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ABSTRACT

Drug hypersensitivity reactions (DHRs) remain a significant hurdle in psychiatric treatment, frequently causing
therapy discontinuation, reduced adherence, and suboptimal clinical outcomes. Pharmacogenomics offers a
powerful approach to unravel the genetic underpinnings that influence drug metabolism, immune system
activation, and individual vulnerability to adverse reactions. This review provides a comprehensive overview of
the diverse mechanisms behind DHRs, focusing on immune-mediated pathways—particularly T cell-driven
responses—reactive drug metabolite formation, and key genetic determinants. Variations in human leukocyte
antigen (HLA) alleles and cytochrome P450 (CYP450) enzymes emerge as central factors in hypersensitivity risk.
We examine pharmacogenomic links across commonly used psychiatric medications, including anticonvulsants
like carbamazepine and lamotrigine, SSRIs, and newer therapeutics such as vortioxetine, psilocybin, and
esketamine. Antipsychotic agents, including clozapine and newer drugs like aripiprazole, brexpiprazole, and
cariprazine, are also discussed with regard to gene-drug interactions, highlighting risk alleles such as HLA-
B15:02, HLA-A31:01, and CYP2D6 and CYP1A2 polymorphisms. The evidence underscores the potential of
pharmacogenomic testing to anticipate and prevent severe reactions, including Stevens-Johnson Syndrome, toxic
epidermal necrolysis, agranulocytosis, and liver toxicity. The review also addresses clinical translation, exploring
preemptive genetic screening, international guidelines (e.g., CPIC and DPWG), and practical challenges such as
test accessibility, ethical considerations, and the absence of standardized protocols globally. Emerging
technologies, including next-generation sequencing and integrative multiomic approaches, offer opportunities to
refine prediction models and tailor psychiatric therapies more precisely. Finally, population-specific studies and
international collaboration are crucial to bridging knowledge gaps, particularly in regions like the Middle East.
Altogether, pharmacogenomics holds transformative promise for enhancing psychiatric drug safety and advancing
personalized patient care.
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Introduction

Adverse immune reactions to psychiatric medications, known as drug hypersensitivity reactions (DHRs), remain
a critical concern in mental health treatment, often causing treatment cessation, extended hospitalization, and in
severe instances, life-threatening conditions such as Stevens-Johnson syndrome (SJS) or drug reaction with
eosinophilia and systemic symptoms (DRESS) [1-3]. These reactions can occur with a broad spectrum of
psychotropic agents, including anticonvulsants, antidepressants, and antipsychotics [4]. Their unpredictable
nature, including occurrence after prior uneventful drug exposures and absence of dose dependence, presents a
substantial clinical challenge [5]. As pharmacotherapy becomes increasingly central in psychiatric care, clarifying
the biological and genetic factors behind DHRs is essential for safer, more effective treatment.

Pharmacogenomics has emerged as a key approach for uncovering genetic susceptibilities that influence drug
metabolism and immune responses. Variants in human leukocyte antigen (HLA) genes and drug-metabolizing
enzymes such as CYP2C19 and CYP2D6 have been strongly linked to hypersensitivity risk [1]. Notably, HLA-
B15:02 and HLA-A31:01 are recognized predictors of severe cutaneous reactions to carbamazepine [6].
Integrating pharmacogenomic information into clinical decision-making allows clinicians to identify high-risk
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patients before treatment, facilitating individualized drug choice and dose adjustments to reduce adverse
outcomes.
This review aims to consolidate current knowledge on the pharmacogenomic basis of psychiatric DHRs,
highlighting genetic risk factors, immune-mediated mechanisms, and clinical translation. We focus on both HLA
and non-HLA genetic associations across major psychotropic drug classes, explore the role of genetic testing in
preventing hypersensitivity, and discuss implementation challenges. Additionally, we consider future
opportunities, including next-generation sequencing technologies and international collaborations, to advance
precision psychiatry. By bridging mechanistic insights with clinical application, pharmacogenomics promises to
enhance medication safety and therapeutic effectiveness in mental health care.

