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Abstract

Keywords

Numerous factors, such as genetics, environmental factors, and illness determinants, might contribute
to an unpleasant pharmaceutical response. In an effort to increase efficacy and safety, as well as to
gain a better understanding of drug disposition and clinical consequences, researchers in the two
quickly emerging fields of pharmacogenetics (which focuses on single genes) and pharmacogenomics
(which focuses on many genes) have studied the genetic personalization of drug response. This is
due to the fact that a large number of pharmacological responses seem to be genetically based, and
the relationship between medication response and genotype may be important for diagnosis. We
now have a better understanding of the genetic basis of individual medication responses because to
research on pharmaceuticals and genes. Pharmacogenomics aims to improve patient outcomes by
developing personalized medicine by using the diversity of the human genome and how it affects
medication response. Translational in nature, pharmacogenomics research encompasses everything
from the discovery of genotype-phenotype associations to clinical investigations that might show
therapeutic relevance. Though the conversion of pharmacogenomics research findings into clinical
practice has been sluggish, advances in the field offer considerable potential for future therapeutic
applications in specific people.
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1. Introduction

Precision medicine's ultimate goal is to perfectly
match each treatment intervention to the patient's
molecular profile. Over the last two decades, cutting-
edge sequencing technology have spurred research
into human genetics, resulting in a better knowledge
of the link between genetic variation and human
health. Genetics research has been widely employed
in precision medicine, with one emerging application
being pharmacogenomics-informed pharmacotherapy,
which tailors drug selection and dose to the patient's
genetic characteristics. To date, pharmacogenomic
variation has a well-established function in
pharmacological efficacy and safety, allowing
worldwide scientific consortia to develop treatment
guidelines for the clinical use of pharmacogenomics[1].
Various genotyping approaches, including PCR and
microarray-based assays, can be used to search
for known pharmacogenomic markers in well-
documented genes[2]. Only in rare cases can a genetic
or genomic profile determine therapy. Other factors
such as age, gender, body mass, and potential drug-
drug interactions must also be considered. Physicians
must make an informed clinical decision about
treatment[3]. As pharmacogenomics advances from
research labs to clinical settings, its impact can be felt
in a wide range of medical fields. Pharmacogenomics-
guided medicine selection is highly useful in
oncology, which is distinguished by the wide range
of malignancies and therapy responses. Genetic
testing influences the selection of personalized drugs,
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increasing the likelihood of treatment effectiveness
while reducing unnecessary side effects. Psychiatry
is evolving as genetic indicators drive the selection
of psychotropic medicines, hence enhancing patient
wellbeing and treatment adherence [4]. The ideal
genetic profiles will include gene variants that
identify individual disease susceptibility and risk of
progression to more severe disease, predict which
pharmacologic therapies will provide the greatest
therapeutic benefit, or predict whether a therapy
will cause an adverse reaction and should be avoided
in a given individual [5]. Despite the abundance of
genetic data, there is still much to learn about gene
function and its impact on disease phenotypes and
treatment responses. Pharmacogenomics helps
bridge the gap between basic research and clinical
applications, leading to more cost-effective and
efficient medication development [6]. Variations
in drug metabolism enzymes and transporters can
affect the pharmacokinetics and pharmacodynamics
of medicines and their metabolites at the target site,
resulting in different pharmacological reactions and
interactions. Also environmental and microbiomes
interactions Fig 1[7].

2. Pharmacogenomics in Clinical Practice
Healthcare practitioners have challenges
in interpreting genetic data, implementing
standard recommendations, and incorporating

