:' frontiers ‘ Frontiers in Pharmacology

’ @ Check for updates

OPEN ACCESS

Ingrid Fricke-Galindo,
Instituto Nacional de Enfermedades
Respiratorias-México (INER), Mexico

Salvador F. Alifio,

University of Valencia, Spain

Grzegorz Porebski,

Jagiellonian University Medical College, Poland

Hamid A. Alhaj,
halhaj@sharjah.ac.ae

Maha Saber-Ayad,
msaber@sharjah.ac.ae

22 June 2025
02 September 2025
19 September 2025

Alhaj HA, Samara J, Alnamous A, Karima R and
Saber-Ayad M (2025) Advancing drug safety in
psychiatry: insights from pharmacogenomics of
hypersensitivity reactions.

Front. Pharmacol. 16:1651898.

doi: 10.3389/fphar.2025.1651898

© 2025 Alhaj, Samara, Alnamous, Karima and
Saber-Ayad. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Pharmacology

Review
19 September 2025
10.3389/fphar.2025.1651898

Advancing drug safety in
psychiatry: insights from
pharmacogenomics of

hypersensitivity reactions

Hamid A. Alhaj ® *2*, Jana Samara?', Alyamama Alnamous?,
Rama Karima* and Maha Saber-Ayad*?*

!College of Medicine, University of Sharjah, Sharjah, United Arab Emirates, 2Sharjah Institute for Medical
Research, Sharjah, United Arab Emirates

Drug hypersensitivity reactions (DHRs) to psychiatric medications represent a
significant clinical challenge, often resulting in treatment discontinuation, poor
adherence, and compromised patient outcomes. Pharmacogenomics has
emerged as a promising field for understanding and mitigating these adverse
effects by identifying genetic predispositions that affect drug metabolism,
immune responses, and individual susceptibility. This narrative review explores
the multifaceted mechanisms underlying DHRs, with a focus on immunological
pathways, particularly T cell-mediated responses, drug metabolite formation, and
genetic risk factors. Among these, human leukocyte antigen (HLA) alleles and
polymorphisms in cytochrome P450 (CYP450) enzymes are critical contributors
to hypersensitivity development. We provide a comprehensive analysis of
pharmacogenomic associations with commonly prescribed psychiatric drugs,
including anticonvulsants (e.g., carbamazepine, lamotrigine), selective serotonin
reuptake inhibitors (SSRIs), and novel agents such as vortioxetine, psilocybin, and
esketamine. Additionally, we examine antipsychotics, including clozapine and
newer agents like aripiprazole, brexpiprazole, and cariprazine, highlighting
specific gene-drug interactions and known risk alleles such as HLA-B*15:02,
HLA-A*31:01, and variants in CYP2D6 and CYP1AZ2. These findings underscore the
value of pharmacogenomic testing in predicting and preventing serious DHRs,
such as Stevens-Johnson Syndrome, toxic epidermal necrolysis, agranulocytosis,
and hepatotoxicity. The review also addresses clinical implementation, discussing
the role of pre-emptive genetic screening, emerging guidelines from
international consortia such as CPIC and DPWG, and real-world challenges,
including variability in test accessibility, ethical concerns, and a lack of
standardized protocols across regions. Recent advances in next-generation
sequencing and multiomic approaches offer new opportunities to improve
predictive accuracy and personalize psychiatric treatment further. Finally, we
highlight the importance of population-specific research and global
collaboration to close the evidence gap, particularly in underrepresented
regions like the Middle East. This review emphasizes the transformative
potential of pharmacogenomics in optimizing psychiatric drug therapy,
enhancing safety, and ultimately improving patient-centered care.

pharmacogenomics, drug hypersensitivity, psychiatric medications, HLA, CYP450,
personalized medicine
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1 Introduction

Drug hypersensitivity reactions (DHRs) represent a significant
concern in the use of psychiatric medications, often leading to
treatment discontinuation, prolonged hospitalization, and, in
severe cases, life-threatening conditions such as Stevens-Johnson
syndrome (SJS) or drug reaction with eosinophilia and systemic
symptoms (DRESS) (Alchakee et al., 2022; Bousman et al., 2021; Wei
et al., 2024). These adverse immune-mediated responses can occur
with a wide range of psychotropic drugs, including anticonvulsants,
antidepressants, and antipsychotics (Bohm and Cascorbi, 2016). The
unpredictable nature of DHRs poses a major clinical challenge, as
they are not dose-dependent and can manifest even after prior
uneventful exposure (Elzagallaai and Rieder, 2022). Given the
increasing reliance on pharmacotherapy in mental healthcare,
understanding the mechanisms and risk factors of DHRs is
crucial to improving patient safety and treatment outcomes.

Pharmacogenomics has emerged as a powerful tool in
elucidating the genetic underpinnings of drug hypersensitivity,
offering insights into interindividual variability in drug
metabolism and immune response. Key genetic markers, such as
human leukocyte antigen (HLA) alleles and polymorphisms in drug-
metabolizing enzymes (e.g., CYP2C19, CYP2D6), have been strongly
associated with DHR risk (Alchakee et al., 2022). For instance, the
HLA-B*15:02 and HLA-A*31:01 variants are well-established
predictors of carbamazepine-induced severe cutaneous reactions
(Kaniwa and Saito, 2013). By integrating pharmacogenomic
testing into clinical practice, clinicians may pre-emptively identify
high-risk patients, enabling personalized drug selection and dose
optimization to minimize adverse events.

This narrative review aims to synthesize current evidence on the
pharmacogenomics of DHRs in psychiatric medications, focusing
on genetic risk factors, mechanistic pathways, and clinical
implications. We will examine HLA and non-HLA genetic
associations across major psychotropic drug classes, evaluate the
role of pharmacogenomic testing in preventing hypersensitivity
reactions, and discuss challenges in implementation. Finally, we
highlight future directions, including the integration of next-
generation sequencing and global collaborative efforts to advance
precision psychiatry. By bridging the gap between research and
clinical practice, this review underscores the potential of
pharmacogenomics to enhance drug safety and therapeutic

efficacy in mental healthcare.

