input data from short-term clinical trials,
while results coming from longer follow-up non-spon-
sored studies are lacking. Large collaborative projects
such as the European consortium  Ubiquitous
Pharmacogenetics (U-PGx) will be able to answer in a more
definitive way to the cost-effectiveness question, using
large RCTs comparing treatment as usual with pharmaco-
genetic-guided treatment according to the available
guidelines [29].

FUTURE CLINICAL APPLICATIONS:
POLYGENIC RISK SCORES

Current recommendations for guiding antidepressant
prescription are based on pharmacokinetic genes only,
while the mechanisms responsible for drug action
(pharmacodynamics) are not taken into account. This ap-
proach is clearly an oversimplification, but it comes from
the fact that antidepressant pharmacodynamics is far
more complex than pharmacokinetics and it is only parti-
ally understood. Many commercial pharmacogenetic
tests include also variants in pharmacodynamic genes,
such as the serotonin transporter, but the role of these
genes in treatment outcomes is quite controversial and
they are not endorsed by guidelines [8]. On a pharmaco-
dynamic level, we expect that many different genes are in-
volved and they interact among each other. A popular ap-
proach to consider this polygenic and complex archi-
tecture is represented by PRSs, which reflect the cumu-
lative contribution of a number of genetic variants asso-
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ciated with a trait [30]. PRSs can also be described as a
measure of the genetic predisposition of an individual to-
wards the development of a certain trait (e.g., a disease or
treatment outcome). Their calculation is relatively easy in
terms of costs and time, since genome-wide genotyping
can be performed for 50 US dollars or less and the results
can be available within few days. Among complex traits,
there is already convincing evidence supporting a strong
effect of a PRS estimating the risk of cardiovascular dis-
ease, which was shown to outperform traditional risk fac-
tors in risk prediction [31]. Very promising results were re-
ported also for a PRS of type 2 diabetes, which improved
5-year risk prediction of 32% [32]. In traits related to men-
tal health, results are currently not as much close to clin-
ical application, probably the difficulty in collecting large
and well clinically characterized samples and the relative
low standardization of psychopathological measures
have significantly contributed to the slower progress in
this field. The most consistently replicated results were
obtained for a PRS reflecting the risk of schizophrenia
[33], while non-significant results were obtained for anti-
depressant response PRSs [34]. In addition to the dis-
cussed limitations of PRSs in predicting traits related to
mental health, another potential issue is represented by
the fact that the standard PRS approach is based on com-
mon genetic variants only (which are usually defined as
those observed in > 1% of the population). Rare variants
may contribute to the inter-individual variability in anti-
depressant response, but they are more difficult to geno-
type and analyze, since genome sequencing rather than
genome-wide genotyping is needed (all the DNA basis
have to be determined, not just a pool of selected com-
mon variants) and larger samples are required in theory to
perform standard statistical tests. The creation of poly-
genic risk scores including both rare and common var-
iants could potentially improve the prediction of anti-
depressant response and other similar traits.

PHARMACOGENETIC-GUIDED DRUG
DISCOVERY AND REPOSITIONING

Another interesting implication of antidepressant phar-
macogenetic research at clinical level is the possibility to
guide the development of new drugs for depression.
Standard drug discovery and development is a very long
and expensive process, usually between 12 and 16 years

with a cost of 1 —2 billion US dollars [35]. Pharmacogenetics
can help in identifying new pharmacological targets and
speed up the first phase of drug development, but more in-
terestingly it can guide the repurposing of existing drugs,
approved or in the experimental phase for other con-
ditions, leading to even larger time and cost savings since
the first phases of drug development would be skipped. In
practical terms, genes targeted by existing drugs can be
tested for enrichment in genes associated with anti-
depressant response. This approach identified some pos-
sible pharmacological modes of action for new anti-
depressants which include the modulation of sex hor-
mones, calcium channels and GABA-A receptor [36].
This last mode of action is in line with that of a new gen-
eration of antidepressant drugs which has been recently
developed, represented by positive allosteric modulators
at GABA-A receptor subunit [37]. The first drug of this
new class (brexanolone) has been recently approved by
the Food and Drug Administration for the treatment of
post-partum depression, while other compounds with
analogous mechanisms of action are currently in phase I
or Ill for MDD treatment [37]. Drugs developed using
pharmacogenetic information may be targeted on specific
patient groups (i.e., the ones carrying genetic variants in
specific genes or pathways), similarly to what we com-
monly observe for anti-cancer drugs. This can be an ad-
vantage in terms of treatment personalization, but it could
limit the benefits of new drugs to restricted groups of
patients.

