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Gene-drug pairings for antidepressants and antipsychotics:
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Substantial inter-individual discrepancies exist in both therapeutic effectiveness and adverse effects of antidepressant and
antipsychotic medications, which can, in part, be explained by genetic variation. Here, we searched the Pharmacogenomics
Knowledge Base for gene-antidepressant and gene-antipsychotic pairs with the highest level of evidence. We then extracted and
compared the associated prescribing recommendations for these pairs developed by the Clinical Pharmacogenomics
Implementation Consortium, the Dutch Pharmacogenetics Working Group or approved product labels in the US, Canada, Europe,
and Asia. Finally, we highlight key economical, educational, regulatory, and ethical issues that, if not appropriately considered, can
hinder the implementation of these recommendations in clinical practice. Our review indicates that evidence-based guidelines are
available to assist with the implementation of pharmacogenetic-guided antidepressant and antipsychotic prescribing, although the
maximum impact of these guidelines on patient care will not be realized until key barriers are minimized or eliminated.

Molecular Psychiatry; https://doi.org/10.1038/s41380-021-01340-6

INTRODUCTION
Recent advancements within pharmacogenomic research are
fueling precision medicine initiatives and facilitating the
integration of pharmacogenetic testing into clinical practice.
These innovations are of particular interest to psychiatrists and
their patients who, dissatisfied with the current “trial-and-error”
approach to drug selection and dosing, are demanding more
modern approaches [1–4].
Pharmacogenetic tests in psychiatry are widely available and

typically focus on two cytochrome P450 (CYP) genes, CYP2D6 and
CYP2C19. These genes encode enzymes that are involved in the
hepatic metabolism of most psychiatric medications [5]. The
presence or absence of functional variants in these genes is used
to infer an individual’s metabolizer status (i.e., poor, intermediate,
normal, rapid, or ultrarapid metabolizer). An individual’s metabo-
lizer status is then used to inform medication selection and dosing
based on the available guidelines.
Several expert groups, such as the Clinical Pharmacogenetic

Implementation Consortium (CPIC) and the Royal Dutch Associa-
tion for the Advancement of Pharmacy - Pharmacogenetics
Working Group (DPWG) [6–8], develop prescribing guidelines
based on the current pharmacogenetic evidence, which is
cataloged in the Pharmacogenomics Knowledge Base (PharmGKB)
[6, 7]. In PharmGKB, clinical annotations for gene-drug pairings are
assigned a Level of Evidence rating from 1 A to 4 based on the
evidence supporting the association, with 1 A being the highest
level assigned [9, 10].

Recent studies have shown that effective integration of
pharmacogenetic testing into treatment can improve clinical
outcomes [11–15]. However, while the relationship between
genetic variation and drug metabolism has strong support,
there are limitations to the current body of evidence surround-
ing the clinical validity and utility of all relevant gene-drug pairs.
Many currently available commercial tests include variants with
limited or conflicting evidence supporting their clinical use.
Furthermore, barriers continue to exist with translating findings
into the reality of daily practice. Therefore, it is important to
identify the gene-drug pairs and the genes’ corresponding
variants with guidelines supporting their association and clinical
use, summarize the recommendations, and provide their clinical
context in pharmacogenomic translation. In this review,
we summarize CPIC and/or DPWG guidelines for actionable
gene-antidepressant and gene-antipsychotic pairs, and provide
a discussion of considerations for translating such guidelines
into clinical practice.

METHODS
Selection of gene-drug pairings for inclusion
Gene-drug pairs as of April 2021 were included in this review, if
they met one of the following inclusion criteria: (1) classification of
level 1 A or 1B by PharmGKB denoting the two highest Level of
Evidence ratings, (2) actionable DPWG guidelines present, or (3)
actionable CPIC guidelines present.
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Prescribing guideline assessment
Prescribing guidelines included on drug labels for each of the
gene-drug pairs meeting inclusion criteria were also assessed.
Only drug labels approved by one of the following agencies: the
Food and Drug Administration (FDA), European Medicines Agency
(EMA), Health Canada, and Japan’s Pharmaceuticals and Medical
Devices Agency (PMDA) were included.

Search strategy
To identify gene-drug pairings that met our inclusion criteria,
PharmGKB, DPWG guidelines, and CPIC guidelines were con-
sulted individually (Fig. 1). PharmGKB Level of Evidence ratings
for clinical annotations were searched for major CYP isoforms,
including CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4, and CYP3A5.
All CPIC and DPWG gene-drug guidelines were screened
for prescribing guidelines relevant to antidepressants and/or
antipsychotics.

