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ABSTRACT

This review aims to explore the role of pharmacogenomics in predicting and optimizing antidepressant treatment outcomes in patients
with Major Depressive Disorder (MDD). A narrative review was conducted, synthesizing findings from clinical trials, genetic studies,
and pharmacogenomic platforms. The focus was on genetic polymorphisms influencing antidepressant metabolism (CYP2D6,
CYP2C19) and response (SLC6A4, HTR2A, BDNF). Key clinical trials and current commercial pharmacogenomic tools were analyzed
to assess efficacy, utility, and limitations. Studies demonstrate that pharmacogenomic-guided therapy can enhance treatment response
and reduce adverse effects compared to standard care. Specific genetic variants significantly affect drug metabolism and therapeutic
outcomes, suggesting utility in guiding antidepressant selection. However, challenges such as limited predictive power, high costs, and
population-specific variability remain barriers to widespread implementation. Pharmacogenomics offers a promising path toward
personalized psychiatry by minimizing trial- and-error prescribing. Future integration of multi-omics data and Al-driven tools may
further improve its clinical relevance and accessibility.

KEYWORD: Pharmacogenomics, Major Depressive Disorder (MDD), Antidepressant response, Genetic polymorphisms, CYP2D6
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INTRODUCTION

Major Depressive Disorder (MDD) is a prevalent and debilitating
psychiatric illness affecting over 280 million people globally. It is
characterized by persistent sadness, anhedonia, cognitive
impairments, and a significant reduction in quality of life [1].
Despite the wide array of antidepressant medications available

ranging from selective serotonin reuptake inhibitors (SSRIs) to
serotonin-norepinephrine reuptake inhibitors (SNRIs), tricyclic
antidepressants (TCAs), and atypical agents clinical response
remains highly variable [2,3]. Approximately 30—50% of patients
fail to achieve an adequate response to initial pharmacological
treatment, and many experience adverse drug reactions that
contribute to discontinuation and relapse [4,5,6].
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Fig no 1: Variability in Patient Response to the same Antidepressant Treatment.
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This interindividual variability in antidepressant response has
prompted growing interest in the field of pharmacogenomics,
which investigates how genetic variations influence drug
efficacy, metabolism, and safety [7]. By identifying specific
genetic markers associated with treatment outcomes,
pharmacogenomics aims to guide clinicians in selecting the most
appropriate antidepressant for each patient thus moving toward a
more precise, personalized approach to psychiatric care [8,9,10].
Over the past two decades, numerous studies have explored the
impact of genetic polymorphisms in genes related to drug
metabolism (e.g.,, CYP2D6, CYP2C19), neurotransmitter
transport and receptor activity (e.g., SLC6A4, HTR2A), and
neuroplasticity (e.g., BDNF) on antidepressant response. Several
commercial pharmacogenomic testing platforms have also
emerged, offering clinicians decision-support tools based on a
patient’s genetic profile. This review aims to provide a
comprehensive overview of the current evidence surrounding
genetic predictors of antidepressant treatment response [11,12].
It also examines the clinical utility of pharmacogenomic testing,
highlights existing limitations and challenges, and discusses
future directions for integrating genomics into routine psychiatric
practice [13].

Major Depressive Disorder (MDD) is a complex, multifactorial
psychiatric condition characterized by persistent low mood, loss
of interest or pleasure, and a range of cognitive and somatic
symptoms. It is a leading cause of disability worldwide,
contributing substantially to the global burden of disease. Despite
advances in psychopharmacology, the treatment of MDD remains
challenging due to the considerable heterogeneity in both
symptom presentation and treatment response. Antidepressant
medications such as selective serotonin reuptake inhibitors
(SSRIs), serotonin-norepinephrine reuptake inhibitors (SNRIs),
tricyclic antidepressants (TCAs), and atypical antidepressants
form the cornerstone of pharmacological treatment. However,
their efficacy is far from universal [14]. Clinical studies have
shown that nearly two-thirds of patients do not achieve full
remission with first-line treatment, and up to 30% may be
classified as treatment-resistant [15].