pharmacogenomic information into electronic
health records. Despite this Pharmacogenomic
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Figure 1. Microbial Interaction
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testing is becoming more common to inform
drug dosing decisions, despite its limitations[8].
Pharmacogenomics (PGx) examines how genetic
variation influences drug response.(1-4) The
consequences of genetic diversity might range
from catastrophic, potentially fatal adverse
medication reactions to a lack of therapeutic efficacy.
Implementing pharmacogenomics at the point-
of-care can help avoid adverse drug reactions,
maximize efficacy, reduce drug-drug interactions, and
select drugs based on patients' genetic profiles[9].
Pharmacogenomics implementation in clinical
practice faces challenges like as testing availability,
evidence-based prescribing recommendations, and
EHR integration. Several studies show that doctors
are unsure about how to handle pharmacogenomics
information for patients and its impact on their clinical
practices[10-14]. All of these findings have sparked
renewed interest in pharmacogenomics, and several
drug regulatory agencies, including the European
Medicines Agency (EMA) and the United States Food
and Drug Administration (FDA), regard genetic factors
that cause variability in drug response as an essential
part of the drug development and approval process.
Furthermore, it has been determined that correlations
between genetic variations and clinical effects should
be systematically provided in the package leaflet
of all pharmaceuticals for whom such information
is available. In the United States, it can be found in
over 100 commercially accessible medications [15].
Finally, numerous pharmacogenomics consortia have
been formed, notably the Clinical Pharmacogenetics
Implementation Consortium (CPIC) [16-19].

3. Difficulties in Translating
Pharmacogenomic Data into Clinical
Practice

The identification of a biomarker is merely the first
step in the long and arduous process of translating
it into clinical practice. So far, the implementation of
pharmacogenomic discoveries in clinical practice has
been surprisingly unsatisfactory. In fact, many genetic
biomarkers have not progressed far past detection.
This lack of progress may stem, in part, from the
failure to partially or completely duplicate research
identifying genetic biomarker connections, which is
not unusual in genetic research[20]. Environmental
factors can also make it difficult to reproduce
pharmacogenomic study results. It is predicted that
only 10% to 15% of genetic indicators have a direct
influence on treatment response. Instead, drug
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response phenotypes are frequently controlled by
a complex interplay of environmental, genetic, and
gene-environment factors. For example, it is known
that tumor-associated inflammatory responses
might inhibit CYP3A-mediated drug metabolism,
contributing to the variability and toxicity of
docetaxel (Taxotere, Sanofi-aventis; Docefrez, Sun)
in cancer patients. Furthermore, drug interactions
can affect drug response and frequently explain why
a phenotype does not precisely match a genotype for
drug metabolism[21-24]. This article discusses the
difficulty of translating PGx to clinical practice. Figure
1 highlights six issues related to sequential steps of
the translation process.Clinical practice examples
illustrate each identified difficulty. Figurel shows
a number of "players" involved in the problems,
including the biotechnology and analytical industries,
pharmaceutical industry, research institutions,
funding agencies, regulatory agencies, physicians, and
patients. These people play key roles in designing and
delivering clinical PGx applications, both individually
and together [25-26].

4, Clinically Relevant Somatic Mutations

The cancer genome undergoes several rearrangements
and may contain clinically significant genetic variants
not observed in the germline. Somatic mutations
acquired before or after treatment can impact
medication effectiveness and toxicity. Gefitinib
(Iressa) and erlotinib (Tarceva) inhibit the EGFR's
tyrosine kinase domain. Approximately 10% of NSCLC
patients who have failed traditional therapy have a
related EGFR mutations may contribute to NSCLC
resistance to gefitinib or erlotinib[27-28]. Recent
improvements in NGS have substantially increased
the viability of routine genetic testing of solid tumors,
which was previously limited by sequential single-
gene testing on small patient samples. NGS allows
for simultaneous profiling of several genes from the
same sample, minimizing patient wait time while
improving the amount of information obtained from
the test[29-30]. Molecular profiling in cancer seeks to
find tumor DNA variants that can provide diagnostic,
prognostic, or treatment-related information to help
guide patient care. For example, evaluating lung cancer
variations in EGFR exons 18-21 is recommended[31]
to identify individuals with sensitivity or emerging
resistance to epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors (TKIs). Testing for
RAS mutations is advised to improve patient care in
colorectal cancer[32, 33]. The testing guidelines also
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Figure 2. Consecutive Phases and Associated Challenges on the Road to Clinical Implementation of Pharmacogenomics.