RESULTS
Twenty-four gene-drug pairs with pharmacogenetic-based pre-
scribing guidelines were identified. Eighteen of the gene-drug
pairs included an antidepressant (Table 1), and six included an
antipsychotic (Table 2). Sixteen of these pairs included CYP2D6
and eight included CYP2C19.

Tricyclic antidepressants
Twelve gene-drug pairings for TCAs were identified (CYP2D6 with
trimipramine, clomipramine, doxepin, imipramine, desipramine,
nortriptyline, and amitriptyline; CYP2C19 with amitriptyline,
doxepin, imipramine, trimipramine, and clomipramine). CPIC
guidelines were present for all 12 pairings, whereas DPWG
guidelines were only present for eight [8, 15]. The guidelines
differed between these groups for all 12 pairings, with the only
overlap in recommendations for amitriptyline and CYP2D6
intermediate metabolizers.

The current pharmacogenomic knowledge for TCAs is pre-
dominantly based on studies of amitriptyline and nortriptyline.
The 2016 CPIC guidelines apply evidence to develop dosing
recommendations based on the assumption that TCA metabolism
is similar between doses. Thus, findings from studies using single
doses to assess the impact of CYP2C19 and CYP2D6 genetic
variation on TCA pharmacokinetics are applied to the usage of
multiple doses clinically [16]. The current 2016 CPIC guidelines
note that due to the similar pharmacokinetic profiles of TCAs,
findings from studies assessing amitriptyline and nortriptyline can
be extrapolated to the recommendations for other TCAs [16].
Contrastingly, the DPWG guidelines vary in dose alteration
recommendations between the different pairings in this drug
class [8].

Selective serotonin (and norepinephrine) reuptake inhibitors
Five gene-drug pairings for SSRIs were identified (CYP2D6 with
fluvoxamine and paroxetine; CYP2C19 with sertraline, citalopram,
and escitalopram). Both CPIC and DPWG guidelines are available
for all five pairings [8, 17, 18]. For all five pairings, there were
discrepancies in the guidelines for the recommendations pro-
vided, most often related to those given for poor and intermediate
metabolizer classes.
One SNRI was identified as having an actionable gene-drug

pairing (CYP2D6 with venlafaxine), and only DPWG had available
guidelines [8].

Antipsychotics
Six antipsychotics were identified as having an actionable gene-
drug pairing (CYP2D6 with aripiprazole, pimozide, risperidone,
zuclopenthixol, brexpiprazole, and haloperidol). Only DPWG had
available guidelines for all six pairings [8].

DISCUSSION
Our review revealed an extensive list of recommendations
and guidelines for antidepressant and antipsychotic medications

Fig. 1 Flow diagram outlining the study process for identifying and selecting the gene-drug pairings. n number of gene-drug
pairings identified, CPIC Clinical Pharmacogenetics Implementation Consortium, DPWG Dutch Pharmacogenetics Working Group, PharmGKB
Pharmacogenomics Knowledge Base.
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metabolized by CYP2D6 and CYP2C19. These recommendations
provide support for the benefits of CYP2D6 and CYP2C19 testing for
many antidepressants of TCA and SSRI subclasses, as well as one
SNRI. CYP2D6 testing may have similar benefits for many major
antidepressants. However, there is no standardization across expert
groups in what drugs are included in the recommendations
provided and what the specific recommendations are for the drug
pairings. This was highlighted by past work comparing differences in
methodology, allele terminology and classifications, and therapeutic
recommendations between CPIC and DPWG [17, 19]. Both CPIC and
DPWG guidelines have been endorsed by multiple professional
societies [20, 21]. Regarding practical implementation, these
recommendations are not yet widely adopted by healthcare
providers, although a growing number of institutions and treatment
centers worldwide are offering pharmacogenetic testing to patients.
Implementation has been furthered by commercial companies that
produce genetic testing panels, however, such companies tend to
add additional gene-drug variants that lack clinical evidence or
which sometimes use their own interpretations or combinatorial
approaches that are difficult to validate. For a summary of relevant
factors contributing to pharmacogenomic test development and
implementation, see Fig. 2.
For novel interventions to be implemented, criteria within