Mechanisms of drug hypersensitivity reactions

Immune-mediated pathways

Hypersensitivity to psychiatric medications represents a complex spectrum of immune-driven adverse events,

often resulting in significant morbidity. Based on the Gell and Coombs classification, these reactions are divided

into four principal types [7].

o Type I (Immediate, I[gE-mediated): Triggered by allergen-specific IgE antibodies binding to mast cells and
basophils, this pathway results in degranulation and release of mediators including histamine, prostaglandins,
leukotrienes, and Th2 cytokines (IL-4, IL-5, IL-13). The downstream effects include vasodilation, bronchial
constriction, and eosinophil recruitment [8].

e Type Il (Antibody-dependent cytotoxicity): Occurs when IgG or IgM antibodies target drug-altered host cells,
activating complement and initiating antibody-dependent cellular cytotoxicity (ADCC), leading to cell lysis
and tissue injury [9]. circulating antigen-antibody complexes in tissues, which trigger complement activation
and recruit neutrophils, causing local inflammation via pro-inflammatory cytokines like TNF-a and IL-1f
[10].

e Type IV (Delayed-type, T cell-mediated): This mechanism underlies most psychiatric DHRs. Drug-modified
peptides presented on MHC class I or II molecules activate CD8+ cytotoxic or CD4+ helper T cells,
respectively. Activated T cells release pro-inflammatory cytokines (IFN-y, TNF-a, IL-2, IL-17), driving
immune cell recruitment and clonal expansion. Clinical presentations include morbilliform rashes, DRESS,
and severe cutaneous adverse reactions (SCARs) such as SJS [11, 12].

Re-exposure in sensitized patients can trigger rapid Type I reactions, as preformed drug-specific antibodies

activate mast cells, potentially causing urticaria, angioedema, or anaphylaxis. Table 1 summarizes common

cutaneous manifestations associated with psychiatric drug hypersensitivity.

Table 1. An outline of the principal cutancous adverse drug reactions resulting from hypersensitivity to
psychiatric medications
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Abbreviations: SCAR = severe cutaneous adverse reaction; SJS = Stevens-Johnson syndrome; TEN = toxic epidermal necrolysis; DRESS =
drug reaction with eosinophilia and systemic symptoms; AGEP = acute generalized exanthematous pustulosis; BSA = body surface area.

Molecular mechanisms underlying drug hypersensitivity
Hypersensitivity reactions triggered by psychiatric medications involve intricate immune processes, and multiple
models have been proposed to explain how small chemical compounds can activate the immune system.

Hapten/Pro-hapten mechanism

In this classical explanation, drugs or their reactive metabolites are typically too small to stimulate immunity on
their own. When they covalently attach to endogenous proteins, they form novel conjugates that the immune
system recognizes as foreign. These modified proteins are processed by antigen-presenting cells (APCs) and
displayed on MHC class I or II molecules to naive T cells, which may initiate an adaptive immune response upon
recognition of these neo-antigens [22].

Pharmacological interaction with immune receptors (p-i) mechanism

This model posits that some drugs can interact directly and reversibly with immune receptors such as T cell
receptors (TCRs) or HLA molecules, without requiring covalent binding or conventional antigen processing. Such
interactions are sufficient to stimulate T cells in a manner independent of peptide presentation, bypassing the
classical antigen recognition pathway [23].

Altered self-peptide repertoire

A notable example is abacavir hypersensitivity in individuals carrying HLA-B*57:01. In this scenario, the drug
lodges within the peptide-binding groove of the HLA molecule, altering the set of self-peptides that are presented
to T cells. These new peptide-HLA combinations may be mistakenly identified as foreign, provoking an immune
response against the body’s own tissues [24, 25].