advocate profiling melanoma patients for BRAF V600
variants[34] to identify people who benefit from
BRAF TKIs, such as vemurafenib or dabrafenib[35].
Our assessment methodology (Figure 3) consists of
the following points. First, sequencing data quality
is examined, including coverage depth at variant
site, in normal blood and formaldehyde fixed-
paraffin embedded (FFPE) tumor tissues to confirm
that somatic variant data meets minimum quality
criteria [36,37] variations at or near quality and allele
frequency thresholds are carefully explored, validated
using an orthogonal method, and only interpreted
and reported if verification is successful. The second
step is to determine variation frequency in normal
germ-line population datasets (the 1000 Genomes
Project and the Exome Sequencing Project)[38]. Any
mutation with a frequency in either database of >1% is
considered benign and eliminated from further study.
matic Mutations in Cancer (COSMIC)[39] and The
Cancer Genome Atlas (TCGA) through the cBio Cancer
Genomics Portal. The Cancer Genome Atlas (TCGA)
through the cBio Cancer Genomics Portal[40]. If a

variant is discovered in a gene for which locus-specific
databases with somatic variant information exist,
those databases are also searched. The International
Agency for Research on Cancer (IARC) TP53 database,
the APC Mutations Database, the International Society
for Gastrointestinal Hereditary Tumors' MLH1
database, and the Multiple Endocrine Neoplasia Type
2 RET Database were all used to review cases in this
report. Fourth, proof of the variant's impact on the
biochemical activity of the protein and/or cellular
pathway is compiled using the literature and/or locus-
specific databases[41].

5. Gene-drug Pairings, According to
Evidence-based Dose Adjustment
Guidelines

Implementing gene-drug pairs with marginal or
negative cost-effectiveness may not be worthwhile,
such as when genotyping is costly or time-consuming,
variant frequency is low, the clinical implications of
inadvertent toxicity are minimal, or there are simpler
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alternatives to avoid serious toxicity. The Clinical
Pharmacogenetics Implementation Consortium
and the Dutch Pharmacogenetics Working Group
collaborated to establish pharmacogenomics-guided
prescribing guidelines based on rigorous evidence
evaluation[42]. The Clinical Pharmacogenetics
Implementation Consortium and Dutch
Pharmacogenetics Working Group guidelines for
dose modification offer specific instructions for
each significant DPYD mutation based on projected
metabolic impairment[43-45] DPYD variant carriers
have major clinical implications and high management
costs, although having a lower frequency than other
gene-drug combinations.6

Upfront DPYD genotyping is cost-effective and
has become standard of care in countries such as the
Netherlands, France, Switzerland, Germany, and the
United Kingdom[46-49].

6. Role of Pharmacogenomics in Adverse
Drug Reactions

The pharmacogenomic machinery includes genes

~
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that encode enzymes and proteins involved in drug
targeting and processing, as well as epigenetic
components that regulate gene expression[49]. The
pharmacogenomic response to medicines involves
five key groups of genes: (i) Genes linked to illness
pathophysiology; (ii) Drug action mechanisms
(enzymes, receptors, transmitters, messengers); and
(iii) Drug metabolism enzymes (phase I-1I)[50]. ADRs
can be classified into two types: type A and type B
(Table 1). Type A reactions are prevalent, predictable,
and can affect any individual.Type B ADRs are rare and
unpredictable, occurring only in sensitive individuals
[51]. Type A responses are the most common, affecting
25-45% of patients. The drug's known primary and/or
secondary pharmacological activities are exaggerated,
dose-related, and potentially avoidable [52].Type B
reactions, also known as idiosyncratic drug reactions,
do not have a clear dose-response connection in
susceptible individuals and cannot be explained
by the drug's pharmacology. These are sometimes
unidentified until the medicine is introduced and are
linked to higher mortality rates[53].