analytical validity, clinical validity, and clinical utility come into
play. Analytical validity describes the ability of an assay to detect
specific variants within targeted genes. Clinical validity in this
context refers to the strength of the association between genetic
variants and treatment response or adverse effects. Clinical utility
describes the usefulness and relevance of the genetic test in
clinical practice.
Regarding analytic validity, gene assays with high levels of

validity are available, however, all tests should be conducted in

accredited labs for the highest quality control purposes. As for the
clinical validity, expert groups have clearly indicated the presence
of moderate to strong associations between CYP2D6 and CYP2C19
genetic variants and drug treatment outcomes. However, the
clinical utility of testing for these variants remains the subject of
active investigations due to various factors, the most important of
which are addressed below.

Cost-effectiveness and reimbursement
Many of the major challenges for global pharmacogenomics
testing implementation relate to the cost-effectiveness of
testing and reimbursement for testing. Multiple studies have
shown that pharmacogenomics testing can be cost-effective in
the context of psychiatry in the United States [22–25] and that
improving outcomes through testing implementation may have
larger economic impacts by increasing population productivity
[22, 25]. While new evidence and test enhancements are to be
expected, the clinical implications of new test results on extreme
ends of the drug metabolism spectrum—such as ultrarapid and
poor metabolizers—will likely remain unchanged throughout
the lifespan. However, economic evaluations may not be
representative of all pharmacogenetic tests and there have
not been published economic evaluations inclusive of all
antidepressants and antipsychotics with significant genetic
associations [25]. If future cost-analyses are inconclusive, efforts
should be taken to identify cost-draining aspects of testing
provision and address gaps in testing design, access, and
payment models. There have been recent improvements in the
cost-effectiveness of genetic testing, with a downward trend in
the pricing of testing in recent years, which is expected to be
continually compounded by the future enhancement of
pharmacogenetic testing technology [25].

Fig. 2 Factors contributing to pharmacogenomic test development and implementation. Created with BioRender.com.
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A major consideration in clinical usage and service accessibility
is the coverage of pharmacogenetic testing by third-party
payers. In the US, an increasing number of third-party payers
have started to recognize the benefits of pharmacogenetic
testing and have created coverage policies or have made testing
available through commercial partnerships [26, 27]. In the US,
pharmacogenetic testing for many psychotropic drugs is covered
by Medicare and Medicaid, national health insurance programs,
as well as commercial health insurance programs [28, 29]. As of
2017, the single-gene test for CYP2D6 had the highest insurance
coverage [28]. Pressure for increased coverage of pharmacoge-
netic testing has grown in recent years in the United States,
highlighted by a current proposed local coverage determination
(LCD) for pharmacogenetic testing under Centers for Medicare &
Medicaid Services [30].
However, while growing, the coverage provided by third-party

payers has slowed the adoption of genetic testing [31]. Further
independent investigation into the cost-effectiveness of routine
pharmacogenetic testing in diverse patient populations and into
other clinical utility factors, such as improving test economic
accessibility and logistical concerns regarding wait times, can
strengthen the support of testing coverage and thus accelerate
implementation.

Regulatory agencies
Regulatory agencies are increasingly adopting pharmacogenetic
recommendations. The Food and Drug Administration (FDA) has
the broadest authority to regulate genetic tests in the United
States [32]. The FDA has acknowledged the potential benefit of
pharmacogenetic testing in personalizing psychiatric medications
and has integrated pharmacogenetic information into their
recommendations for psychiatric medications (Table 1) [33, 34].
In some cases, the FDA mandates that approved drug labels
include pharmacogenetic information on safety and effectiveness
[29]. As of April 2021, information has been added for 38 gene-
drug pairs across 35 psychiatric medications [34].
The FDA has disputed some companies’ test results, stating

their recommendations do not have an adequate scientific basis
[34]. To improve the quality of the tests and results provided by
pharmacogenetic test companies, the FDA has made a commit-
ment to improving regulatory oversight of pharmacogenetic tests,
including laboratory-developed tests [34]. A comparable regula-
tory system exists in Canada, where control over pharmacoge-
nomic tests is divided between the federal and provincial
governments. In Canada, however, inconsistencies exist in the
regulation of direct-to-consumer (DTC) genetic testing and
traditional testing in a healthcare setting [30]. There is a lack of
strict and standardized federal legislation regulating DTC genetic
testing, which has been highlighted by many national health
organizations advocating for increased oversight [36, 37]. How-
ever, federal and provincial legislation regarding genetic informa-
tion privacy provides security regulation of test production
companies [35]. Health Canada has also been adopting pharma-
cogenetic information in drug labeling (Table 1), albeit at a slower
rate than the FDA [38].
The European Medicines Agency (EMA) has also integrated