This variability in treatment outcomes is influenced by numerous
factors, including age, sex, comorbidities, environmental
influences, and, increasingly recognized, genetic makeup.
Pharmacogenomics, a subfield of precision medicine, focuses on
understanding how genetic variations influence an individual’s
response to drugs. In psychiatry, pharmacogenomics holds great
promise in guiding antidepressant selection, dosage adjustments,
and risk assessment for adverse drug reactions. This
individualized approach has the potential to reduce the current
trial- and-error prescribing model, shorten time to response, and
improve overall treatment outcomes [16,17].

Several genes have been extensively studied in the context of
antidepressant response. These include genes encoding for
cytochrome P450 enzymes (e.g., CYP2D6, CYP2C19), which are
involved in drug metabolism, as well as genes affecting
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neurotransmitter transport and receptor activity (e.g., SLC6A4,
HTR2A, HTR2C) and neurotrophic signaling (e.g., BDNF).
Variants in these genes can significantly alter drug plasma
concentrations, therapeutic efficacy, and susceptibility to side
effects [18]. As a result, pharmacogenomic testing has gained
increasing interest both in clinical research and practice, with
several commercial platforms now offering multi-gene panels to
inform prescribing decisions [19].

Despite its promise, the clinical implementation of
pharmacogenomics in psychiatry faces several challenges. These
include limited predictive power of individual genetic markers,
variability across ethnic populations, inconsistent findings across
studies, and logistical barriers such as cost and lack of
standardization. Nevertheless, emerging evidence and growing
integration of genomic data into electronic health records suggest
that pharmacogenomics is steadily moving toward broader
clinical utility [20].

This review aims to synthesize the current state of knowledge
regarding the pharmacogenomics of antidepressant therapy. It
will explore key genetic variants associated with antidepressant
response, assess the wvalidity and utility of existing
pharmacogenomic tests, discuss their implications for clinical
practice, and highlight future directions for research and
integration into precision psychiatry [21].

The development of antidepressants in the mid-20" century
marked a significant advancement in the treatment of MDD.
However, the efficacy of these treatments has remained limited
by interindividual variability in therapeutic response and
tolerability. This has led clinicians to rely on a “trial-and-error”
approach, which often results in prolonged patient suffering,
increased healthcare costs, and a higher risk of suicide during
treatment delays [22,23]. The landmark STAR*D (Sequenced
Treatment Alternatives to Relieve Depression) trial, the largest
clinical study of depression treatment to date, found that only
about one-third of patients achieved remission with initial SSRI
therapy, and each successive treatment step yielded diminishing
returns. These sobering statistics have catalysed interest in
pharmacogenomics as a tool to improve treatment precision.
Pharmacogenomics differs from broader pharmacogenetics in that
it involves the study of multiple genes and their interactions,
providing a more holistic view of drug response [24]. The
concept is rooted in the recognition that individual genetic
variation plays a crucial role in drug absorption, distribution,
metabolism, excretion (ADME), and mechanism of action. As
applied to antidepressants, pharmacogenomic insights can be
leveraged to inform choices such as:
e Which class of antidepressant is most likely to be
effective,
e What starting dose is appropriate based on metabolic
capacity,
e  Which patients are at greater risk of experiencing side
effects or adverse reactions.
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One of the most robust and clinically actionable areas of
pharmacogenomics involves the cytochrome P450 enzyme
family, particularly CYP2D6 and CYP2C19. These enzymes
metabolize a majority of antidepressants, and polymorphisms in
these genes can lead to poor, intermediate, extensive, or ultra-
rapid metabolism. Poor metabolizers may accumulate toxic drug
levels, increasing side effect risk, while ultra-rapid metabolizers
may clear drugs too quickly to derive therapeutic benefit. Beyond
metabolism, polymorphisms in neurotransmitter-related genes
such as SLC6A4 (serotonin transporter), HTR2A/HTR2C
(serotonin receptors), and BDNF (brain-derived neurotrophic
factor) have been associated with altered antidepressant response.
These genes are involved in drug-target interactions, neuronal
plasticity, and stress response, all of which are relevant to the
pathophysiology of depression [15,26, 27].

