Spring 2025, Volume 10, Issue 37 (39- 47) DOI: 10.22034/pmj.2025.2049550.1050

Personalized & Precision Medicine Journal

b\
&

Pharmacogenomics: Unlocking the Future of Personalized Medicine
and Precision Drug Development

Homepage: www.pmjournal.ir

JOURNAL

Sanaz Khosravi Ghareh Cheh *

'Assistant doctor, Neurology Department, 93413 Cham, Germany.

ARTICLE INFO ABSTRACT

Paper Type: Review Article Pharmacogenomics is a relatively new subject that utilizes genomics and pharmacology
to investigate how genetic variants influence individual responses to treatment with
pharmaceuticals. A departure from the conventional “one-size-fits-all” treatment strategy is
marked by the advent of pharmacogenomics, which makes it possible to tailor pharmacological
regimens to the specific genetic profile of an individual. This domain can lead to significant
improvements in pharmacological efficacy, reductions in adverse drug reactions (ADRs), and
assistance in developing drugs that are both safe and effective for a wide range of conditions.
The purpose of this study is to investigate the prospective results of pharmacogenomics,
with a particular emphasis on its function in the process of drug development and its
incorporation into personalized medicine. The purpose of this study is to investigate the
genetic characteristics that influence the metabolism, efficacy, and toxicity of drugs, as well
as to investigate the regulatory framework that is associated with pharmacogenomics testing.
This paper summarizes the key genes related to pharmacogenomic responses and discusses
the possible challenges in using them in practice, along with the expected advancements in
this field of study.
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INTRODUCTION

The field of pharmacogenomics is a relatively new
field that combines genomics and pharmacology
to shed light on the relationship between genetic
variation and drug response (1). The human genome
has a large number of genetic variants, each of which
has the potential to affect how an individual reacts to
drugs. There is a correlation between these genetic
polymorphisms and the metabolism of drugs, the
efficiency of treatments, and the likelihood of adverse
drugreactions (ADRs) (2). Through the incorporation of
pharmacogenomics data into clinical decision-making,
medical professionals can optimize pharmaceutical
therapy for specific patients, thereby tailoring therapies
to the genetic profiles of those patients (3).

The conventional approach to the production of
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medications has generally adhered to a uniform strategy,
in which a single medicine or dose regimen is delivered
to all patients (4). This technique does not take into
account genetic variances, which can have a significant
impact on an individual’s response to medication and
how those medications are metabolized (5). Genetic
differences in enzymes that help break down drugs,
like cytochrome P450, can lead to either weaker
effects of the medication or unwanted side effects
in patients (6). The goal of personalized medicine,
which is driven by pharmacogenomics, is to address
these issues by ensuring that patients receive the most
effective pharmaceuticals at the optimal dosages that
are matched to their genetic profiles (7). When genetic
features that influence medication responsiveness
are identified, it has the potential to change both the
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process of developing new drugs and clinical practice.
Pharmacogenomics testing is the examination of several
genetic markers to shed light on the ways in which
the genetic profile of an individual can influence the
effectiveness of a specific pharmacological treatment
(8). Practitioners can give more accurate therapies
that reduce risks and boost therapeutic effectiveness
when they incorporate this knowledge into common
practices in the healthcare industry (9). The purpose
of this review article is to provide a comprehensive
analysis of pharmacogenomics, with the main objective
being to investigate its significance in the process of
drug discovery, its incorporation into personalized
medicine, and its potential for future developments.
During the course of the project, genetic mechanisms
that influence pharmaceutical responses will be
investigated, critical pharmacogenomics genes will be
investigated, and clinical applications in a variety of
therapeutic spaces will be evaluated (8).