2 Mechanisms of drug
hypersensitivity reactions

2.1 Immunological pathways involved
in DHRs

Hypersensitivity ~ reactions to  psychiatric medications
encompass a range of immune-mediated responses, often leading
to undesirable side effects. These reactions are classified according to
the Gell and Coombs system into four major types (Szegedi et al.,
2023). Type I (Immediate, IgE-mediated), which is triggered by
allergen-specific IgE antibodies bound to mast cells and basophils,

leading to their degranulation and the release of mediators such as
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histamine, leukotrienes, prostaglandins, and Th2 cytokines (e.g., IL-
4, IL-5, IL-13). This results in vasodilation, bronchospasm, and
eosinophil recruitment (Kalesnikoff and Galli, 2008). Type II
(Antibody-dependent  cytotoxicity) IgM
antibodies that recognize host cells altered by the drug, initiating

involves IgG or

complement activation and antibody-dependent  cellular
cytotoxicity (ADCC), ultimately causing cell lysis and tissue
damage (Bajwa and Mohammed, 2025). Type III (Immune
complex-mediated) occurs due to the deposition of circulating
immune complexes, which activate complement and recruit
neutrophils. This leads to the release of pro-inflammatory
cytokines such as TNF-a and IL-1f, driving local inflammation
and tissue injury (Uzzaman and Cho, 2012).

Type IV (Delayed-type hypersensitivity, T cell-mediated) is
considered the leading mechanism in psychiatric drug
hypersensitivity. This involves antigen-specific CD4" T helper
cells and CD8" cytotoxic T cells activated by drug-modified
peptides presented on MHC class II or I molecules, respectively.
These T cells release a pro-inflammatory cytokine milieu—IFN-y,
TNF-q, IL-2, and IL-17—promoting immune cell recruitment and
(Posadas and Pichler, 2007).
manifestations include morbilliform rash, drug reaction with
(DRESS), and

cutaneous adverse reactions (SCARs) such as Stevens-Johnson

clonal expansion Clinical

eosinophilia and systemic symptoms severe
syndrome (Hung et al., 2024).

In sensitized individuals, re-exposure to the drug may trigger an
anamnestic Type I hypersensitivity reaction. Preformed drug-
specific IgE or IgG can rapidly activate mast cells, causing
urticaria, angioedema, or even anaphylaxis. Table 1 provides a
summary of the major cutaneous adverse drug reactions
associated with hypersensitivity to psychiatric drugs, along with
their clinical characteristics.

2.2 Molecular basis of hypersensitivity
reactions

The immune mechanisms underlying hypersensitivity reactions
to drugs, including psychiatric medications, are complex and involve
several proposed models that explain how small molecules can
trigger immune responses.

2.2.1 Hapten/pro-hapten model

In this classical model, drugs or their reactive metabolites—often
too small to elicit an immune response alone—act as haptens by
covalently binding to endogenous proteins, forming drug-protein
conjugates. These neo-antigens are processed by antigen-presenting
cells (APCs), which present drug-modified peptides on major
histocompatibility complex (MHC) class I or II molecules to
naive T cells. If recognized as foreign, these peptide-MHC
complexes can activate T cells, leading to an adaptive immune
response (Adair et al., 2021).

2.2.2 Pharmacological interaction with immune
receptor (p-i) model

The p-i model proposes that certain drugs can directly, non-
covalently bind to immune receptors such as HLA molecules or
T cell receptors (TCRs), without requiring antigen processing or
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TABLE 1 An outline of the principal cutaneous adverse drug reactions resulting from hypersensitivity to psychiatric medications.

Condition Definition

SJS A rare, life-threatening,
immune-mediated skin
reaction characterized

erythematous skin eruptions
and extensive epidermal and
mucosal detachment

Drug to
scar
interval

7-21 days

General
symptoms

Fever 238 °C,
influenza-like
syndrome,
respiratory tract
symptoms

Skin features

Morbilliform or urticoid
(raised, pruritic plaques
“hives”) that rapidly
progress to dusky, gray to
red-violaceous atypical
targetoid lesions, then
flaccid blisters with full-
thickness skin sloughing
involving both skin and
mucous membranes.
Lesions are painful

BSA
involved

<10%, toxic
epidermal
necrolysis

Systemic
involvement

lips, mouth, pharynx,
esophagus and gastrointestinal
tract, eyes, genitals, and upper
respiratory tract
Liver, kidneys, lungs, bone
marrow, and joints may be
affected if patient is severely ill

Severity

often Severe
(SCAR)

Mortality = References

rate

1%-5% (Roujeau, 2005)
Del Pozzo-Magaiia
and Liy-Wong
(2024)
Graudins et al.
(2018)
Mockenhaupt
(2017)

Harr and French
(2010)

TEN An immune-mediated, skin
reaction that results in
extensive blistering of the skin
and mucous membranes (a
more severe form of Stevens-
Johnson syndrome)

DRESS syndrome Rare, potentially life-
threatening adverse drug
reaction caused by delayed

hypersensitivity to medication

7-21 days

2-6 weeks

Fever >38 °C,
influenza-like
syndrome,
respiratory
symptoms

Fever >38 °C

morbilliform or urticoid
(raised, pruritic plaques
“hives”) that rapidly
progress to dusky, gray to
red-violaceous atypical
targetoid lesions, then
flaccid blisters with full-
thickness skin sloughing
involving both skin and
mucous membranes.
membranes. membranes.
Lesions are painful

Pink to red-brown
macules and papules often
start at the start in the
axilla and groin, spreading
and coalescing
symmetrically across the
body. Often spares the face
and mucous membranes.
Can be pruritic