Commercial pharmacogenomic testing platforms now offer
panels that assess  multiple  pharmacokinetic  and
pharmacodynamic genes. Tests such as GeneSight®,
CNSDose®, and Neuropharmagen® provide clinicians with
color-coded or tiered reports categorizing drugs into “use as
directed,” “use with caution,” or “avoid” categories. These tools
are increasingly being adopted in psychiatric practice, although
their evidence base and cost-effectiveness remain subjects of
active investigation. Additionally, the field is rapidly evolving
[28]. Recent studies have begun integrating polygenic risk scores
(PRS) and applying machine learning algorithms to predict
treatment response based on combinations of genetic, clinical,
and environmental variables. While these methods are still in
development, they represent the next frontier in precision
psychiatry. In summary, the integration of pharmacogenomics
into antidepressant therapy represents a paradigm shift from
empirical prescribing to a more informed, individualized
treatment model. As the evidence base grows and technological
barriers decline, pharmacogenomics is poised to become a central
component of personalized mental health care [29].
Pharmacological therapy represents one of the essential
approaches to treatment of Major Depressive Disorder (MDD).
However, currently available antidepressant medications show
high rates of first-level treatment non-response, and several
attempts are often required to find an effective molecule for a
specific patient in clinical practice. In this context,
pharmacogenetic analyses could represent a valuable tool to
identify appropriate pharmacological treatment quickly and
more effectively. However, the usefulness and the practical
effectiveness of pharmacogenetic testing currently remains an
object of scientific debate [1,8,9]. The present narrative and
critical review focuses on exploring the available evidence
supporting the usefulness of pharmacogenetic testing for the
treatment of MDD in clinical practice, highlighting both the
points of strength and the limitations of the available studies and
of currently used tests. Future research directions and suggestions
to improve the quality of available evidence, as well as
consideration on the potential use of pharmacogenetic tests in
everyday clinical practice are also presented [30].

£ 2025 EPRA IJMR | http://eprajournals.com/ | Journal DOI URL: https://doi.org/10.36713/epra2013

Major Depressive Disorder (MDD) is a common psychiatric
disorder, affecting more than 300 million people globally and
representing an important cause of disability worldwide
Symptomatic remission and maintenance of therapeutic effects
over time are the primary goals of MDD treatment and the most
common first-line therapeutic strategy for moderate to severe
MDD is pharmacological: although different classes of
antidepressants are currently available, the pharmacological
approach to this disorder is commonly a process of trial and error,
thus, it may (and often does) take several attempts to identify the
optimal treatment for an individual patient Approximately one
third of patients achieve remission after the first therapeutic trial,
whereas about another third develop a treatment-resistant form of
depression. The inherent biological and environmental
heterogeneity among patients with this disorder could be one of
the causes of the high non-response and incomplete remission
rates, suggesting the potential usefulness of identifying specific
biomarkers able to predict the response to antidepressants and
allowing to individually tailor the treatment for each subject
Specific guidance for clinicians to navigate which antidepressant
is better suited for each patient, therefore, is much needed:
pharmacogenetics aims at doing precisely that by combining
aspects such as genetic variability, pharmacokinetics, and clinical
outcomes, allowing drug selection based on the genomic
characteristics of the individual patient [3,32]. In the context of
MDD, current evidence focuses on pharmacokinetics, and in
particular on the variability of two genes involved in drug
metabolism: CYP2C19 and CYP2D6 Other genes have also been
identified as biomarkers in the response to antidepressant therapy
(e.g., some serotonin’s receptors and pathway’s molecules like
SCL6A4 and HTR2A) and, despite more limited clinical validity
and efficacy, have also been included in many commercially
available pharmacogenetic test panels Although several
randomized controlled trials (RCTs) have yielded interesting
results regarding the impact of pharmacogenetic tests on the
efficacy outcome of MDD patients’ treatment, conflicting
opinions remain regarding their usefulness in everyday clinical
practice The aim of the present narrative and critical review is to
analyse the available literature in order to assess, without
neglecting possible criticalities and limitations, the evidence on
the efficacy, safety and applicability of currently available
pharmacogenetic tests in the context of MDD treatment [33].