The Role of Pharmacogenomics
Development

Pharmacogenomics is essential in contemporary
drug research, informing the creation of safer and
more efficacious drugs (9). Integrating genetic data
into medication discovery and development enables
pharmaceutical companies to enhance the identification
of appropriate therapeutic candidates and diminish the
probability of clinical trial failures (10). This section
examines the influence of pharmacogenomics on
drug development, especially regarding personalized
medicine.

in Drug

The Shift toward Personalized Medicine

Pharmacogenomics is essential in contemporary
drug research, informing the creation of safer and more
efficacious drugs. Bringing genetic information into
the process of finding and developing new medications
helps drug companies better identify suitable treatment
options and reduce the chances of clinical trial
failures (10). This section examines the influence of
pharmacogenomics on drug development, especially
regarding personalized medicine.

The Shift toward Personalized Medicine

Traditionally, the objective of medication research
was to construct therapies that would serve the broader
population, frequently neglecting the genetic variability
within patients (11). The universal approach hasresulted
in various issues, such as poor treatments for certain
individuals and adverse drug reactions (ADRs) in
others. Pharmacogenomics mitigates these constraints
by facilitating personalized treatment options, wherein
medications and dosages are customized according
to an individual’s distinct genetic profile (12).
The transition to customized medicine signifies
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a fundamental transformation in the delivery of
healthcare. Pharmacogenomics testing offers critical
insights into how an individual’s genetic composition
influences their reaction to specific medications (13).
For instance, certain genetic differences can cause
a medicine to either digest too quickly, limiting its
effectiveness, or too slowly, increasing the risk of
toxicity (14). By finding genetic differences early,
doctors can make better choices about which drugs
to use and how much to give, reducing the chances
of bad reactions and improving treatment results.
With the increasing prevalence of customized
medicine, the emphasis is transitioning from
creating pharmaceuticals for the “average” patient to
formulating drugs tailored to the “specific” patient,
informed by their genetic data (15). This change can
significantly improve how well medications work and
how safe they are, while also reducing healthcare costs
by avoiding the guesswork in prescribing drugs.

Early Integration of Pharmacogenomics
Discovery

Pharmacogenomics is influencing clinical decision-
making and is being included in the initial phases of
drug research (16). In conventional drug development,
researchers frequently perform clinical trials with
diverse patient populations, presuming that the
majority will exhibit comparable responses to a
specific medication (17). This assumption can lead to
drug candidates being unsuccessful in later stages of
clinical development, particularly when the drugs cause
unwanted side effects or do not work well for certain
groups of patients (18). Pharmacogenomics addresses
this difficulty by facilitating the identification of genetic
biomarkers that might forecast a patient’s reaction to
a certain medication. Genomic profiling of patients
participating in clinical trials can identify genetic
variants that influence medication metabolism, efficacy,
and safety (19). By incorporating pharmacogenomics
data early in drug discovery, researchers can predict
which patient populations are most likely to benefit
from a treatment, helping to influence clinical trial
design and lower the likelihood of trial failure (20).

The early incorporation of pharmacogenomics in
drug research facilitates the identification of genetic
variables that lead to treatment resistance. Certain
alterations in cancer cells can render malignancies
resistant to chemotherapy agents (21). By detecting
these mutations promptly, researchers can create
tailored treatments that particularly tackle these genetic
modifications, enhancing therapeutic efficacy (22).

in Drug

Regulatory Approaches to Pharmacogenomics

With the expansion of pharmacogenomics,
regulatory bodies such as the U.S. Food and Drug
Administration (FDA) have acknowledged its
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significance in enhancing drug safety and efficacy
(23). The FDA has actively formulated guidelines for
integrating pharmacogenomics data into drug labeling,
assisting doctors in making educated decisions based
on patients’ genetic profiles (24).