>30%

usually
involves >50%

lips, mouth, pharynx,
esophagus and gastrointestinal
tract, eyes, genitals, and upper
respiratory tract
Liver, kidneys, lungs, bone
marrow, and joints may be
affected if patient is severely ill

facial edema, follicular
accentuation (inflammation of
the hair follicles), and systemic

features (e.g., fever,
lymphadenopathy, arthritis/
arthralgias, multi-organ
involvement, peripheral
eosinophilia)

often Severe
(SCAR)

Severe (SCAR)

25%-35% Del Pozzo-Magaia
and Liy-Wong
(2024)
Roujeau (2005)
Mockenhaupt
(2017)

Harr and French
(2010)

10% Del Pozzo-Magana
and Liy-Wong
(2024)
Mockenhaupt
(2017)
Chowdhury et al.
(2025)

AGEP Adverse cutaneous reaction
characterized by sterile
pinpoint Non follicular

pustules atop an erythematous

background

24 h to 4 days

Fever >38 °C

Tiny Non follicular sterile
pustules with underlying
erythema that develop and
spread rapidly and are
accompanied by pruritus
or burning sensation

variable 10% in
mild to more than
30% in severe

Rare: desquamating skin,
hepatomegaly,
lymphadenopathy, liver injury,
kidney injury, hypocalcemia,
pleural effusions, respiratory
distress, agranulocytosis, and
even multiorgan involvement

Severe (SCAR)

<5% (Moore et al.,
2023)

Del Pozzo-Magana
and Liy-Wong
(2024)
Mockenhaupt
(2017)

(Continued on following page)
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TABLE 1 (Continued) An outline of the principal cutaneous adverse drug reactions resulting from hypersensitivity to psychiatric medications.

Condition

Maculopapular
rash

Definition

Morbilliform eruptions
resemble measles, with
widespread pink to red-brown
macules and papules

Drug to
scar
interval

7-14 days
(timing can
differ if
previously
sensitized)

General
symptoms

Low-grade fever
Malaise

Skin features

Pink to red-brown
macules and papules often
start in the axilla and
groin, spreading and
coalescing symmetrically
across the body. Often
spares face and mucous
membranes
Can be pruritic

BSA
involved

Usually involve
<30% of body
surface area

Systemic
involvement

Rare. But may present with
lymphadenopathy

Severity

Mild but may also
be the initial
presentation of a
SCAR

Mortality

rate

Low

References

(Chowdhury et al,,
2025)

Del Pozzo-Magana
and Liy-Wong
(2024)
Muzumdar et al.
(2019)

Urticarial
toxidermia

Fixed pigmented
erythema (FPE)

Commonly called hives, a skin
reaction characterized by
weals, which are caused by the
release of histamine
and other vasoactive
substances from mast cells

An acquired type of
hyperpigmentation that results
from injury, inflammation, or

procedures

lor2hor
several days if
delayed

24 h to a few
days

Angioedema (can
involve face, lips)
Risk of anaphylaxis

Rarely

Lesions are typically
intensely pruritic and can
induce a burning
sensation

characterized by a single
or multiple round to oval-
shaped, red to brown
macules

Variable 10% in
mild to more than
30% in severe

Variable 10% in
mild to more than
30% in severe

Rare. Unless anaphylaxis

Rare

Mild to severe

Mild

Low

(Verheyden et al.,
2020)

Del Pozzo-Magana
and Liy-Wong
(2024)
Mockenhaupt
(2017)

SCAR, severe cutaneous adverse reaction; SJS, Stevens-Johnson syndrome; TEN, toxic epidermal necrolysis; DRESS, drug reaction with eosinophilia and systemic symptoms; HHV, human herpesvirus; EBV, Epstein-Barr virus; CMV, cytomegalovirus; AGEP, acute

generalized exanthematous pustulosis.
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Overview of T cell activation and drug allergy from an immunological perspective. T cells are essential for drug allergies and fundamental to all
immune-mediated hypersensitivity reactions. Chemically reactive drugs or drug metabolites can engage with the immune system and end up activating it
via various mechanisms. The hapten hypothesis suggests that drugs attach covalently to proteins, creating a new antigen. Signal 1 refers to the
identification of the modified antigen, presented by MHC molecules, to the TCR. To effectively stimulate T cell activation and patient immunization,
co-stimulation (Signal 2) is necessary in addition to Signal 1. Therefore, in the absence of danger signals, Signal 2 does not get activated, resulting in
immune tolerance. If the individual is re-exposed to the drug, they may experience a hypersensitivity reaction such as urticaria, angioedema, AGEP,
DRESS, SJS, or TEN. In this context, mechanisms that contribute to memory T cell activation, alongside the hapten hypothesis, include the Pl concept and
altered peptide repertoire (modified from Azoury et al., 2018). Abbreviations: AGEP, DRESS, SJS, TEN. AGEP = Acute generalised exanthematous
pustulosis, MHC = major histocompatibility, SIS = Stevens-Johnson syndrome, TCR = T-cell receptor, TEN = Toxic Epidermal Necrolysis.

covalent modification. This reversible interaction can trigger T cell
activation in a peptide-independent manner, bypassing classical
antigen presentation pathways (Pichler, 2019).

2.2.3 Altered self-repertoire model

This model, exemplified by abacavir hypersensitivity in
individuals with HLA-B*57:01, demonstrates how a drug can
bind within the peptide-binding groove of an HLA molecule,
altering the repertoire of self-peptides presented to T cells. The
immune system, now exposed to novel peptide-HLA complexes,
may mistakenly identify these as foreign, thereby initiating an
immune response against self (Hammond et al, 2021; Ostrov
et al.,, 2012).