The traditional approach to treating depression often involves a
trial-and-error method, leading to delayed therapeutic effects and
increased risk of adverse reactions. Pharmacogenomics aims to
optimize treatment by considering individual genetic variations
that influence drug metabolism and response [34,35].

PHARMACOGENOMICS OF ANTIDEPRESSANT
THERAPY

Serotonin Transporter Gene (SLC6A4) and Its Role in
Antidepressant Response: The serotonin transporter gene
(SLC6A4) is a crucial gene involved in the regulation of serotonin
levels in the brain. It encodes the serotonin transporter (SERT), a
protein responsible for reuptaking serotonin from the synaptic
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cleft back into presynaptic neurons. This reuptake process is
essential for regulating serotonin’s availability in the brain, which

in turn influences mood, anxiety, and other emotional states [36].

PHARMACOGENOMICS OF
ANTIDEPRESSANT THERAPY
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Fig no 2: Genetic Predictors in Pharmacogenomics of Antidepressant Therapy.
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Fig no 3: Regulation of Serotonin Transporter Gene (5-HTT).

e  Structure and Function of SLC6A4: The SLC6A4 gene
spans about 28 kb on chromosome 17 and produces the
serotonin transporter (SERT) protein. The serotonin
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transporter facilitates the transport of serotonin (5-HT)
across the neuronal membrane, essentially clearing
serotonin from the synapse after it has transmitted its
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signal to the postsynaptic neuron [37]. (high expression of SERT): Individuals with the long
By regulating serotonin levels, SERT plays a central role in mood allele tend to have a better response to SSRIs, possibly
regulation, and alterations in its function are associated with because the inhibition of serotonin reuptake by SSRIs
mood disorders such as depression, anxiety, and obsessive- further enhances serotonin levels in the synapse.S allele
compulsive disorder (OCD) [38]. (low expression of SERT): Individuals with the short
allele may have a reduced response to SSRIs, possibly
Key Polymorphisms: 5-HTTLPR and Its Impact One of the most due to already elevated serotonin levels in the synaptic
studied polymorphisms in the SLC6A4 gene is the 5-HTTLPR cleft, making additional serotonin reuptake inhibition
(serotonin-transporter-linked polymorphic region), which is less effective. These individuals may also experience

located in the promoter region of the gene. This polymorphism is more side effects from SSRIs.
characterized by two main alleles: a long (L) allele and a short (S) b) Stress Sensitivity and Depression Risk: People carrying
allele. the S/S genotype (two short alleles) may exhibit greater
e 5-HTTLPR Polymorphism: Long (L) Allele: The long susceptibility to stress and a higher risk for developing
allele results in higher transcriptional activity, leading to depression. This is because the short allele is associated
greater expression of the serotonin transporter (SERT). with a more reactive serotonin transporter system,
This means more serotonin is taken back up into the which could make these individuals more vulnerable to
presynaptic neuron. environmental stressors. Studies have shown that

people with the S/S genotype exhibit altered serotonin

e Short (S) Allele: The short allele is associated with lower . X -
regulation, making them more prone to emotional

transcriptional activity and reduced expression of SERT. d lati q 4 disord icularl q
This leads to less serotonin reuptake, potentially ysregulation and mood disorders, particularly under

resulting in higher serotonin levels in the synapse [39, stressful conditions[41,2,43,44]. o
40]. g g ynapse [ 1) Cytochrome P450 Enzymes (CYP450): An Overview in