Cross-reactive memory t cells (heterologous immunity)
This hypothesis emphasizes the role of pre-existing memory T cells that were primed by past infections. If a drug
generates peptide-HLA complexes structurally similar to pathogen-derived antigens, these memory T cells can

e
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become reactivated. Individuals with susceptible HLA alleles and prior infectious exposure may therefore
experience immune cross-reactivity, leading to hypersensitivity [23, 26, 27].

Danger signal model

According to the danger theory, immune activation relies not only on antigen recognition but also on cellular
stress or tissue damage. Endogenous signals, known as damage-associated molecular patterns (DAMPs), released
during injury or infection can heighten APC activation and provoke an immune response against drug-related
antigens that might otherwise be ignored [28, 29].

Figure 1 schematically illustrates T cell activation pathways involved in drug-induced hypersensitivity reactions.
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Figure 1. Immunological Pathways in Drug-Induced Hypersensitivity. T cells are central players in drug-
induced immune reactions, serving as key mediators in virtually all hypersensitivity events. Chemically
reactive drugs or their metabolites can interact with the immune system through multiple pathways. One well-
known mechanism, the hapten model, involves drugs binding covalently to host proteins to create new
antigens. Recognition of these modified peptides by the T cell receptor (TCR) via MHC molecules is referred
to as Signal 1. However, full T cell activation requires an additional co-stimulatory input, Signal 2; in its
absence, immune tolerance is maintained. Re-exposure to the drug can trigger hypersensitivity responses,
ranging from mild manifestations like hives and angioedema to severe reactions such as acute generalized
exanthematous pustulosis (AGEP), drug reaction with eosinophilia and systemic symptoms (DRESS),
Stevens-Johnson syndrome (SJS), or toxic epidermal necrolysis (TEN).

Other mechanisms contributing to T cell memory formation include direct drug interactions with immune
receptors (p-i concept) and modifications of peptide presentation within the HLA groove (adapted from Azoury
etal., 2018 [30]).

Genetic determinants of psychiatric drug hypersensitivity

The human leukocyte antigen (HLA) system, located on chromosome 6 (6p21.3), is essential for immune
surveillance, allowing the body to distinguish self from non-self. HLA molecules coordinate both cellular and
humoral immunity by presenting antigens to T cells, supporting complement activation, and guiding cytotoxic
responses [31]. While critical for defense against pathogens, HLA variants also contribute to autoimmune
diseases, inflammatory disorders, and drug-induced hypersensitivity.
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HLA genes are grouped into three classes: Class I (HLA-A, -B, -C) presents intracellular peptides to CD8+
cytotoxic T cells; Class I (HLA-DR, -DQ, -DP) presents extracellular antigens to CD4+ helper T cells; and Class
IIT encodes immune-related proteins, including complement components [31]. This genomic region is highly
polymorphic, with thousands of alleles, and variations within peptide-binding regions influence how antigens are
displayed and how T cells respond [32].

Some drugs can activate T cells by directly interacting with HLA molecules or HLA-bound peptides, bypassing

conventional antigen processing, as described in the pharmacological interaction (p-i) hypothesis [33].

HLA allele frequencies vary across populations, affecting individual susceptibility to drug hypersensitivity and

highlighting the need for population-specific pharmacogenomics. In the MENA region, including the UAE, alleles

linked to severe cutaneous adverse reactions (SCARs) such as SJS and TEN differ in prevalence [34].

The Clinical Pharmacogenetics Implementation Consortium (CPIC) has identified HLA alleles relevant to

psychiatric and antiepileptic drug reactions:

e HLA-B*15:02 — Strongly linked to carbamazepine- and phenytoin-induced SJS/TEN; rare in Near Eastern
populations (0.0002) but associated with severe outcomes [35].

e HLA-B*57:01 — Connected to bupropion hypersensitivity, more frequent in the regional population (0.0234)
[36].

e HLA-A*31:01 — Also associated with carbamazepine hypersensitivity, with a frequency of 0.0111 locally
[37].