Variants from
normal sample

=
<1% in 1000
Genomes

Allele frequency
>5%

Average coverage
>500x

Comparison of variants
from tumor and normal

e —

Variants in normal
only

Variants in tumor
and normal

COSMIC, TCGA, locus-specific
DB, HGMD, Leiden OVDB, OMIM,
Exome Sequence DB

Variant type, PolyPhen2,
SIFT, LRT, Mutation Taster

Known cancer syndromes,
cancer risk germline
variants

Figure 3. Overview of the somatic variant assessment protocol
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Tablel. Characteristics of type A and type B adverse drug reactions

Characteristics

Type A Type B

Dose dependency

Predictable from known pharmacology
Host factors

Frequency

Severity

Clinical burden

Overall proportion of adverse drug reactions
First detection

Animal models

Usually show a good relationship

Genetic factors might be important

Variable, but usually mild

High morbidity and low mortality

Usually reproducible animals

No simple relationship

Yes Not usually

Dependent on (usually
uncharacterized) host factors

Common Uncommon

Variable, proportionately more
severe
High morbidity and mortality

80% 20%

Usually phase 1V, occasionally

Phases I-llI phase Il

No known animal models

7. Pharmacogenetic Studies of Drugs

The "Human Genome" project paved the way for
molecular medicine, a field that focuses on genetic
markers. Genetic markers are unique point nucleotide
polymorphisms that reflect an individual's features.
The increasing availability of data on SNPs and other
genetic alterations contributes to understanding the
genome[54-55].

ePoor metabolism (PM) refers to alleles with
altered genes that affect key enzymes involved
in drug metabolism and activity. Mutations can
result in inadequate enzyme synthesis or inactive
gene products, leading to decreased or even loss
of enzymatic activity. Drugs processed by the same
enzyme have slower elimination rates. As a result,
the patient is at risk of reaching a high plasma
concentration of the drug, as well as experiencing
dose-dependent side effects. In this aspect, slow
metabolizers require careful drug dosage selection.

eExtensive metabolizers (EM): They maintain a
consistent pace of drug biotransformation. They
typically have two active allelic genes, or one functional
and one partially active allele.

eIntermediate metabolizers (IM) are heterozygous
carriers of the mutation, with autosomal recessive
inheritance. For optimal therapeutic effects, lower
pharmacological dosages may be necessary.

eUltra-fast metabolizers (UM) have enhanced gene
expression due to the presence of three or more
functional alleles after duplication (e.g., CYP2D6).
Ultra-fast metabolizers may need a greater dose of a

medicine as shown in Fig 4 [56].

8. Pharmacogenomics for Medication
Therapy in Cinical Settings

Drug therapy has typically been based on the one-drug-
fits-all philosophy, but this is increasingly changing.
Biomarkers are increasingly being used to personalize
therapy and monitor response rates. Pharmacogenetic
biomarkers include genetic polymorphisms in
CYP enzymes (oxidative metabolism), UTG1A1
(glucuronidation), VKORC1 (warfarin target), EGFR
(growth factor receptors driving cancer), NAT2
(acetylation), MDR1 and BCRP (efflux transporters),
among others. Pharmacogenetics first focused on drug
metabolizing enzymes and membrane transporters,
which play a significant role in controlling drug
delivery and duration in the body. Genetic indicators
can optimize doses and help minimize toxicity in
certain drugs, such as antipsychotics that require
CYP2D6 for clearance. Genetic biomarkers associated
to drug receptors and signaling pathways may
influence pharmacological class selection. Although
this technique is gaining traction in cancer treatment,
our understanding of other therapeutic areas remains
restricted[57]. Healthcare providers should adapt
pharmacotherapy based on a patient's genotype, which
can be determined using drug labels and guidelines.
However, the majority of patients do not yet know their
clinically important genotypes. Due to a lack of data
supporting upfront panel-based genotyping, PGx is
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1 Gene-drug pairs, in accordance with evidence-based dose adjustment guidelines®

Nortriptyline
Amitriptyline
Sertrakne

Anticonvulsants Carbamazepine’