Antidepressant Therapy: The cytochrome P450 (CYP450)
enzyme system is a group of enzymes primarily found in the
liver that play a major role in the metabolism of drugs,

e Effects of the 5-HTTLPR Polymorphism on
Antidepressant Response

a) Response to Selective Serotonin Reuptake Inhibitors including many antidepressants. Genetic variations in these
(SSRIs): SSRIs, such as fluoxetine (Prozac) and enzymes can significantly affect how individuals metabolize
sertraline (Zoloft), work by inhibiting the serotonin medications, influencing drug efficacy, toxicity, and side
transporter, thus increasing the availability of serotonin effects.

in the synaptic cleft. The response to SSRIs can be
influenced by the 5-HTTLPR polymorphism.L allele
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Fig no 4: Phases of Xenaobiotic Metabolism and Detoxification Pathways Key CYP450 Enzymes Involved in
Antidepressant Metabolism

e CYP2D6 Genetic Variants: Poor metabolizers: Reduced or no
Metabolizes: SSRIs (fluoxetine, paroxetine), tricyclic enzyme activity — drug
antidepressants (TCAs), and others. builds up — increased risk of side effects.
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Ultra-rapid metabolizers: Excess enzyme activity —
drug cleared too fast —

Clinical Implications of CYP450 Variants

) e Personalizing Antidepressant Selection: Genetic testing
reduced therapeutic effect. can identify if a patient is a poor, intermediate,
CYP2C19 extensive, or ultra-rapid metabolizer.
Metabolizes: SSRIs (citalopram, escitalopram, For example: CYP2D6 poor metabolizer — avoid
sertraline), TCAs. paroxetine due to increased risk of side effects.
Genetic Variants: Poor metabolizers: Risk of CYP2C19 ultra-rapid metabolizer —  consider
higher plasma drug levels, leading to side alternatives to escitalopram due to
effects. reduced effectiveness.
Rapid/Ultra-rapid metabolizers: Reduced drug e Dose Adjustments: Knowing a patient’s CYP450
levels, potentially causing treatment genotype helps in adjusting the dose to reach
failure. therapeutic levels safely.
CYP3A4 and CYP3AS . _ _ e Avoiding Drug Interactions: Co-administration of
l\/leta(tj)ollzes: Venlafaxine, ~ mirtazapine, drugs that inhibit or induce CYP enzymes can affect
razodone.

These enzymes have less variation between
individuals than CYP2D6 or CYP2C19, but
interactions with other drugs or dietary
substances (like grapefruit) can inhibit or
induce their activity.

antidepressant levels. For instance: Fluoxetine inhibits
CYP2D6, potentially increasing levels of co-
administered CYP2D6 substrates.

Pharmacogenomic Testing Tools: Commercial tests like
GeneSight, NexGen, and IDgenetix analyze CYP450
genes among others, helping clinicians personalize

e CYPl1A2
Metabolizes:  Duloxetine,  clomipramine.
Activity can be induced by smoking, leading to 2)
faster drug clearance and potentially lower
effectiveness [45,46, 47].

antidepressant therapy based on genetic profiles

[48,49,50,51].
Brain-Derived Neurotrophic Factor (BDNF): Brain-
Derived Neurotrophic Factor (BDNF) is a protein that
belongs to the neurotrophin family, which also includes
nerve growth factor (NGF). BDNF is vital for the
development, maintenance, and plasticity of neurons in the
central nervous system (CNS) [52].

Neurodegenerative diseases
(AD, PD, HD ete.)
Psychiatric disorders
(Depression, schizophrenia)

Natural compounds .
(T PpE— R
BDNF mimetics (|

Decreased BDNF/TrkB system

Fig no 5: Role of BDNF/TrkB Signalling in Neurodegenerative and Psychiatric Disorders and Therapeutic Effects of BDNF
Mimetics.
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Main Functions of BDNF

O

©)

Neuronal Survival: Prevents programmed cell death
(apoptosis) and supports existing neurons.