Despite these data, fine-grained, ethnicity-specific mapping is lacking, emphasizing the need for country-level

studies to inform personalized prescribing. In the UAE, limited resources and data on HLA-associated drug

reactions hinder widespread implementation of pharmacogenomic testing. Projects such as the Emirati Genome

Program are expected to provide critical data for advancing precision medicine in the region.

Table 2 provides an overview of HLA allele-drug associations for psychiatric and antiepileptic medications,

offering guidance for identifying high-risk patients and supporting genotype-informed prescribing to improve

drug safety [38].

Table 2. HLA Alleles Associated with Psychiatric Drug Hypersensitivity Reactions. This table outlines notable
correlations between specific HLA gene variants and adverse hypersensitivity outcomes related to psychiatric
and antiepileptic medications.

A i R linical Evi
HLA Allele ssociated eported.C tiea vidence Guideline/Source References
Drugs Reactions Level
Stevens-Johnson Wang ef al.
. i (2011)[38];
Carbamazepine,  Syndrome (SJS), Toxic Locharernkul ef
HLA-B*15:02 Phenytoin, Epidermal Necrolysis 1A Clinical guideline
. al. (2008)[35];
Lamotrigine (TEN), Maculopapular Koomdee ef al
Exanth MPE '
xanthema ( ) 2017)[39]
Maculopapular rash, McCormack et al.
HLA-A*31:01 Carbamazepine Hypersensitivity 1A Clinical guideline ~ (2011)[40]; Kim
Syndrome, SJS/TEN etal (2011)[41]
HLA-B35:08,
HLA-B39:01
) Macul 1 K .
HLA-B44:03, Lamotrigine et ffai’;[;;) 3 - 23?1(176)? ;9[]“1
HLA-A02:07, anthema
HLA-A*33:03
1
HLA- Fluoxetine, i?;e:sgli::(i?s; Not 3 Ahmed et al.
DRB1*07:01 Sertraline (SCAR) Available (2021) [42]
Not Pavlos et al.
HLA-B*57:01 B i SJS, TEN -
upropton ’ Available (2012)[36]
HLA- Islam et al.
1 i A 1 i -
DQB1%05:02 Clozapine granulocytosis 3 (2022) [43]
Not Islam et al.
_B*59: i iti _
HLA-B*59:01 Clozapine Myocarditis Available (2022) [43]

Pharmacogenomics in psychiatric medication hypersensitivity
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The susceptibility to hypersensitivity reactions varies widely among psychiatric drugs, with genetic factors
shaping individual risk profiles [44, 45]. Deciphering these associations is essential for tailoring treatments and
minimizing adverse events [46]. While extensive research has identified key genetic markers for anticonvulsants
and clozapine, the mechanisms underlying hypersensitivity to newer antidepressants and certain antipsychotics
remain poorly characterized. Innovative therapies, including rapid-acting antidepressants such as esketamine (a
ketamine derivative) and psilocybin (a serotonergic psychedelic), have emerged for treatment-resistant
depression; however, their pharmacogenomic implications and hypersensitivity risks are largely unexplored.
Genetic variability in drug metabolism and receptor interactions may influence both therapeutic outcomes and
adverse reactions in these cases.

Anticonvulsants

Carbamazepine and lamotrigine are among the anticonvulsants most frequently associated with severe cutaneous
adverse reactions (SCARs), including Stevens-Johnson syndrome (SJS) and toxic epidermal necrolysis (TEN).
The HLA-B15:02 allele is a major predictor of carbamazepine-induced SCARs in East and Southeast Asian
populations, prompting guidelines for pre-treatment genetic testing in these groups. HLA-A31:01 is another
variant linked to carbamazepine hypersensitivity across diverse ethnic backgrounds, though its predictive power
differs between populations. For lamotrigine, HLA-B38:02 and HLA-B07:02 have been implicated in certain
European and Hispanic populations, but the evidence is not as robust as for carbamazepine. Genetic variants in
metabolizing enzymes, such as EPHX1 and UGT1AA4, can also affect lamotrigine clearance and toxicity risk.