Pharmacogenomics labeling offers critical insights
into the influence of genetic differences on medication
metabolism, efficacy, and safety. Pharmacogenomics
labels on medications such as warfarin, clopidogrel, and
abacavir assist healthcare providers in determining the
suitable treatment for patients according to their genetic
profiles (25). Patients with certain genetic variations in
the CYP2C9 gene might need a lower dose of warfarin
because they are more sensitive to it, while those with
a variant of the HLA-B gene may be at a higher risk of
allergic reactions to abacavir (26). Regulatory agencies
are helping to include genetic testing in regular
medical practice by supporting pharmacogenomics
labels for more and more medications. This regulatory
initiative is facilitating the wider implementation of
pharmacogenomics, which could substantially enhance
patient outcomes (27).

Genetic Variation and Drug Response

Genetic variations are a crucial factor in determining
individual responses to drugs. These changes can happen
in genes that affect how drugs are processed, moved
around, and how they interact with their targets, leading
to differences in how well medications work, their
safety, and their potential side effects (28). This section
will look at the two main parts of pharmacogenomics
pharmacokinetics and pharmacodynamics and explore
how genetic differences affect how people respond to
medications.

Pharmacokinetics: How Genetic Variation Affects Drug
Metabolism

Pharmacokinetics refers to the mechanisms via
which the body absorbs, distributes, metabolizes, and
eliminates medicines (29). Genetic differences that
impact how the body handles medications are mostly
found in genes responsible for drug-metabolizing
enzymes, drug transporters, and drug receptors. Genetic
differences can lead to markedly divergent medication
reactions among individuals, influencing the efficacy
and safety of treatment (30). Pharmacogenomics has
facilitated the comprehension of these differences and
their implications for personalized medicine, allowing
for the customization of medication therapy according
to an individual’s genetic profile (31). Genetic factors
that influence pharmacokinetics can change how
quickly a drug is absorbed, how it spreads in the body,
how fast the liver breaks it down, and how well the
kidneys remove it (32). These processes eventually
govern the drug concentration at the site of action,
which influences the therapeutic impact and the
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probability of adverse drug reactions (33).

Cytochrome P450 (CYP450) Enzyme Family

The cytochrome P450 (CYP450) enzyme family
is a key component in pharmacokinetics. These
enzymes facilitate the oxidative metabolism of
several therapeutic pharmaceuticals, encompassing
those utilized for pain management, depression,
cardiovascular disorders, and cancer treatment.
The CYP450 family plays a crucial role in phase I
drug metabolism, wherein pharmaceuticals undergo
modification via oxidation, reduction, or hydrolysis,
typically enhancing their water solubility and
facilitating excretion (34). Genetic differences in these
enzymes can result in modified drug metabolism,
which influences individual drug processing.
The CYP450 enzyme family comprises more than 50
members, with CYP2D6, CYP2C19, CYP2C9, and
CYP3A4 being the most clinically significant. The
functional differences in these enzymes can lead to
diverse metabolic phenotypes, from poor metabolizers
(PMs) to ultra-rapid metabolizers (UMs) (35).

CYP2D6: A Key Enzyme in Drug Metabolism

CYP2D6 is one of the most extensively
researched  enzymes in  pharmacogenomics,
metabolizing a diverse range of medications, such as
antidepressants, antipsychotics, opioids, and beta-
blockers (36). Genetic variation in the CYP2D6
gene can produce varying amounts of enzyme
activity, resulting in diverse metabolic phenotypes:
* Suboptimal Metabolizers (SMs): People with less
active or non-working versions of the CYP2D6
gene may have lower enzyme activity, which can
make it harder for their bodies to process certain
drugs. Individuals with poor metabolisms of
CYP2D6 substrates may exhibit elevated plasma
drug concentrations, thereby heightening the risk of
drug toxicity and adverse consequences (37). A poor
metabolizer of codeine may not achieve pain relief
since CYP2D6 is essential for turning codeine into its
active metabolite, morphine. Antidepressants such as
paroxetine and fluoxetine may accumulate in the body,
resulting in adverse effects including nausea, dizziness,
and serotonin syndrome (38).