Drug class Drug Gene

Anticancer agents and immunosuppressants Azathioprine TPMT
Mercaptopurine TPMT
S-Fluorouracil DPYD
Capecitabine DPYD
Irinotecan’ UGTIAT
Tacrolimus CYP3AS
Tamoxifen CYP2D6

Anticoagulants and antiplatelet agents Warfarin CYPXCH, VKORCI, CYP&F2
Clopidogrel CYPX9

Antimicrobials Abacavir HLA-B
Voriconazole CYPXS
Aminoglycosides’ MT-RNR1

Antidepressants Fluvaxamine CYP2D6, CYP2CTS
Citalopram CYP2D6, CYP2C19

CYP2D6, CYP2(19
CYP2D6, CYP2C19
CYP2D6, CYP2(19

HLA-A, HLA-B

Analgesics Opioids'

NSAIDs

Phenytoin HLA-B, CYP2(9
Statins Simvastatin® SLCOIBI, ABCCZ, CYPXCS
Atorvastatin' SLCOIE1, ABCG2, CYPXY
Rosuvastatin® SLCOIBT, ABCC2, CYPXS
Proton pump inhibitors Omeprazole CYPXD
Pantoprazole CYP2C9
Lansoprazole CYPX19
Anti-gout agents Allopurinol HLA-B
Rasburicase’ GEPD

COMT, CYP2D6, OPRM1

CYPX9

Figure 4. Gene-drug pairings, according to evidence-based dose adjustment guidelines

primarily used for retrospective single-gene testing to
explain ineffectiveness or adverse responses. Despite
decades of clinical research on genetic polymorphisms
in pharmacogenes, many physicians and pharmacists
are still unaware of their potential[58-60]. Molecular
knowledge enables personalized treatments, perhaps
lowering costs by removing unsuccessful individual
medicines. Former HHS Secretary Leavitt predicted
that implementing the PHC paradigm would take a
generation due to its complex integration of multiple
components. The federal program will become a
collaborative effort between private sector and
academia. The PHC framework's architects will
collaborate with physicians, pharmacists, health
professionals, and patients to maximize its potential
(see Figure 5)[61].

9. Diagnostic & Prognostic Testing

Clinical trials including diagnostic and/or prognostic

Chinese Journal of Applied Physiology €20240011/2024 © 2024. The Author(s).

biomarkers are on the rise. One technique used in
customized treatment decisions is to find biomarkers
that are associated with patient treatment response
and outcomes. The number of therapeutic trials using
predictive biomarkers has increased tenfold over the
last five years. With several notable developments
in targeted medicines over the last decade[62-66].
Cancer patient treatment has greatly improved. Early
successes have included trastuzumab in breast cancer
and imatinib in chronic myelogenous leukemia (CML).
Trastuzumab, a targeted therapeutic medication, is
more effective when used with chemotherapy for
patients with HER2-positive early breast cancer.
Trastuzumab in combination with chemotherapy was
found to be effective for early HER2-positive breast
cancer patients, but not for high-risk HER2-negative
patients (NSABP B-31 trial excluded)[67-69].

10. Role of Pharmacogenomics and
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Figure 5. Genetic variation in metabolic phenotype

Pharmacoproteomics

eAdvances in genomics and genetics have
supplied a wealth of information, and researchers
are investigating how to integrate these discoveries
with people's genomes and medical histories.
The completion of the Human Genome Project
has prompted interest in pharmacogenomics.
Pharmacogenomics is a scientific discipline that
studies the ability to screen for changes in genes and
their expression using molecular diagnostics and then
treat with targeted drugs[70].

eIndividual genetic profile can predict illness
risk and treatment response, leading to more
tailored therapy and better knowledge of disease
pathophysiology. According to a survey of hospitalized
patients, adverse medication responses are the sixth
largest cause of death, emphasizing the importance of
proper treatment[71].

ePharmacoproteomics, with pharmacogenomics
and pharmacogenetics, plays a crucial role in
developing tailored treatments. Pharmacoproteomics
utilizes proteome methods for drug discovery and
development, providing a better functional depiction of
individual variation compared to genotyping. Protein
chips and other proteomic technologies are expected
to play a larger role in clinical diagnosis in the coming
years[72].