Antidepressants

While hypersensitivity is less prevalent for antidepressants compared to anticonvulsants, immune-mediated
adverse events can still present significant clinical challenges. SSRIs like fluoxetine and sertraline have
occasionally been associated with cutaneous reactions, with some studies suggesting links to HLA-DRB1*07:01
and CYP2D6 poor metabolizer status [42]. Pharmacogenomic insights may also help identify individuals at risk
for rare but severe outcomes, such as antidepressant-related suicidality [47].

Depression pathophysiology involves disruptions in the hypothalamic-pituitary-adrenal (HPA) axis and
alterations in neurotransmitter systems, particularly serotonergic signaling [48-51]. Hyperactivation of the HPA
axis and elevated cortisol levels can impair neuroplasticity and contribute to depressive symptoms [52].
Serotonergic dysfunction affects emotional regulation, stress response, and cognitive processing, indicating that
neuroendocrine and neurotransmitter mechanisms collectively contribute to disease development and persistence
[51,53].

Genetic variations in serotonergic pathways (e.g., SLC6A4), HPA axis modulators (e.g., FKBPS5), and
metabolizing enzymes (CYP2C19, CYP2D6) have been associated with increased susceptibility to suicidal
ideation during antidepressant therapy [47, 54]. FKBP5 polymorphisms, for instance, influence glucocorticoid
receptor regulation and HPA feedback. When combined with environmental stressors like childhood trauma, these
variants can exacerbate stress sensitivity, predisposing individuals to depression or PTSD [55]. CYP2C19 poor
metabolizers may accumulate higher plasma levels of antidepressants, potentially heightening emotional
instability, while carriers of the short SLC6A4 allele may show increased sensitivity to SSRI effects. Although
current pharmacogenomic guidelines do not yet integrate suicidality risk into standard recommendations,
polygenic risk scores and integrated pharmacogenomic-pharmacodynamic models are promising tools for future
personalized risk assessment.

Other antidepressants, including bupropion, have been linked to hypersensitivity, potentially mediated by HLA-
B*57:01 [36]. Agomelatine metabolism, primarily via CYP1A2, may influence adverse reaction susceptibility in
slow metabolizers. Limited data exist for novel antidepressants such as vortioxetine; however, case reports suggest
potential immune-mediated responses, highlighting the need for research into the role of HLA variants and
cytochrome P450 polymorphisms (e.g., CYP2D6, CYP3A4).

Esketamine, an NMDA receptor antagonist used for treatment-resistant depression, is mainly metabolized by
CYP3A4, with CYP2B6 playing a secondary role [56, 57]. Genetic differences in these enzymes can alter how
quickly the drug is cleared, impacting both effectiveness and safety. Individuals carrying the CYP3A4*22 variant,
which reduces enzymatic activity, may experience prolonged drug exposure, increasing the likelihood of side
effects such as dissociation, elevated blood pressure, or liver toxicity. Variants in CYP2B6, particularly the *6
haplotype, may further modify drug metabolism, affecting therapeutic outcomes. While no clear HLA associations
with esketamine hypersensitivity have been documented, rare immune-like reactions—including hives and
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angioedema—have been reported, suggesting a potential genetic component that requires more study, especially
as esketamine use expands.
Psilocybin, a prodrug converted into psilocin, produces its effects primarily via 5-HT2A receptor activation. Its
metabolism involves deamination by monoamine oxidase (MAO) and glucuronidation through UGT1A10.
Genetic variation in these pathways may influence both drug response and adverse events. Polymorphisms in the
5-HT2A gene (HTR2A), such as T102C (rs6313), can modify the intensity of psychedelic experiences, though
their role in hypersensitivity remains uncertain. Differences in MAOA activity (notably the high-activity VNTR
3.5/4-repeat) or UGT1A10 function could alter psilocin clearance, potentially affecting tolerability. Although no
HLA variants have been conclusively linked to psilocybin hypersensitivity, structural similarities to serotonin and
observed cases of mast cell activation point to possible immunogenetic mechanisms, meriting further
investigation.