Neurogenesis: Stimulates the growth of new neurons,
especially in the hippocampus-a brain region important for
memory and emotion.

Synaptic Plasticity: Enhances the strength and number
of synaptic connections, crucial for learning and memory.
Stress Adaptation: Helps the brain adapt to stress by
remodeling neural circuits [53,54, 55].

BDNF and the Brain: High concentrations are found in the
hippocampus, amygdala, cerebral cortex, and hypothalamus.
These areas regulate emotion, cognition, stress response, and
mood, linking BDNF directly to mental health.

BDNF and Depression: Depressed patients often show low
levels of BDNF, especially in the hippocampus. Chronic
stress suppresses BDNF expression, leading to neuron
shrinkage and hippocampal atrophy. Recovery from
depression is associated with restoration of BDNF levels.

BDNF and Antidepressant Action: Antidepressants (SSRIs,

SNRIs, TCAs) stimulate the production of BDNF. Increased
BDNF promotes synaptic repair and neurogenesis,
improving mood and cognitive function over time. Ketamine,
a rapid-acting antidepressant, also increases BDNF quickly
and strongly.

e Clinical Importance:
O BDNF is a biomarker for depression and a potential
target for new antidepressant therapies.
o The Val66Met genotype can help predict treatment
response and personalize psychiatric care [56,57,58].

3) SEROTONIN RECEPTORS

Serotonin receptors, also called 5-hydroxytryptamine (5-HT)
receptors, are a group of G protein- coupled receptors (GPCRS)
and ligand-gated ion channels that mediate the effects of
serotonin, a key neurotransmitter in the central nervous system
(CNS).

Here’s a detailed explanation of the types of serotonins (5-HT)
receptors, focusing on their structure, function, and relevance to
antidepressant therapy:
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Fig no 6: 5-HT2C Receptor Signalling Pathways and Downstream Effectors.
Types of Serotonin Receptors (5-HT Receptors): There are seven
main families of serotonin receptors: 5-HT1 to 5-HT7, with
several subtypes. They are mostly G-protein-coupled receptors

(GPCRs), except for 5-HT3, which is a ligand-gated ion channel
[59,60, 61].
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Fig no 7: Classification and Signalling Mechanisms of Serotonin (5-HT) Receptor Subtypes.
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a) 5-HT1 Family (GPCR)
O Subtypes: 5-HT1A, 1B, 1D, 1E, 1F
o Location; Raphe nuclei, cortex, hippocampus
o Function: Inhibits adenylate cyclase —
reduces cCAMP — inhibitory effect on
neurotransmission
O Role in Mood: 5-HT1A: Key target in
depression and anxiety; modulates
serotonin release Target of SSRIs and partial
agonists (e.g., buspirone)
b) 5-HT2 Family (GPCR)
O Subtypes: 5-HT2A, 2B, 2C
O Location: Cortex, hypothalamus, limbic
system
o Function: Activates phospholipase C —
increases IP3 and DAG — excitatory effects
o Clinical Role: 5-HT2A: Atypical
antipsychotics block it; associated with
antidepressant response and sleep regulation
5-HT2C: Influences appetite, weight gain, and
mood regulation
C) 5-HT3 Family (lon Channel)
O  Only Subtype: 5-HT3
o Location: Brainstem, Gl tract
O Function: Fast excitatory neurotransmission
viaion flow
o Clinical Relevance: Involved in nausea,
especially SSRI-induced Antagonists like
ondansetron used to manage these side effects
d) 5-HT4 Family (GPCR)
o Function: Stimulates adenylate cyclase —
increases CAMP
O Location: Gl tract, CNS
O Role in Depression: Modulates memory and
cognition; under investigation as an
antidepressant target
e) 5-HT5 Family (GPCR)
O Subtypes: 5-HT5A (5-HT5B is non-functional
in humans)
o Function: Inhibitory; role still unclea
o Location: Cortex, hippocampus
O Potential Role: May regulate circadian rhythm
and memory
f) 5-HT6 Family (GPCR)
O Location: CNS, particularly striatum and
cortex
o Function: Involved in cognition and learning
O Antidepressant Potential: Being explored as
a target in cognitive symptoms of depression
g) 5-HT7 Family (GPCR)
o Function: Stimulates adenylate cyclase —
increases CAMP
o Location: Thalamus, hypothalamus,
hippocampus
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O Role: Circadian rhythm, mood regulation
o Clinical Potential: 5-HT7 antagonists show
promise in rapid antidepressant effects