11.The Complex System of Drug
Metabolism

Orally ingested medications may pass through the
upper GI tract and small intestine before reaching the
large intestine, where they come into contact with the
hundreds of bacteria species that live in the human
gut. Complex drug-microbial interactions primarily
occur in the colon. Drugs can modify the intestinal
milieu, microbial metabolism, or bacterial growth, all
of which affect the composition and function of the
microbial community. In contrast, the gut microbiome
can directly engage in the chemical modification
of medicines (Fig. 6). Drug metabolism in the host
happens mostly in the liver and is separated into two
stages of reaction: modification and conjugation. It has
been recognized, however, that the chemical alterations
carried out by gut bacteria differ significantly from
these hepatic activities[73]. Drug metabolites are
delivered to targeted tissues after metabolism in the
gut and/or liver, or they are eliminated by the kidneys
into urine or by the liver via the biliary system back
into the gut lumen. In the gut, medicines or their drug
metabolites may be exposed to bacterial metabolism
(e.g., deconjugation) and (re)absorption[74]

12. Medication Perturbs the Gut
Microbiota
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Figure 6. Personalized health care building

Drug's alteration in microbial makeup and function
can contribute to its overall effects on the host, raising
concerns about drug administration. Antibiotics'
effects on the gut microbiome are the most
investigated. Antibiotic-induced dysbiosis in the gut
microbiome can increase susceptibility to infections,
disrupt immunological homeostasis, deregulate
metabolism, and obesity[75]. Furthermore, it is a
leading cause of Clostridium difficile infection, a serious
intestinal inflammation caused by the overgrowth of
this bacteria, which affects around 124,000 individuals
every year and causes 3,700 deaths in Europe[76].
Aside from antibiotics, a number of research in
humans and mice have recently examined the effect
of other regularly used medications on the gut flora.
This includes our metagenomics analysis in a Dutch
population cohort of 1,135 samples, where we
discovered 19 medications that altered gut microbial
composition. While the majority of the current
findings are association-based, the identification of
a causal impact of proton pump inhibitors (PPIs),
which are used to treat gastro-oesophageal reflux and
heartburn, and the anti-diabetic drug metformin on
gut microbiome composition provides firm evidence
that change in gut microbiome should be considered
when evaluating drug safety, and that drug use can

Chinese Journal of Applied Physiology €20240011/2024 © 2024. The Author(s).

also confound microbiome analysis (Fig 7) [77].

13. Conclusion

Examining the variation profiles of several people is
essential for identifying genetic biomarkers for certain
illnesses. Even while NGS is becoming more affordable,
it is still beyond of reach for several nations. Genomic
analysis will become more affordable as technology
and informatics continue to advance. It is anticipated
that microarrays and bead arrays, two forms of
inexpensive genotyping technology, would become
more prevalent in therapeutic settings. Sequencing
errors in homopolymer regions, which may happen on
certain systems, are presently limiting NGS. Sequence
data analysis is laborious and requires expertise
in bioinformatics. Tight regulations are necessary
to ensure the safety and effectiveness of drugs
before they can be commercialized. A more tailored
approach to medicine prescription is possible with
the use of NGS technology, which can analyze genetic
profiles. By customizing pharmaceutical prescriptions
to reduce adverse effects and overconsumption,
pharmacogenomics is an essential component of
individualized therapy. New drugs that are safer, more
effective, and less expensive may be developed using



A Comprehensive Review: Pharmacogenomics and Personalized Medicine Customizing Drug Therapy

Based on Individual Genetics Profiles

Function

Figure 7. Sites and types of reactions for drug metabolism

- - Reduction
.. Hydrolysis

~ i

Gut microbiota Intestinal epithelium

: Onxidation
. Conjugation T

Liver

l A
(E:mnaﬁmviarama

Biliary excration

( Elimination via urine )

Figure 8. Drug Microbe Effect

genetic data. To better understand the underlying
causalities and processes, a systems-based approach
and specialized drug testing methodologies are
needed. This is because there is a broad variety of
microbial composition, and microbes play varied
roles in the host. Additionally, drug-diet-microbe-
host interactions are intricate. New, state-of-the-art
technologies in areas such as bacterial culturomics
and individualized organs-on-chips, along with the
exponential expansion of databanks and biobanks
that store vast quantities of information about a single
person, will allow personalized medicine to enter its
next stage.