*Ultra-Rapid Metabolizers (UMs) are people who have
multiple copies of the CYP2D6 gene or specific gene
variations that make them process drugs much faster.
These individuals demonstrate heightened enzyme
activity, resulting in accelerated drug metabolism (39).
Consequently, therapeutic medication concentrations
may remain unattainable due to rapid metabolism
and clearance of the drug. People who metabolize
tamoxifen very quickly might not get enough benefits
from the treatment because the drug needs to be
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changed into its active form (endoxifen) by CYP2D6
to work effectively against cancer (40). Due to the
considerable heterogeneity in CYP2D6 activity,
pharmacogenomics testing can assist doctors in
identifying suitable medication and dosage for each
patient. Testing for CYP2D6 can help doctors select the
right antidepressant or opioid and adjust the dosages
based on a person’s metabolism, which can reduce the
chances of side effects or not getting enough benefit
from the treatment (41).

CYP2C19 and Clopidogrel

A notable instance of genetic diversity in drug
metabolism pertains to the CYP2C19 enzyme, essential
for the metabolism of clopidogrel, an antiplatelet
medication commonly employed to avert blood clots,
particularlyinindividualsatriskofmyocardialinfarctions
and cerebrovascular accidents (42). Clopidogrel
requires metabolism by the CYP2C19 enzyme to
become active and produce its therapeutict (43).
* Diminished Enzyme Activity: Individuals possessing
specific CYP2C19 polymorphisms, notably the
CYP2C19*2 allele, demonstrate diminished or
nonexistent CYP2C19 activity (44). This leads to
a reduced activation rate of clopidogrel, making
the medication less efficacious in preventing
thrombotic incidents such as myocardial infarctions or
cerebrovascular accidents. These individuals may face
an elevated risk of cardiovascular events owing to the
insufficient antiplatelet efficacy of clopidogrel (45).
Conversely, individuals possessing the CYP2C19*17
allele, associated with heightened enzyme activity,
may encounter an augmented antiplatelet impact,
hence elevating the chance of bleeding problems (46).

To lower these risks, it is recommended to test for
CYP2C19 gene variations, particularly for people
using clopidogrel after being diagnosed with coronary
artery disease or having a stent placed (47). For those
with weak metabolism, prasugrel or ticagrelor may
be safer and more effective than drugs that depend on
CYP2C19 for activation. Pharmacogenomic testing
can detect these patients and inform therapy choices to
enhance clinical outcomes (48).

CYP2C9 and Warfarin

A key example of how drug processing can vary
among individuals involves the enzyme CYP2C9,
which is important for breaking down warfarin, a
commonly used blood thinner. Warfarin is utilized to
avert deep vein thrombosis, pulmonary embolism, and
stroke in individuals with atrial fibrillation (49). The
dosage of warfarin requires meticulous monitoring
due to its narrow therapeutic index; insufficient dosage
may result in thrombosis, while excessive dosage may
cause hemorrhage. Variations in CYP2C9 markedly
influence warfarin metabolism and the necessarye (50).
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*CYP2C9 Polymorphisms: Individuals possessing
specific polymorphisms in the CYP2C9 gene, such as
CYP2C9*2 or CYP2C9*3, exhibit a reduced metabolic
rate for warfarin compared to individuals with the
wild-type allele. These individuals necessitate reduced
doses of warfarin to attain the equivalent therapeutic
benefit. Failure to appropriately regulate the dosage
increases the risk of bleeding problems resulting from
excessive anticoagulation (51).

*VKORC1 and Warfarin Sensitivity: In addition
to CYP2C9, the VKORCI1 gene, which makes the
enzyme vitamin K epoxide reductase (52), also plays
arole in how sensitive someone is to warfarin. Genetic
differences in VKORCI can also change how much
warfarin a person needs, so testing for both CYP2C9
and VKORCI can help doctors give the right amount
of warfarin for better treatment. Pharmacogenomic-
guided dosing helps doctors reduce risks by adjusting
warfarin treatment based on each person’s genetic
makeup (53).