[40,62,63,64,65].

CLINICAL UTILITY OF PHARMACOGENOMIC
TESTING

The integration of pharmacogenomic testing into clinical practice
has become an increasingly relevant strategy in optimizing
antidepressant therapy. Its primary goal is to enhance treatment
outcomes by providing prescribers with actionable genetic
insights that inform drug selection and dosing. Several
pharmacogenomic testing panels—such as GeneSight®,
CNSDose®, Neuropharmagen®, and IDgenetix®—are currently
available and offer recommendations based on a patient’s genetic
profile. These tests typically analyze a combination of
pharmacokinetic (e.g., CYP2D6, CYP2C19) and
pharmacodynamic (e.g., SLC6A4, HTR2A, BDNF) gene
variants.

1. Enhancing Treatment Response and Remission Rates:
Multiple studies have demonstrated that
pharmacogenomic-guided treatment can improve clinical
outcomes. Randomized controlled trials (RCTS), such asthe
GUIDED trial and the GENEPSI study, have shown that
patients receiving pharmacogenomic-informed therapy
were more likely to achieve symptom improvement and
remission compared to those receiving standard care.
Notably, patients with genetic variants predicting poor
metabolism or adverse effects experienced fewer side
effects and higher tolerability when genetic results were
used to guide prescribing [66,67].

2. Reducing Trial-and-Error Prescribing:

Traditional antidepressant prescribing often involves trying
multiple medications sequentially over weeks or months.
Pharmacogenomic testing helps reduce this trial-and- error
process by identifying medications that are more likely to
be effective or poorly tolerated based on a patient’s genetic
profile. This approach can reduce treatment delays, patient
frustration, and healthcare utilization [68,69].

3. Cost-Effectiveness:

Economic analyses suggest that pharmacogenomic-guided
treatment may be cost- effective in the long term by
decreasing the number of failed medication trials, reducing
adverse events, and minimizing hospitalizations. However,
the upfront cost of testing remains a barrier in some
healthcare systems, and insurance coverage varies widely
by region and provider [70].

4. Limitations and Challenges: Despite its promise,
pharmacogenomic testing is not without limitations. Many
antidepressants are metabolized by multiple enzymes, and
gene-drug interactions are often influenced by non-genetic
factors such as age, comorbidities, and polypharmacy.
Moreover, the predictive power of current genetic panels is
modest, and findings may not always be generalizable
across diverse populations due to ethnic differences in allele
frequencies.  Another challenge is the lack of
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standardization among commercial tests, leading to
variations in interpretation and reporting. Clinician
knowledge and confidence in using pharmacogenomic data
also vary, emphasizing the need for greater education and
clinical decision support tools [71, 72,73].
5. Regulatory and Guideline Support

The U.S. Food and Drug Administration (FDA) has
provided guidance on the clinical relevance of specific
pharmacogenomic markers for certain drugs. Moreover,
organizations such as the Clinical Pharmacogenetics
Implementation Consortium (CPIC) and the Dutch
Pharmacogenetics Working Group (DPWG) have
developed gene-drug interaction guidelines that support
evidence-based implementation of pharmacogenomics in
psychiatry [74,75,76].

FUTURE DIRECTIONS

Pharmacogenomics has already begun to reshape the landscape of

psychiatric treatment, yet its full potential remains untapped. As

research advances and technologies evolve, several key areas are
poised to further enhance the precision, accessibility, and clinical
impact of pharmacogenomic-guided antidepressant therapy

[77,78, 79].