Conflict of interest

There are no conflicting interests, as the authors
have stated.

References

1. Cecchin E, Stocco G. Pharmacogenomics and
personalized medicine. Genes. 2020 Jun 22;11(6):679.

2. Kalow W. Pharmacogenetics and pharmacogenomics:
origin, status, and the hope for personalized medicine.
The pharmacogenomics journal. 2006 May;6(3):162-5.

3.  Xie HG, Frueh FW. Pharmacogenomics steps toward
personalized medicine. Personalized medicine. 2005
Nov 1;2(4):325-37.

4. Singh P. Pharmacogenomics advances: customizing
drug therapies for individual patients. Journal of
Advanced Research in Pharmaceutical Sciences and
Pharmacology Interventions. 2023 Jul 14;6(1):21-7.

Chinese Journal of Applied Physiology €20240011/2024 © 2024. The Author(s).

Dash et al.

10



11

A Comprehensive Review: Pharmacogenomics and Personalized Medicine Customizing Drug Therapy

Based on Individual Genetics Profiles

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Chinese Journal of Applied Physiology €20240011/2024 © 2024. The Author(s).

Squassina A, Manchia M, Manolopoulos VG, Artac
M, Lappa-Manakou C, Karkabouna S, Mitropoulos K,
Zompo MD, Patrinos GP. Realities and expectations of
pharmacogenomics and personalized medicine: impact
of translating genetic knowledge into clinical practice.
Pharmacogenomics. 2010 Aug;11(8):1149-67.
Rabbani B, Nakaoka H, Akhondzadeh S, Tekin M,
Mahdieh N. Next generation sequencing: implications
in personalized medicine and pharmacogenomics.
Molecular biosystems. 2016;12(6):1818-30.

Hassan R, Allali I, Agamah FE, Elsheikh SS, Thomford
NE, Dandara C, Chimusa ER. Drug response
in association with pharmacogenomics and
pharmacomicrobiomics: towards a better personalized
medicine. Briefings in bioinformatics. 2021 Jul;22(4):
bbaa292.

Balogun OD, Ayo-Farai O, Ogundairo O, Maduka CP,
Okongwu CC, Babarinde AO, Sodamade OT. The role
of pharmacists in personalised medicine: a review of
integrating pharmacogenomics into clinical practice.
International Medical Science Research Journal. 2024
Jan 8;4(1):19-36.

Sauver JL, Bielinski SJ, Olson JE, Bell E]J, Mc Gree ME,
Jacobson DJ, McCormick |B, Caraballo PJ], Takahashi
PY, Roger VL, Vitek CR. Integrating pharmacogenomics
into clinical practice: promise vs reality. The American
journal of medicine. 2016 Oct 1;129(10):1093-9.
Johansen Taber KA, Dickinson BD. Pharmacogenomic
knowledge gaps and educational resource needs among
physicians in selected specialties. Pharmgenomics Pers
Med. 2014;7:145-62.

Stanek EJ, Sanders CL, Taber KA, et al. Adoption
of pharmacogenomic testing by US physicians:
results of a nationwide survey. Clin Pharmacol Ther.
2012;91(3):450-8

Haga SB, Burke W, Ginsburg GS, et al. Primary
care physicians' knowledge of and experience
with pharmacogenetic testing. Clin Genet.
2012;82(4):388-94.

Unertl KM, Field JR, Price L, Peterson JF. Clinician
perspectives on using pharmacogenomics in clinical
practice. Pers Med. 2015;12(4):339-47.