pharmacogenetic information in drug labeling (Table 1) [39], with
such details being included for a significant amount of EMA
authorized medications [40]. Further, the EMA has published
pharmacogenomic guidelines and both recommendations and
requirements for the investigation and implementation of
pharmacogenomic data [39]. Japan has additionally adopted
pharmacogenetics information on drug labels [41].
Recommendations are not consistent across agencies, and

communication from such agencies has at times been contra-
dictory [42], which highlights the necessity for harmonization and
consistency internationally. Clarifying and standardizing such
recommendations and regulations has important ramifications

for medical practice concerning claims of medical malpractice for
use, or lack thereof, of genetic testing for patients who have
adverse or insufficient responses to psychotropic medications [43].

Training and education
Another challenge is the lack of pharmacogenetic training in
current curricula. Hence, more training in genetics should be
offered to clinicians, in addition to encouraging patient education
and building stronger partnerships between clinicians and
pharmacists [44]. Such training has progressed through curricula
in many medical and pharmacy schools incorporating pharmaco-
genetics in the current education of incoming medical profes-
sionals [45]. However, the depth and content of such training is
not standardized, and integration may falter for interdisciplinary
healthcare providers, such as nurse practitioners. Recommenda-
tions to improve training programs have been posed and include
placing a greater focus on precision health in curricula to meet the
reality of evolving treatment approaches [46, 47]. Regarding
training update by practicing physicians, data showing positive
physician opinions on the use of pharmacogenetic testing [1, 45]
and patient benefits suggest there is growing clinical interest in
pharmacogenomics [13, 48, 49].
To uphold a patient-centered approach to pharmacogenetic

testing implementation, it is vital that physician education initiatives
also focus on improving patient understanding of the clinical utility
and limitations of testing results. Physicians must thus be provided
with sufficient knowledge on informing patients about how testing
results will be integrated into their care and the potential for the
treatment plan to, or to not, be consequently altered.

Pharmacogenomics testing and equity in care
It is vital to note that in academic writing on genetic variation,
comparisons in allele prevalence are often erroneously made
between different racial groups. In education for practitioners on
the implementation of genetic variance between populations, the
language should refer to difference in geographical ancestry,
which has genetic implications, and not race, which is socially
constructed and not biologically founded [50]. The failure to do so
can fuel false rhetoric of biological racial differences and
consequent harmful errors in treatment decision making [51].

Pharmacogenomics testing companies
A growing interest in pharmacogenetic data from both providers
and patients resulting from psychiatric treatment challenges has
led to the emergence of numerous commercial pharmacogenetic
tests [52, 53]. Two recent meta-analyses have suggested the
superiority of some gene-guided treatment panels compared to
treatment as usual [12, 15]. However, evidence for some
commercial tests is still emerging and independent validation of
study findings has yet to be established.
In fact, tests vary substantially in the selection of gene-drug

pairs, in the alleles investigated, in the provided reports, their
price, and with some companies analyzing gene-gene interac-
tions (i.e., “combinatorial approaches”) which are more difficult
to validate [52, 54]. There are also concerns about marketing
practices used by testing companies that could have important
consequences for consumers. One recent study found that
adolescent patients with major depressive disorder who had
combinatorial testing results available were more likely to be
prescribed medications with less evidence of their efficacy than
patients without combinatorial testing results [55]. Proper
regulation of commercial testing companies’ communication
to consumers and providers on the clinical use of their tests is
therefore crucial to ensure that the results are not erroneously
used to sway treatment decision-making without sufficient
evidence of the efficacy of the results. Altogether, these
concerns have sparked controversy about the clinical utility of
commercial tests.
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Electronic medical records
To support the optimization of pharmacogenomic testing in
clinical practice, genetic test reports should be integrated into
electronic medical records (EMRs). To do so, genetic reports need
to be simplified and standardized to improve interpretability by
clinicians, in turn maximizing their usefulness in therapeutic
planning. Reporting terms for allele function and phenotype are
not currently standardized, although consensus terminology has
been proposed [56]. EMR systems could be supplemented to
generate automated alerts that notify clinicians if affected
medications are prescribed or dispensed [57]. Although the
successful integration of pharmacogenetics into EMRs is limited,
notable institutions have developed successful approaches. For
example, Vanderbilt University Medical Center developed an EMR
system that can order genotyping, either preemptively or in
response to a drug indication(s). Resultant pharmacogenetic
reports are then isolated from other medical records until there
is sufficient evidence to warrant clinical action. The program also
generates summaries of drug-gene interactions, treatment
recommendations and alerts, and updates genetic records.
Beyond clinicians, genetic reports within the EMR are accessible
to patients [58].
This example of pharmacogenetic-EMR integration has pro-