Antipsychotics

Hypersensitivity reactions differ widely across antipsychotic medications. Clozapine carries the highest
documented risk, including agranulocytosis and myocarditis. HLA-DQB105:02 is strongly associated with
clozapine-induced agranulocytosis, whereas HLA-B59:01 correlates with myocarditis, particularly in Asian
populations [43, 58]. However, HLA screening is not widely implemented globally due to varying allele
frequencies. Genetic differences in CYP1A2, clozapine’s primary metabolizing enzyme, also influence drug
levels, with slow metabolizers at higher risk for toxicity or treatment failure.

For second-generation antipsychotics, hypersensitivity is less frequent but can occur. Olanzapine has been linked
anecdotally to skin reactions, possibly associated with HLA-B*38:02 [59]. Aripiprazole

, metabolized largely by CYP2D6, may accumulate in poor metabolizers, increasing the risk of immune-mediated
adverse effects [60]. Newer agents such as brexpiprazole and cariprazine show similar pharmacogenomic
considerations: brexpiprazole’s clearance is affected by CYP2D6 variants, while cariprazine metabolism depends
on CYP3A4, creating potential sensitivity in patients with impaired enzyme activity or concurrent CYP3A4
inhibitors [61-64].

First-generation antipsychotics like haloperidol rarely trigger hypersensitivity, but CYP2D6 poor metabolizers
may experience elevated drug levels and increased adverse effects [65]. Overall, these findings highlight the
critical value of pharmacogenomic-guided therapy to enhance safety and optimize efficacy in psychiatric
treatment, particularly for drugs with a high risk of immune-mediated reactions or in genetically susceptible
populations.

Determinants of drug hypersensitivity beyond genetics

The likelihood and severity of drug hypersensitivity reactions (DHRs) are influenced by a combination of drug-
specific and patient-specific factors beyond inherited genetic variants. Drug-related characteristics that contribute
include the chemical reactivity of the compound, its ability to trigger cellular stress or “danger” signals, the
presence of T cells capable of recognizing drug-modified antigens, and the route and frequency of administration
[66].

Low-molecular-weight drugs may bind directly to proteins or become reactive through photochemical activation
(e.g., UV-induced photosensitivity), forming hapten-protein complexes that can trigger immune responses [22,
67]. Notably, such complexes may be present in both allergic and non-allergic individuals. Some medications can
also promote dendritic cell activation by upregulating co-stimulatory markers like CD40, while danger-associated
molecules (DAMPs) such as HMGBI1 serve as biomarkers of adverse drug reactions. Elevated HMGBI is
frequently observed in DRESS and SJS/TEN, whereas IL-33 increases in early stages of TEN [68-70]. The
potential for HMGBI levels to serve as a quantitative marker of reaction severity remains under investigation.
Experimental models using THP-1 cells or mature dendritic cells measuring IL-8 production have been developed
to evaluate drug-induced hypersensitivity in vitro [71, 72]. Two key concepts emerge: first, the existence of pre-
programmed T-cell repertoires capable of recognizing specific drug-peptide complexes—exemplified by
benzylpenicillin, where immunodominant peptides activate peripheral blood mononuclear cells (PBMCs) from
allergic individuals [30]. Second, intermittent or repeated drug exposure may promote sensitization more than
continuous administration, with parenteral routes generally more likely to induce hypersensitivity than oral intake.
Patient-related factors also modulate DHR risk. Allergic individuals exhibit drug-specific T-cell responses, and
ex vivo testing—including lymphocyte transformation assays—can help identify these reactions [73]. Advanced
age, polypharmacy, and concurrent infections increase susceptibility [74, 75]. Moreover, individual differences
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in regulatory T-cell populations and immune checkpoint expression, such as PD-1 and CTLA4, contribute to the
variability in clinical presentation, even in the presence of established risk factors [76, 77].