2.2.4 Heterologous immunity model

This hypothesis is based on the concept of cross-reactivity in
memory T cells. T cells previously primed by unrelated pathogens

Frontiers in Pharmacology

may possess TCRs capable of recognizing structurally similar drug-
with  the
appropriate HLA risk allele and a relevant infectious history,
these cross-reactive memory T cells can be reactivated by the

induced peptide-HLA complexes. In individuals

drug, resulting in an adverse immune response (Almeida et al.,
2019; Pichler, 2019; White et al., 2015).

2.2.5 Danger model

According to the danger model, immune activation is not solely
dependent on antigen recognition but also on the presence of
endogenous “danger signals” released during cellular stress,
injury, or infection. These signals, such as damage-associated
molecular patterns (DAMPs), can enhance APC activation and
promote an immune response to otherwise tolerogenic drug
antigens (Land, 2023; Pirmohamed et al., 2002).

Figure 1 illustrates the immunological overview of T cell
activation in drug-induced hypersensitivity reactions.

frontiersin.org
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3 Genetic factors influencing
psychiatric drug hypersensitivity

The HLA system, located within the major histocompatibility
complex (MHC) on the short arm of chromosome 6 (6p21.3), plays
a central role in immune recognition and response. The HLA
molecules enable the immune system to distinguish between ‘self
and ‘non-self antigens—essential for complement activation,
cytotoxic T cell function, and the coordination of both cellular
and humoral immunity (Crux and Elahi, 2017). While vital for host
defense, the HLA system is also implicated in various autoimmune
and inflammatory diseases, as well as hypersensitivity reactions
to drugs.

The HLA genes are categorized into three primary classes,
namely: Class I (HLA-A, -B, -C): Present intracellular peptides to
CD8" cytotoxic T lymphocytes, Class II (HLA-DR, -DQ, -DP):
Present extracellular antigens to CD4* helper T cells, and Class
III: Encode immune-related proteins such as components of the
complement system (Crux and Elahi, 2017). Importantly, the HLA
region is the most polymorphic in the human genome, with over
9,000 alleles identified to date (Anaya et al, 2013). These
polymorphisms, particularly in the peptide-binding domains,
significantly influence antigen presentation and subsequent T cell
activation.

Certain drugs can bind directly to specific HLA molecules or to
HLA-bound peptides, a
pharmacological interaction (p-i) hypothesis. This non-covalent

mechanism  described by the

interaction can activate T cells independently of antigen
processing, leading to hypersensitivity reactions (Meng et al., 2018).

Ethnic diversity plays a critical role in the distribution of HLA
alleles, directly influencing individual susceptibility to drug
hypersensitivity. This variation underscores the importance of
population-based pharmacogenomics in guiding safe drug
prescribing (Alfirevic and Pirmohamed, 2010). For instance,
alleles associated with severe cutaneous adverse reactions
(SCARs), such as Stevens-Johnson syndrome (SJS) and toxic
epidermal necrolysis (TEN), are expressed at differing frequencies
across populations in the Middle East and North Africa (MENA),
including the United Arab Emirates (UAE) (Masmoudi et al., 2022).

The Clinical Pharmacogenetics Implementation Consortium
(CPIC) has identified several HLA alleles linked to psychiatric

and antiepileptic drug hypersensitivity:

o HLA-B*15:02 - Strongly associated with carbamazepine-
induced SJS/TEN. Though rare in Near Eastern populations
(frequency: 0.0002), its clinical significance remains high due
to the severity of reactions. In addition, a strong association
has also been reported between HLA-B15:02 and phenytoin-
induced SJS/TEN (Locharernkul et al., 2008).

o HLA-B*57:01 - Associated with hypersensitivity to bupropion,
with a higher regional frequency (0.0234) (Pavlos et al., 2012).

e HLA-A*31:01 - Also linked to
hypersensitivity, with a regional frequency of 0.0111
(Gonzalez-Galarza et al., 2015).

carbamazepine

Whilst these data offer insight into regional allele prevalence,
they lack the ethnicity-specific granularity necessary for precise
pharmacogenetic recommendations. This highlights the urgent
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need for nation-specific studies in the MENA region, particularly
in the UAE, to better understand HLA distribution and improve
personalized drug safety. Currently, the UAE faces limitations in
terms of resources and data availability related to HLA-associated
drug hypersensitivity, underscoring the importance of integrating
pharmacogenomic testing and research into clinical and public
health practice. The ongoing Emirati Genome Program is
expected to provide valuable resource for pharmacogenomics
studies in the near future.

Table 2 summarizes the key associations between specific HLA
gene variants and adverse hypersensitivity reactions to psychiatric
these
interactions is crucial for identifying patients at increased risk

and antiepileptic drugs. Understanding gene-drug
and guiding pharmacogenetic-informed prescribing to improve

drug safety (Q. Wang et al., 2011).
4 Pharmacogenomics of specific
psychiatric drugs

DHRs exhibit
variability across drug classes, with distinct pharmacogenomic

in psychiatric medications significant
risk factors influencing susceptibility (Athanasiu et al., 2015;
2013). these

associations is critical for risk stratification and personalized

Cacabelos et al, Understanding genetic
treatment approaches (Li et al., 2021). Pharmacogenomic
research has identified key genetic markers for DHRs across
major psychiatric drug classes, particularly for anticonvulsants
and clozapine. However, gaps remain in understanding the
genetic basis of hypersensitivity to newer antidepressants and
some antipsychotics. Recent advances in psychopharmacology
have introduced novel rapid-acting antidepressants, such as
esketamine (a ketamine derivative) and psilocybin (a
serotonergic psychedelic), offering new hope for treatment-
resistant depression. However, their pharmacogenomic profiles
and potential hypersensitivity risks remain understudied.
Emerging evidence suggests that genetic variability in drug
metabolism and receptor interactions may influence both

therapeutic response and adverse reactions.