Pharmacodynamics: Genetic Variation in Drug Targets

Pharmacodynamics pertains to the effects of medicine
on the body, and genetic differences in drug targets
can markedly change drug response. Pharmacological
targets include receptors, enzymes, and transporters,
and genetic differences in these targets can cause
variations in how well medications work and their side
effects (54). Variations in the human leukocyte antigen
(HLA) gene family are linked to hypersensitivity
reactions to specific medications. A prominent example
is the correlation between the HLA-B57:01 allele
and abacavir hypersensitivity. Individuals possessing
this genetic variant face a markedly elevated risk of
severe allergic reactions to abacavir, an antiretroviral
treatment for HIV. Conducting pharmacogenomic
testing for HLA-B57:01 before initiating abacavir
medication can avert potentially fatals (55).

Another instance of genetic diversity in
pharmacological targets is the occurrence of mutations
in the EGFR gene in non-small cell lung carcinoma
(NSCLC). These mutations correlate with a heightened
probability of responding to EGFR-targeted treatments,
such as erlotinib or gefitinib. Genetic testing for EGFR
mutations helps doctors identify patients who are most
likely to benefit from specific treatments, improving
results and reducing side effects (56).

Key Genes in Pharmacogenomics

Numerous essential genes significantly impact
pharmacogenomics by  affecting  medication
metabolism, effectiveness, and safety. This section
offers a summary of key genes in pharmacogenomics
and their influence on drug therapy (57).
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Cytochrome P450 Enzymes

The CYP450 enzyme family facilitates the
metabolism of numerous frequently prescribed
medications. Changes in the CYP450 genes can lead
to differences in how drugs are processed in the body,
which can affect how well they work and their side
effects. CYP2D6, CYP2C19, and CYP2C9 are among
the most extensively researched CYP450 enzymes.
Variations in the CYP2D6 gene influence the
metabolism of medications such as tamoxifen, utilized
in breast cancer therapy (58). Certain individuals
possess genetic variations that render them inefficient
metabolizers of tamoxifen, hence diminishing the
drug’s efficacy (59). Pharmacogenomics testing
for CYP2D6 can help doctors decide how to give
tamoxifen and other drugs that are processed by this
enzyme.

The CYP2C19 gene has a role in the metabolism of
clopidogrel, an anticoagulant drug. Genetic testing for
CYP2C19 differences can help determine if a patient
will benefit from clopidogrel or if they should consider
other treatment options (60).

Human Leukocyte Antigen (HLA) Genes

The HLA genes play a crucial role in the immune
system’s capacity to identify and react to exogenous
stimuli. Polymorphisms in specific HLA alleles correlate
with drug-induced hypersensitivity reactions (61). The
HLA-B57:01 variant is linked to a higher chance of
having a bad reaction to abacavir, while the HLA-B15:02
allele is associated with a greater risk of Stevens-Johnson
syndrome in people taking carbamazepine (62). Genetic
testing for these alleles can assist doctors in refraining
from providing medications that may elicit adverse
reactions in vulnerable patients (63).

VKORCI1 and TPMT

The VKORCI gene plays a role in the metabolism
of warfarin, a widely utilized anticoagulant. Variations
in VKORCI can influence a patient’s susceptibility to
warfarin, necessitating modifications to the medicine
dosage. The TPMT gene affects how the body processes
thiopurines, which are a type of medicine used to
suppress the immune system in treating leukemia and
autoimmune diseases. Genetic testing for VKORCI1
and TPMT helps doctors adjust medicine dosages and
avoid problems that can happen from taking too much
or too little (64).

Applications of Pharmacogenomics in Therapeutic
Areas

Pharmacogenomics has important implications for
various therapeutic domains, including -cardiology,
cancer, and psychiatry. This section examines the
application of pharmacogenomics across several
medical disciplines to enhance patient outcomes (65).