Clinical implications of pharmacogenomic testing

Pharmacogenomic (PGx) screening is increasingly recognized as a valuable tool in psychiatry for minimizing
adverse drug reactions (ADRs) and optimizing therapeutic outcomes. One major application is pre-emptive testing
to identify patients at high risk of hypersensitivity before initiating psychotropic therapy.

Personalized drug selection

Genetic testing enables clinicians to tailor medication choices based on variants in drug-metabolizing enzymes,
such as CYP2D6 and CYP2C19, which influence both efficacy and tolerability [78]. Evidence indicates that PGx-
guided prescribing reduces the incidence of ADRs, including sedation, insomnia, restlessness, and extrapyramidal
symptoms. For example, PGx-informed patients experienced a 33.3% ADR rate versus 44.3% in standard-care
controls, alongside reduced polypharmacy and fewer psychiatric hospitalizations [78-81].

Real-world cases illustrate the clinical utility of PGx testing. A 75-year-old patient developed severe liver toxicity
after starting agomelatine; subsequent genotyping revealed the CYP1A2 rs762551 AA genotype, linked to ultra-
rapid metabolism and accumulation of hepatotoxic metabolites [82, 83]. Although CPIC guidelines for
agomelatine are not established, these findings highlight the role of pharmacogenomic information in preventing
serious ADRs.

For newer medications like cariprazine, CYP3A4 is the primary metabolic pathway, with minor CYP2D6
involvement. Co-administration with erythromycin, a CYP3A4 inhibitor, increased cariprazine plasma levels,
indicating that dose adjustments may be needed in patients with impaired metabolism [84]. In contrast, CYP2D6
variants appear to have minimal impact on its pharmacokinetics. While direct PGx data linking CYP
polymorphisms to cariprazine ADRs are lacking, awareness of drug—drug interactions remains important,
particularly for CYP3A4 substrates.

Guidelines supporting pharmacogenomic implementation

Two key international organizations have developed widely recognized guidelines for integrating

pharmacogenomic (PGx) information into clinical practice:

a. Clinical Pharmacogenetics Implementation Consortium (CPIC): CPIC provides peer-reviewed, evidence-
based guidance for gene—drug pairs, classifying them by clinical actionability: Level A indicates that genetic
results should directly inform therapy; Level B suggests that genetic information may guide treatment; Levels
C and D denote gene—drug associations that are not yet clinically actionable [85, 86].

b. Dutch Pharmacogenetics Working Group (DPWG): DPWG offers guidance that is incorporated into
European e-prescribing platforms, rating evidence quality from 0 to 4 and clinical relevance from AA to F.
This framework informs dosage adjustments, drug selection, and patient monitoring based on genetic profiles
[87].

Integration of PGx in the UAE healthcare system

Pharmacogenomics is gradually being adopted in the United Arab Emirates (UAE). The Department of Health—
Abu Dhabi has integrated PGx reporting within the Malaffi health information exchange to facilitate personalized
medication strategies, prioritizing patients over 40 with prior adverse drug reactions or treatment failure. A pilot
UAE study demonstrated the clinical benefits and cost-effectiveness of PGx-guided therapy for cardiovascular
medications [88], indicating the potential for broader application across other drug classes. Nevertheless, obstacles
remain, including the absence of a national PGx framework, limited clinician training and awareness, and
insufficient data on population-specific allele frequencies.