4.1 Anticonvulsants

Anticonvulsants, particularly carbamazepine and lamotrigine,
are strongly associated with severe cutaneous adverse reactions
(SCARs), including Stevens-Johnson syndrome (SJS) and toxic
epidermal necrolysis (TEN). The HLA-B*15:02 allele is a well-
established risk factor for carbamazepine-induced SCARs in East
and Southeast Asian populations, leading to regulatory
recommendations for pre-emptive genetic testing in these groups.
Similarly, HLA-A*31:01 has been linked to carbamazepine
hypersensitivity across diverse ethnicities, though with varying
predictive strength. For lamotrigine, HLA-B*38:02 and HLA-B*07:
02 have been implicated in European and Hispanic populations,
though evidence remains less consistent than for carbamazepine.
Additionally, polymorphisms in drug-metabolizing enzymes (e.g.,
EPHXI1, UGT1A4) may influence lamotrigine metabolism and

toxicity risk.
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TABLE 2 HLA Alleles Associated with Psychiatric Drug Hypersensitivity Reactions. The table summarizes some key associations between specific HLA gene
variants and adverse hypersensitivity reactions to psychiatric and antiepileptic drugs.

HLA allele Drugs Clinical outcome(s) Level of evidence Guideline References
HLA-B*15:02 Carbamazepine = Stevens-Johnson Syndrome 1A Guideline Wang et al. (2011)
Phenytoin Toxic Epidermal Necrolysis 1A Locharernkul et al. (2008), Koomdee et al. (2017)
Lamotrigine Maculopapular Eruption 1A
HLA-A*31:01 Carbamazepine = Maculopapular exanthema 1A Guideline McCormack et al. (2011)
Hypersensitivity syndrome Kim et al. (2011)
SJS/TEN
HLA-B*35:08 Lamotrigine Maculopapular eruption (MPE) 3 Koomdee et al. (2017)
HLA-B*39:01
HLA-B*44:03
HLA-A*02:07
HLA-A*33:03
HLA- Fluoxetine Severe Cutaneous Adverse Reaction NA Ahmed et al. (2021)
DRBI1*07:01 Sertraline “SCAR” NA
HLA-B*57:01 Bupropion SJS NA Pavlos et al. (2012)
TEN
HLA- Clozapine Agranulocytosis 3 Islam et al. (2022)
DQBI1%05:02
HLA-B*59:01 Clozapine Myocarditis NA Islam et al. (2022)

4.2 Antidepressants

Hypersensitivity reactions to antidepressants, while less
common than with anticonvulsants, can still pose significant
clinical challenges. Selective serotonin reuptake inhibitors (SSRIs)
such as fluoxetine and sertraline have been associated with
cutaneous reactions, with some evidence implicating HLA-
DRBI*07:01 and CYP2D6 poor metabolizer status in increased
susceptibility (Ahmed et al, 2021). Emerging evidence suggests
that pharmacogenomic testing may help identify individuals at
increased risk of antidepressant-induced suicidality, a rare but
serious adverse effect (Clayden et al., 2012).

The Hypothalamic-Pituitary-Adrenal (HPA) axis and specific
neurotransmitter systems, particularly the serotonergic pathways,
play a significant role in the pathophysiology of depression (Alhaj
et al,, 2008; Alhaj and McAllister-Williams, 2008; Andrews and
Matthews, 2004; McAllister-Williams et al., 2014). Dysregulation of
the HPA axis often results in hyperactivation and elevated cortisol
levels, which can impair neuronal plasticity and contribute to mood
disturbances (Calabrese et al, 2009). Similarly, alterations in
neurotransmitter systems, especially dysfunction in serotonergic
signaling, have been consistently associated with depressive
symptoms. These abnormalities can affect emotional regulation,
stress response, and cognitive processing, suggesting that both
neuroendocrine  and  neurotransmitter =~ mechanisms  are
interrelated contributors to the development and persistence of
depression (Alhaj et al., 2012; McAllister-Williams et al., 2014).

Genetic variants in serotonergic pathways (e.g, SLC6A4
serotonin transporter polymorphisms), HPA axis-related genes
(e.g, FKBP5), and drug-metabolizing enzymes (e.g., CYP2CI9
and CYP2D6) have been associated with heightened vulnerability
to suicidal ideation during antidepressant treatment (Clayden et al.,
2012; De la Cruz-Cano, 2017). For instance, FKBP5 gene
polymorphisms affect the sensitivity and function of the
glucocorticoid receptor (GR), because the protein encoded by the
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FKBP5 gene functions as a co-chaperone of the GR receptor, thus
serving as a negative regulator of the HPA axis. When paired with
environmental factors like childhood trauma, the FKBP5 gene
polymorphisms are associated with dysregulation of the HPA
axis, altered stress responses, and greater susceptibility to stress-
related diseases like depression and PTSD. The negative feedback
mechanism that ends the HPA stress response depends on FKBP5,
and changes in the gene can make this feedback loop less effective
(Malekpour et al., 2023). Moreover, poor metabolizers of CYP2C19
may experience elevated drug levels, increasing agitation or
while certain SLC6A4 short-allele
carriers may exhibit heightened emotional reactivity to SSRIs.

emotional destabilization,

Although current pharmacogenomic guidelines do not yet
include suicidality risk prediction as a standard application,
scores and

polygenic  risk integrated pharmacogenomic-

pharmacodynamic  models future risk

stratification.

hold promise for

Bupropion has been linked to hypersensitivity, possibly
mediated by HLA-B*57:01 (Pavlos et al, 2012). Agomelatine’s
metabolic pathway (primarily CYP1A2) may influence adverse
drug reactions in slow metabolizers. Limited pharmacogenomic
data exist on other antidepressants such as the serotonin
modulator and stimulator vortioxetine. However, case reports
suggest potential immune-mediated reactions, warranting further
investigation into HLA and cytochrome P450 (e.g., CYP2D6,
CYP3A4) influences.