Pers Precis Med |

Cardiovascular Drugs

Cardiovascular disorders rank among the foremost
causes of mortality globally, and pharmacogenomics
possesses the capacity to revolutionize the treatment
of these ailments. Numerous cardiovascular
medications, including anticoagulants and antiplatelet
medicines, are processed by enzymes belonging to the
CYP450 family (66). Genetic testing for CYP2C19
polymorphisms can inform the administration of
clopidogrel in people predisposed to cardiovascular
events. Similarly, pharmacogenomics testing for
warfarin sensitivity can assist in establishing the
correct dosage for individual patients, minimizing the
risk of bleeding problems (66).
Oncology

In oncology, pharmacogenomics facilitates the
creation of targeted medicines tailored to specific
genetic abnormalities in malignancies. Targeted
therapies, such as trastuzumab for breast cancer
with HER2 positivity and erlotinib for non-small
cell lung cancer with EGFR mutations, offer more
effective treatments with fewer side effects compared
to traditional chemotherapy (67). Integrating
pharmacogenomics testing into standard cancer
care enables physicians to discern patients who are
most likely to benefit from these medications, hence
enhancing survival rates and minimizing needless
treatments (68).

Psychiatry

Pharmacogenomics is increasingly essential in
the management of psychiatric diseases. Numerous
psychiatric medicines, such as antidepressants and
antipsychotics, are processed by CYP450 enzymes.
Genetic testing for polymorphisms in these enzymes
helps identify the most effective drugs for particular
patients, hence enhancing therapeutic success
and minimizing adverse effects (69). Moreover,
pharmacogenomic testing can forecast drug resistance
in psychiatric patients, facilitating more precise
treatment methods.

Challenges and Future Directions

Pharmacogenomics holds exciting promise, but
its wider application in clinical practice requires
the resolution of a few challenges. The problems
encompass the expense of genetic testing, the absence
of defined protocols for pharmacogenomics testing,
and ethical issues about genetic privacy (70).

Ethical Considerations and Access to Pharmacogenomics
Testing

The growing accessibility of pharmacogenomics
tests prompts significant ethical concerns about genetic
privacy and the risk of hereditary discrimination.
Securing patients’ genetic information and ensuring its
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responsible utilization will be key to building public
trust and promoting the extensive implementation of
pharmacogenomics testing (71).

Cost and Accessibility

Even though the cost of genetic testing has
significantly decreased over the past few years, it
continues to be a barrier to its widespread adoption.
Access to these treatments is made more difficult for
a significant number of people because there are no
standardized reimbursement regulations in place for
pharmacogenomics testing (72).

Future Directions in Pharmacogenomics

The future of pharmacogenomics relies on improving
our understanding of how genes influence how people
respond to medications, making genetic testing
more accessible, and better using pharmacogenomic
information in medical decisions. With the advancement
of genetic technology, pharmacogenomics will
increasingly influence personalized medicine and
precision drug development (73).

CONCLUSION

Pharmacogenomics indicates a paradigm change in
drug discovery and clinical treatment. By integrating
genetic data, pharmacogenomics is revolutionizing
pharmaceutical therapy. The process facilitates more
precise and effective therapies, hence improving
patient outcomes by enhancing efficacy and reducing
side effects. Pharmacogenomics possesses the
capacity to transform medicine development and
patient treatment worldwide, and this capacity is
expanding as research in this domain progresses.
In summary, pharmacogenomics is revolutionizing
healthcare by facilitating more personalized and
precise therapies that enhance drug efficacy, minimize
adverse effects, and optimize patient outcomes.
The continuous advancement of research indicates
that pharmacogenomics has significant potential to
transform pharmaceutical development and patient
care.

Pharmacogenomics has the chance to transform
medicine by transcending broad treatments and
integrating genetic data into clinical decision-making,
fostering a genuinely individualized and precision-
oriented practice. As this domain advances, it will
unveil new prospects for enhancing the safety, efficacy,
and efficiency of healthcare, establishing personalized
medicine as a fundamental aspect of contemporary
medical practice.
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