Challenges and limitations

Despite its potential, the clinical integration of pharmacogenomics faces multiple barriers. One major limitation
is the inconsistency in availability and interpretation of genetic testing [2]. Access to PGx testing varies widely
by healthcare system and region, often restricted to urban or well-resourced centers. Even when available,
differences in test platforms, reporting standards, and result interpretation may cause confusion among clinicians,
diminishing the reliability and practical utility of PGx information.
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Ethical and economic concerns further impede widespread adoption [89, 90]. Sensitive genetic data raises privacy
issues and risks of discrimination in insurance or employment. Financially, high upfront costs and limited
reimbursement options can discourage institutions from offering testing, despite evidence that PGx-guided
therapy may reduce adverse drug reactions and improve long-term outcomes.

Additionally, the lack of standardized implementation protocols restricts routine clinical use [1, 91]. While CPIC
and DPWG provide valuable guidance, these frameworks are not consistently applied across countries or
healthcare systems. Many clinicians lack clear institutional policies for testing, interpreting results, and integrating
PGx information into prescribing decisions, leading to underutilization and uncertainty.

Addressing these challenges requires enhanced infrastructure, regulatory oversight, clinician education, and
interdisciplinary collaboration to enable safe, equitable, and effective deployment of pharmacogenomics in
clinical settings.

Conclusion

This review explored the mechanisms underlying drug hypersensitivity reactions (DHRs), emphasizing
immunological processes, the generation of reactive drug metabolites, and genetic predispositions. Notable
contributors include specific HLA alleles and polymorphisms in drug-metabolizing enzymes, particularly within
the cytochrome P450 family. We examined pharmacogenomic evidence for major psychiatric drug classes,
including anticonvulsants (e.g., carbamazepine, lamotrigine), antidepressants (e.g., SSRIs and novel agents), and
antipsychotics (e.g., clozapine and newer-generation compounds), highlighting genetic variants associated with
elevated risk for adverse drug reactions. The review underscored the clinical relevance of pharmacogenomic
testing, especially for preemptively identifying patients at high risk of DHRs and enabling safer, individualized
prescribing strategies. Nevertheless, the field faces ongoing challenges, including inconsistent test availability,
variable interpretation standards, ethical concerns around genetic data, and the lack of universally accepted
implementation protocols.

Looking forward, advances in genomic technologies, particularly next-generation sequencing (NGS), are
transforming the landscape by enabling rapid, cost-effective evaluation of genetic variation across populations
[92]. Beyond single-gene analyses, NGS facilitates multiomic approaches that integrate genomic, epigenomic,
transcriptomic, proteomic, and metabolomic information, providing a more comprehensive understanding of drug
response and disease biology [93]. Multi-layered datasets offer superior predictive capacity compared to single-
layer genomics, particularly in psychiatric disorders where treatment response is influenced by complex biological
networks. For example, a recent study in schizophrenia combined DNA methylation profiles with polygenic risk
scores from six cortical genes to predict antipsychotic drug response in over 3,600 patients, demonstrating high
predictive accuracy and translational potential for clinical decision-making [94].

Regionally, initiatives such as the Emirati Genome Program are establishing population-specific genetic
references through large-scale NGS efforts [95]. These datasets are critical for applying pharmacogenomics in a
contextually relevant manner and may support future multiomic analyses to further refine individualized
therapeutic strategies.

Globally, equitable access to pharmacogenomic knowledge and data sharing remain crucial. Incorporating diverse
populations into research ensures that precision medicine is broadly applicable and avoids perpetuating health
disparities [96]. Open-access platforms such as PharmGKB, alongside guidance from CPIC and DPWG, are
instrumental in translating genomic discoveries into clinical practice. However, adoption of these frameworks is
uneven worldwide. Expanding international collaboration, fostering participation from underrepresented
populations, and developing shared global pharmacogenomic databases will be essential for converting localized
findings into practical, scalable tools for personalized psychiatric care.

In summary, pharmacogenomics offers substantial promise for enhancing psychiatric therapy, minimizing adverse
reactions, and improving patient outcomes. Realizing this potential will require continued investment in research,
infrastructure, education, and cross-border collaboration to integrate genomic insights effectively into routine
clinical practice.
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