Esketamine, an NMDA receptor antagonist used in treatment-
resistant depression, undergoes primarily CYP3A4-mediated
metabolism  with secondary contributions from CYP2B6
(Langmia et al.,, 2022; Willemin et al., 2022), creating clinically
relevant ~ pharmacogenomic  considerations  as  genetic
polymorphisms in these enzymes may significantly alter drug
clearance and exposure profiles. CYP3A4 poor metabolizers
(particularly those with CYP3A4%22 alleles) demonstrate reduced

metabolic capacity that could prolong esketamine exposure,
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potentially exacerbating dose-dependent adverse effects including
dissociation, hypertension, and hepatotoxicity, while functionally
significant CYP2B6 variants (notably the CYP2B6*6 haplotype
associated with reduced enzyme activity) may further modulate
therapeutic outcomes through altered ketamine metabolism
not established
definitive HLA associations with esketamine hypersensitivity,

pathways. Although current evidence has
pharmacovigilance reports of rare but clinically significant
allergic-like reactions (including urticaria and angioedema)
suggest potential immunogenetic components that warrant
systematic investigation, particularly given esketamine’s structural
similarity to known haptenic compounds and its increasing use in
vulnerable psychiatric populations.

Psilocybin, a prodrug of psilocin, exerts its psychedelic effects
primarily through 5-HT2A receptor agonism, with emerging
evidence suggesting pharmacogenomic influences on both its
therapeutic and adverse effects. While its metabolism involves
deamination by monoamine oxidase (MAO) and glucuronidation
via UGT1A10, the
hypersensitivity reactions remain poorly characterized. Genetic
variability in the 5-HT2A receptor gene (HTR2A), particularly
the T102C polymorphism (rs6313), has been shown to modulate
subjective psychedelic experiences, though its potential role in
further
Metabolic pathways may present additional risk factors, as

pharmacogenomic  determinants  of

mediating adverse reactions requires investigation.
functional polymorphisms in MAOA (particularly the high-
activity 3.5/4-repeat VNTR) and UGT1A10 could theoretically
alter psilocin clearance rates, potentially influencing drug
tolerance or hypersensitivity risk. Notably, while no HLA alleles
have yet been conclusively linked to psilocybin reactions, the
compound’s structural similarity to serotonin and reported cases
of psychedelic-induced mast cell activation suggest possible
immunogenetic mechanisms that warrant systematic study,
particularly given the increasing therapeutic use of psilocybin in

psychiatric disorders.

4.3 Antipsychotics

Antipsychotics exhibit a wide spectrum of hypersensitivity
risks, with clozapine being the most extensively studied due to its
well-documented associations with agranulocytosis and
myocarditis (Vickers et al., 2022). The HLA-DQBI*05:02 allele
has been strongly linked to clozapine-induced agranulocytosis,
while HLA-B*59:01 shows association with myocarditis risk,
particularly in Asian populations (Goldstein et al., 2014; Islam
et al., 2022). However, global implementation of HLA screening
remains inconsistent due to varying allele frequencies across
ethnicities (Mahmood et al.,, 2021; Wilkinson et al., 2023).
CYPIA2, the

significantly

Furthermore, polymorphisms in primary

metabolic pathway for clozapine, influence
plasma concentrations, with slow metabolizers at higher risk
for both toxicity and efficacy failure.

Among  second-generation  antipsychotics,  olanzapine
hypersensitivity reactions (particularly cutaneous adverse events)
have been anecdotally associated with HLA-B*38:02, though robust
evidence remains limited (Pattanaik et al., 2021). Aripiprazole,

metabolized predominantly by CYP2D6, demonstrates increased
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hypersensitivity risk in poor metabolizers who may accumulate
supratherapeutic drug levels, potentially triggering immune-
mediated reactions (Zhang et al, 2019). Emerging evidence
suggests similar pharmacogenomic considerations for newer
antipsychotics: brexpiprazole (also CYP2D6-dependent) shows
altered pharmacokinetics in poor metabolizers (Elmokadem et al.,
2022; Frederiksen et al., 2023). Cariprazine is mainly metabolized by
CYP3A4 and hence may pose heightened hypersensitivity risks in
patients with CYP3A4 inhibitors or genetic variants affecting
metabolic capacity (Periclou et al., 2021; Szab¢ et al., 2024).
First-generation antipsychotics like haloperidol, while rarely
causing hypersensitivity, may induce severe reactions in
CYP2D6 poor metabolizers due to impaired drug clearance
(Simi¢ et al, 2016). These findings underscore the critical need
for pharmacogenomic-guided approaches in antipsychotic therapy
to optimize both safety and efficacy, particularly for high-risk

medications and vulnerable patient populations.

5 Determinants of drug hypersensitivity
reactions beyond genetics

There is a myriad of general factors related to the drug and the
patient, which interact to determine the occurrence and severity of
the DHR. Drug-related factors include protein reactivity, the ability
of the compound/drug to induce a danger/stress signal, the presence
of a T-cell repertoire to recognize the antigen, and the frequency and
route of the drug administration (Naisbitt et al., 2000).

Drugs of low molecular weight may directly react with proteins
or undergo UV-light activation in the case of photosensitivity
(bioactivation) to become protein-reactive. The hapten-protein
bioconjugates formed through direct binding, bioactivation, or
UV-light-dependent activation can be immunogenic; however,
the mechanism of the immune response remains to be elucidated
(Adair et al., 2021; Tailor et al., 2016). Interestingly, the hapten-
protein complexes could be found in allergic and non-allergic
individuals. On the other hand, some medications can induce or
activate the stress/danger signals by activating the dendritic cells
through increasing the expression of CD40. The damage-associated
molecular pattern (DAMP) molecules, such as HMGBI, serve as a
biomarker for adverse drug reactions (ADRs) (Carr and
Pirmohamed, 2018). The HMGBI1 serum levels are usually
elevated in DRESS and SJS/TEN (Fujita et al., 2014; Nakajima,
2011), whereas IL-33 increases in early stages of TEN (Adachi et al.,
2019). Whether the level of rise of HMGBI can be used a biomarker
for the severity of such reactions should be further evaluated.