ETHICAL CONSIDERATIONS
AND POTENTIAL DISPARITIES

In a hypothetical future when genetic information is
routinely collected and used to provide personalized
medical interventions, a number of ethical issues may be-
come relevant and appropriate management should be
planned in advance. One major problem could be how to
manage genetic information predicting poor clinical out-
comes with the available treatments. This may result in
the impossibility to have health insurance coverage in
some countries and have a negative impact on the pa-
tient’s perception of treatment (nocebo effect). Newer and
more expensive treatments may not be available or
reimbursable. Incidental findings would also be possible,
including the genetic diagnosis of severe and fatal dis-
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orders for which there could not be available treatments,
or genetic variants with unclear clinical consequences. In
these scenarios, the communication of the results of test-
ing to the patient may have extremely negative con-
sequences on his/her quality of life and lead to no bene-
fits, but some patients may prefer to be informed anyway.
There are also consequences in terms of risks for the off-
spring which should be carefully evaluated. The manipu-
lation of the human genome to protect the offspring from
developing severe diseases have already become a reality
and it is object of great perplexity and concerns [38].
Another relevant issue would be represented by dis-
parities in the quality and quantity of knowledge about
the clinical consequences of genetic variants in different
ethnic groups. The frequency of many genetic variants
widely changes among ethnic groups, including for ex-
ample many functional variants within CYP2D6 and
CYP2C19 genes with consequent different prevalence of
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the corresponding metabolizing groups [39,40] (Fig. 2). In
2017, 88% of patients included in genome-wide associa-
tion studies were of European ancestry, meaning that al-
most all findings may be poorly translatable in another
ethnic groups [41]. This issue already led to striking cases
of misdiagnosis, such as in the case of seven patients of
African ancestry who were treated for hypertrophic car-
diomyopathy diagnosed based on genetic variants which
have high frequency differences between European and
African populations and were eventually shown to be be-
nign [42].

DISCUSSION

Pharmacogenetics already represents an available tool
in assisting antidepressant prescription. Despite not defin-
itive consensus on when and to whom testing should be
recommended, the available evidence supports that test-
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Fig. 2. Examples of prevalence of CYP2D6 and CYP2C19 metabolizing groups based on functional genetic variants across different ethnic groups.
These differences have clinical implications in terms of relevance of certain variants and metabolizing groups across ethnicities.

PM, poor metabolizer; UM, ultrarapid metabolizer.
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ing can be useful in patients who did not respond or toler-
ate at least one previous pharmacological treatment [16].
The current recommendations are based on variants in
the genes coding for CYP2D6 and CYP2C19, the main cy-
tochrome enzymes responsible for antidepressant metab-
olism [7]. Indications in terms of drug choice and dosing
are based on the predicted level of CYP2D6/CYP2C19 en-
zymatic activity. Variants in these genes are usually com-
bined with variants in pharmacodynamic genes in many
commercial pharmacogenetic tests [8]. Prescription
based on variants in pharmacodynamic genes with incon-
clusive level of evidence for association with treatment
outcomes may lead to prescriptive errors, such as exem-
plified in a recently described case report [43]. While
candidate gene studies were able to identify meaningful
findings for pharmacokinetic genes, the complexity of an-
tidepressant mechanisms of action probably requires a
different approach (Fig. 3). PRSs or analogous approaches
are probably more suitable to capture the polygenic con-
tribution of pharmacodynamic genes to antidepressant ef-
ficacy, despite clinical applications using this method-
ology are still not available. Other future developments in
the field include the evaluation of the role of rare variants
and more robust estimations of pharmacogenetic testing
cost-effectiveness in clinical practice. A comprehensive
predictive model including clinical predictors may the
then be hypothesized as a valuable support tool for clini-
cians [44], ideally integrated in electronic health records
[45]. Routine clinical implementation, particularly when
more extensive genotyping will be performed, will how-
ever have to face a number of management and ethical
issues. In any case, genetics should be seen as an addi-
tional tool for guiding prescription, and not as a replace-
ment of a complete clinical evaluation.
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