1. Integration of Polygenic Risk Scores (PRS): Current
pharmacogenomic tests focus primarily on a limited number
of well-characterized single nucleotide polymorphisms
(SNPs). However, depression and treatment response are
polygenic traits influenced by many small-effect variants.
Polygenic risk scores (PRS), which aggregate the effects of
hundreds to thousands of genetic variants, offer a more
comprehensive view of individual risk and treatment
potential. When combined with clinical factors, PRS may
significantly improve predictive accuracy for treatment
outcomes.

2. Multi-Omics Approaches: Future strategies will likely
integrate pharmacogenomics with other “omics” layers—
such as transcriptomics, epigenomics, proteomics, and
metabolomics—to generate a more complete biological
profile of the patient. This systems biology approach may
help identify novel biomarkers, therapeutic targets, and
response pathways, paving the way for a more nuanced and
personalized form of depression treatment.

3. Artificial Intelligence and Machine Learning: The growing
availability of high- dimensional genomic and clinical data
necessitates the use of advanced computational tools.
Machine learning and artificial intelligence (Al) algorithms
can be trained on large datasets to uncover complex gene-
drug-environment interactions and generate predictive
models with higher accuracy than traditional methods. These
models may eventually be integrated into electronic health
records to provide real-time, automated prescribing
recommendations.

4. Population Diversity and Inclusivity: Most
pharmacogenomic research to date has been conducted in
populations of European descent, limiting generalizability
across diverse ethnic groups. Future studies must prioritize
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the inclusion of underrepresented populations to ensure the
equity and accuracy of pharmacogenomic tools. Global
consortia and biobanks are increasingly focusing on
collecting diverse datasets to address this gap.

5. Digital Health and Point-of-Care Testing: The future of
pharmacogenomics may include portable or point-of-care
genetic testing devices that allow for immediate analysis and
interpretation in clinical settings. Coupled with mobile
health applications and digital adherence tools, this could
empower patients and clinicians with on-demand, actionable
information to guide treatment choices.

6. Policy, Ethics, and Education:

Wider implementation of pharmacogenomics will also
require supportive health policies, regulatory frameworks,
and ethical considerations, particularly around data privacy
and informed  consent. Additionally, increasing
clinician education and training in pharmacogenomics
is essential to ensure responsible and effective use of
genetic information in psychiatric practice.

CONCLUSION

The evolving field of pharmacogenomics offers a transformative
approach to managing Major Depressive Disorder (MDD),
addressing one of psychiatry’s most pressing challenges: the
variability in antidepressant response. Despite the broad array of
pharmacological treatments available, a significant proportion of
patients up to two-thirds fail to achieve full remission with first-
line antidepressants. This has traditionally necessitated a trial-
and-error approach that is both time-consuming and distressing
for patients. Pharmacogenomics, by elucidating the genetic
underpinnings of drug response, presents a compelling
alternative. Evidence increasingly supports the role of specific
genetic variants particularly in genes such as CYP2DG6,
CYP2C19, SLC6A4, HTR2A, and BDNF in influencing
antidepressant metabolism, efficacy, and side effect profiles.
Pharmacogenomic testing platforms that incorporate these genes
are now available to clinicians, providing actionable insights that
can guide antidepressant selection and dosing. Studies have
demonstrated that pharmacogenomic-guided treatment can
enhance therapeutic outcomes, reduce adverse drug reactions, and
shorten the path to remission.

However, challenges remain in translating this promise into
routine clinical practice. Variability in genetic expression across
populations, limited predictive power of current tests, cost
considerations, and the need for clinician education all represent
hurdles that must be addressed. Furthermore, a broader
integration of polygenic risk scores, multi-omics data, and
artificial intelligence holds future potential to refine and enhance
the predictive accuracy of pharmacogenomic tools.
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