Some models have been developed to recognize the drug-related
hypersensitivity reactions using THP-1 cells and IL-8 production by
mature dendritic cells (Kim and Naisbitt, 2016; Pallardy and
Bechara, 2017).

Two important points are noteworthy; first, the presence of
T-cell programming or a specific repertoire of T-cells (e.g., in the
case of benzylpenicillin). In such case, the related peptides can be
immunodominant and recognized by peripheral blood polymorphic
Cells (PBMC) of the allergic patients, and can be used in
immunization of such patients (Azoury et al., 2018). Second, in
many cases, intermittent and repeated administrations of some
drugs lead to more sensitization than uninterrupted treatment.
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Moreover, parenteral administration appears to be more sensitizing
than the oral route.

In addition to genetics as a major determinant of DHR,
several other patient-related factors exist. Drug-specific T-cell
responses in allergic patients have been studied, in addition to the
drug-responsive naive T cells. To address specific T-cell
responses to drugs using ex vivo samples from allergic
patients, several protocols have been established, with the
lymphocyte transformation test being the most frequently
used assay (Naisbitt et al., 2014). Noteworthy, elderly patients
and those on polypharmacy have a higher risk of developing
allergic diseases (Cardona et al., 2011). The risk of DHR is also
related to concurrent infections (Castrejon et al., 2010).
Individual variations of T-regulatory cell number and the
immune checkpoint expression (e.g., PD-1 and CTLA4) can
explain the wide range of presentations of allergic reactions,
despite the presence of several risk factors (Hammond et al,
2022; Line et al., 2022).

6 Clinical implications of
pharmacogenomic testing

Pharmacogenomic (PGx) testing is playing an increasingly
important role in psychiatric care, especially in preventing ADRs
and optimizing treatment outcomes. One of its most promising
applications is pre-emptive genetic screening to reduce the risk of
DHRs and improve the tolerability of psychotropic medications.

6.1 Personalized prescribing through
genetic screening

Pre-emptive PGx testing allows for the identification of genetic
variants—particularly in drug-metabolizing enzymes such as
CYP2D6 and CYP2C19—before therapy.  This
information enables clinicians to tailor treatment strategies to an
individual’s metabolic profile, reducing the likelihood of ADRs and
improving therapeutic efficacy (Skokou et al., 2024).

initiating

Recent studies underscore the clinical benefits of PGx-guided

psychiatric treatment. Compared to standard prescribing
approaches, PGx-informed therapy has been associated with
reduced incidence of ADRs, particularly nervous system-related
effects

extrapyramidal symptoms. A 33.3% ADR incidence rate in PGx-

such as sedation, insomnia, restlessness, and
guided patients, compared to 44.3% in the control group (Skokou
et al, 2024). Reduced polypharmacy and fewer psychiatric
hospitalizations, highlighting both improved patient safety and
healthcare resource efficiency. Supporting these findings, studies
reported a reduction in psychotropic medication use—including
benzodiazepines and SSRIs—among patients treated according to
PGx profiles, indicating greater drug stability and tolerability
(Roberts et al., 2023; Scherf-Clavel et al., 2023; Westergaard
et al., 2020).

Real-world further

pharmacogenomic screening: A 75-year-old patient developed

cases demonstrate the value of

severe hepatotoxicity after starting Agomelatine. Despite normal
liver function at baseline, PGx testing revealed the CYPIA2
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rs762551 AA genotype—linked to ultra-rapid metabolism and the
accumulation of toxic metabolites (Wang et al., 2021). There are no
CPIC guidelines for Agomelatine. Only a small PK study showed
CYPIA2 polymorphisms affect agomelatine clearance; in addition to
case reports that demonstrated a link between CYPIA2 variants and
the potential drug-induced liver injury (DILI), level C (Song et al.,
2014; Wang et al., 2021).

The metabolism of newer agents, such as cariprazine, is also
influenced by pharmacogenomic factors. Cariprazine is primarily
metabolized by CYP3A4, with minimal CYP2D6 involvement. A
clinical study involving co-administration with erythromycin (a
moderate CYP3A4 inhibitor) demonstrated increased cariprazine
plasma concentrations, necessitating potential dose adjustments.
Importantly, CYP2D6 genotyping had no significant influence on
its pharmacokinetics, suggesting it may not be necessary in this
context (Tsermpini et al., 2022). Currently, there is no published
pharmacogenomic evidence directly linking CYP variants to ADRs
of cariprazine. However, the drug is metabolised by CYP3A4, and, to
a lesser extent, CYP2D6, which makes drug-drug interactions
clinically relevant (generally, level B for drugs metabolized
by CYP3A4).

6.2 Guidelines supporting PGx
implementation

Two major international bodies have established widely adopted
PGx guidelines:

a. The Clinical Pharmacogenetics Implementation Consortium
(CPIC) provides recommendations and
categorizes gene-drug pairs by actionability: Level A:

peer-reviewed

Genetic data should guide therapy. Level B: Genetic data
may be used to guide therapy. Levels C and D: Genetic data
not currently actionable (Caudle et al, 2017; Morris
et al., 2022).

b. The Dutch Pharmacogenetics Working Group (DPWG) offers
gene-drug guidance integrated into European e-prescribing
platforms. It ranks evidence quality (0-4) and clinical relevance
(AA-F) to inform dosage, drug selection, and monitoring
(Swen et al., 2011).

6.3 Integration of PGx in the UAE
healthcare system

In the United Arab Emirates (UAE), PGx is gaining traction.
The Department of Health-Abu Dhabi has incorporated PGx
reporting via the Malaffi health information exchange system to
support individualized prescribing. Priority is given to patients over
40 with a history of ADRs or treatment failure (Department of
Health-Abu Dhabi, 2024). A pilot study in the UAE demonstrated
the cost-effectiveness and clinical benefit of PGx testing for
cardiovascular drugs (Al-Mahayri et al, 2022), suggesting its
potential wider applicability to certain medications. However,
limitations persist, including a lack of national PGx protocol,
limited clinician awareness and training, and gaps in population-
specific allele frequency data.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1651898

Alhaj et al.