vided a model for other healthcare systems to learn from. In doing
so, extra vigilance is required to ensure genetic results are free
from error before being integrated into a patient’s lifetime medical
record. In addition, as pharmacogenetic evidence evolves,
information available to clinicians in EMRs must be updatable to
ensure a high quality of care.

Ethical considerations
The implementation of pharmacogenomic testing occurs in
tandem with various ethical considerations. For one, psycholo-
gical distress could result if findings indicate a patient has a high
likelihood of not responding to a treatment method [59]. Further
concerns include genetic privacy, particularly regarding
unauthorized disclosure of test results to insurers leading to
discrimination in respect to treatment access and coverage, for
both patients and their families [59]. Safeguards are therefore
required to ensure confidentiality throughout the testing
process. In the U.S., the Genetic Information Nondiscrimination
Act of 2008 provides privacy protection for genetic test results
by preventing genetic-based discrimination within the work-
place and for most health insurance policies [60]. A similar
Genetic Non-Discrimination Act was introduced in Canada in
2017 [61]. Despite the listed concerns, pharmacogenetic testing
has been supported in clinical practice by patient populations
based on the benefits of its use [62].
It is critical that patients be informed of the potential

consequences of pharmacogenetic testing prior to consenting,
including the type of information the test generates, how
incidental findings and surplus biospecimens will be handled,
who can access the results, and how results can affect treatment.
Genetic counseling should be available, if needed, for additional
education. Ultimately, patients should reserve the right to refuse
to undergo testing.

Limitations and future directions
While psychiatric pharmacogenetics is still facing various challenges,
implementation is rapidly growing and contributing to improved
treatment care. One limitation of our review article is that we have
reviewed recommendations provided by expert groups without
validating recommendations by conducting our own literature
reviews. Some of these recommendations were based on evidence
reviews conducted in 2015 and 2016 for SSRIs and TCAs,
respectively, and were thus not inclusive of recent evidence
[16, 17]. However, the validity of the recommendations produced
by expert groups such as CPIC and DPWG are supported by the use

of high standard quality criteria and independence of commercial
bias or interest [63]. The validity of these guidelines is further
supported by endorsements from professional organizations [64, 65]
and consensus from other expert groups such as the International
Society of Psychiatric Genetics (ISPG) [66].
While additional recommendations exist for gene-drug pairs in

psychiatry, due to space limitations, we have not reviewed CPIC
guidelines such as CYP2D6 and atomoxetine [67], the HLA-A/HLA-
B enzymes and carbamazepine/oxcarbazepine [68], and CYP2C9
and phenytoin [69], all of which show a high level of evidence for
implementation [70, 71]. Finally, genetic variation is only one
contributor to inter-individual differences in drug response, and
this review does not touch on the complexity of integrating
environmental, behavioral, and other biological factors into one’s
response. Future studies need to integrate the interaction
between multiple genes and their corresponding variants, as their
effects can compound for the resulting drug outcome variability.
Current and near-future work strives towards the integration of
polygenic risk scores as an additional assessment of an individual’s
genetic profile relevant to medication outcome [72].

CONCLUSIONS
There is currently consensus among experts in pharmacogenetics
that CYP2D6 and CYP2C19 genotype information should be used
to inform treatment recommendations for a large number of
antidepressants and antipsychotics. This strategy is increasingly
applied in routine clinical care, particularly for patients showing
poor response to previous treatments. While other genes have
shown promising associations with drug response and/or side
effects for these drug classes, measurable clinical effects are
limited [60], and therefore, might only be useful within additive
risk models. Future algorithms need to be developed that
incorporate demographic, clinical, and biomarker information for
the advent of precision medicine.
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