7 Challenges and limitations

Despite the growing promise of pharmacogenomics in

improving drug safety and therapeutic outcomes, several
significant challenges and limitations continue to hinder its
widespread clinical adoption. One major obstacle is the

variability in the availability and interpretation of genetic testing
(Bousman et al., 2021). Access to pharmacogenomic testing remains
uneven across different healthcare systems and regions, often
limited to well-resourced or urban settings. Even when tests are
available, inconsistencies in test platforms, reporting formats, and
the interpretation of results can lead to confusion among healthcare
providers. This variability reduces the reliability and clinical utility
of test outcomes and contributes to hesitation in using
pharmacogenomic data for therapeutic decisions.

Another critical concern involves the ethical and economic
implications of pharmacogenomic testing (Karamperis et al,
2021; Pardinas et al, 2021). From an ethical standpoint,
questions about patient privacy, data security, and potential
genetic discrimination remain unresolved. Genetic data is
inherently sensitive, and its misuse could lead to social stigma or
discrimination in insurance and employment. Economically, the
high upfront cost of testing and the lack of reimbursement by many
insurance systems pose substantial barriers. Although PGx testing
may lead to long-term healthcare savings by reducing adverse drug
reactions and improving treatment efficacy, the initial expense can
deter healthcare institutions from incorporating these services,
especially in lower-income or resource-constrained settings.

Furthermore, the lack of standardized guidelines and
protocols for pharmacogenomic implementation continues to
limit its integration into routine care (Alchakee et al., 2022;
Kabbani et al., 2023). While organizations like CPIC and
DPWG offer valuable these
uniformly adopted or enforced across national or institutional

recommendations, are not
frameworks. Many healthcare systems lack cohesive policies
regarding when and how to perform genetic testing, how to
interpret the results, and how to apply them to prescribing
decisions. This inconsistency contributes to underutilization
and clinical uncertainty, as physicians may lack both the
confidence and the tools to translate pharmacogenomic data
into actionable insights.

Together, these challenges highlight the need for improving
infrastructure, regulatory frameworks, clinician education, and
cross-disciplinary collaboration to support the responsible,
equitable, and effective integration of pharmacogenomics into

clinical practice.

8 Conclusion and future directions

This review examined the underlying mechanisms of drug

hypersensitivity ~ reactions, with a particular focus on

pathways, drug
metabolites, and genetic susceptibility factors. These include well-

immunological the formation of reactive
established associations with HLA alleles and polymorphisms
in drug-metabolizing enzymes such as those in the cytochrome
P450 family. We explored the pharmacogenomics of key psychiatric
medications, particularly anticonvulsants (e.g., carbamazepine,
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lamotrigine), antidepressants (e.g., SSRIs and novel agents), and
antipsychotics (e.g., clozapine and newer generation drugs)—and
identified several genetic variants linked to increased risk of adverse
drug reactions. The clinical utility of pharmacogenomic testing was
emphasized, especially in its capacity to pre-emptively identify
individuals at high risk for DHRs and guide safer, more
personalized  prescribing  practices.  Nevertheless,  several
challenges persist, including the variability in test availability,
ethical

surrounding genetic data use, and the absence of universally

differences in interpretation standards, concerns
accepted guidelines for pharmacogenomic implementation.
Looking ahead, recent advances in genomic technology,
particularly next-generation sequencing (NGS), have transformed
the field by enabling the rapid and cost-effective analysis of genetic
variation across diverse populations (Behjati and Tarpey, 2013).
Beyond individual gene-drug interactions, NGS provides a
foundational platform for multiomic approaches that integrate
genomic,  epigenomic,  transcriptomic,  proteomic, and
metabolomic data to yield a comprehensive view of disease
biology and drug (Hasin 2017). These

multilayered datasets offer enhanced predictive power over

response et al,

single-layer ~ genomic analyses, particularly for complex

psychiatric disorders where treatment outcomes are influenced by
systems. A study in
schizophrenia exemplifies this promise. By integrating DNA

diverse biological recent multiomic
methylation data with genetic risk scores, researchers developed a
robust predictive model for antipsychotic drug (APD) response,
using epigenetic and genetic markers from six cortical genes.
Validated in over 3,600 patients, this model demonstrated strong
accuracy and clinical applicability, underscoring the potential of
multiomic pharmacogenomics in personalizing psychiatric
treatment (Guo et al., 2023).

Regionally, initiatives like the Emirati Genome Program are
laying the groundwork for precision medicine by cataloging
population-specific genetic variants through large-scale NGS
efforts (Ateia et al., 2023). This localized reference data is crucial
for tailoring pharmacogenomic applications to regional populations
and may eventually support future multiomic analyses to refine
clinical decision-making.

To maximize the global impact of these developments,
international collaboration and equitable data sharing are
essential. Pharmacogenomic insights must be drawn from diverse
populations to ensure applicability and fairness in precision
medicine (Relling and Klein, 2011). Open-access resources such
as PharmGKB and collaborative efforts from CPIC and DPWG play
pivotal roles in translating genomic evidence into clinical guidance.
However, global uptake of these frameworks remains inconsistent.
Expanding participation through international partnerships and
prioritizing research in underrepresented populations will be key.
By developing shared, globally accessible pharmacogenomic
databases, we can transform localized discoveries into scalable,
real-world tools for personalized psychiatric care.
holds
potential to optimize psychiatric drug therapy, reduce adverse

In conclusion, pharmacogenomics transformative

reactions, and improve treatment outcomes. Continued

investment in research, infrastructure, and international

collaboration will be vital to translating this promise into routine
clinical practice worldwide.
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