Patel HN, Ursan ID, Zueger PM, et al. Stakeholder
views on pharmacogenomic testing. Pharmacotherapy.
2014;34(2):151-65.

Principi N, Petropulacos K, Esposito S. Impact
of pharmacogenomics in clinical practice.
Pharmaceuticals. 2023 Nov 13;16(11):1596.

Relling, M.V;; Klein, T.E. CPIC: Clinical Pharmacogenetics
Implementation Consortium of the Pharmacogenomics
Research Network. Clin. Pharmacol. Ther. 2011, 89,
464-467.

Relling, M.V.; Klein, T.E.; Gammal, R.S.; Whirl-
Carrillo, M.; Hoffman, J.M.; Caudle, K.E. The Clinical
Pharmacogenetics Implementation Consortium: 10
years later. Clin. Pharmacol. Ther. 2020, 107, 171-175.
Swen, ].J.; Wilting, 1.; Goede, A.L. Pharmacogenetics:
From benchto byte. Clin. Pharmacol. Ther. 2008, 83,
781-787.

Thorn, C.F.; Klein, T.E.; Altman, R.B. PharmGKB:

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Dash et al.

The pharmacogenomics knowledge base.
Pharmacogenomics Methods Protoc. 2013, 1015, 311-
320.

Ventola CL. Pharmacogenomics in clinical practice:
reality and expectations. Pharmacy and Therapeutics.
2011 Jul;36(7):412.

Gervasini G, Benitez ], Carrillo JA. Pharmacogenetic
testing and therapeutic drug monitoring are
complementary tools for optimal individualization of
drug therapy. Eur | Clin Pharmacol. 2010;66(8):755-
774.

Vijverberg SJ, Pieters T, Cornel MC. Ethical and social
issues in pharmacogenomics testing. Curr Pharm Des.
2010;16(2):245-252.

Squassina A, Manchia M, Manolopoulos VG, et al.
Realities and expectations of pharmacogenomics and
personalized medicine: Impact of translating genetic
knowledge into clinical practice. Pharmacogenomics.
2010;11(8):1149-1167.

Pirmohamed M. Acceptance of biomarker-based
tests for application in clinical practice: Criteria and
obstacles. Clin Pharmacol Ther. 2010;88(6):862-866.
(online, October 27, 2010).

Weinshilboum R, Wang L (2004) Pharmacogenomics:
Bench to bedside. Nat Rev Drug Discov 3: 739-748.
Swen JJ, Huizinga TW, Gelderblom H, de Vries EG,
Assendelft W], Kirchheiner ], Guchelaar HJ. Translating
pharmacogenomics: challenges on the road to the
clinic. PLoS medicine. 2007 Aug;4(8):e209.

Kobayashi, S., Boggon, T.]., Dayaram, T., Janne, P.A.,
Kocher, O., Meyerson, M., Johnson, B.E., Eck, M.].,
Tenen, D.G. and Halmos, B. (2005) EGFR mutation and
resistance of non-small-cell lung cancer to gefitinib. N.
Engl.]. Med., 352, 786-792.

Marsh S, McLeod HL. Pharmacogenomics: from bedside
to clinical practice. Human molecular genetics. 2006
Apr 15;15(suppl_1):R89-93.

Thomas A, Rajan A, Lopez-Chavez A, Wang Y, Giaccone
G. From targets to targeted therapies and molecular
profiling in non-small cell lung carcinoma. Ann Oncol
2013;24:577-585.

MacConaill LE, Van Hummelen P, Meyerson M, Hahn
WC. Clinical implementation of comprehensive
strategies to characterize cancer genomes:
opportunities and challenges. Cancer Discov
2011;1:297-311.

Lindeman NI, Cagle PT, Beasley MB, et al. Molecular
testing guideline for selection of lung cancer patients
for EGFR and ALK tyrosine kinase inhibitors:
guideline from the College of American Pathologists,
International Association for the Study of Lung Cancer,
and Association for Molecular Pathology. ] Thorac
Oncol 2013;8:823-859.

Evaluation of Genomic Applications in Practice
and Prevention (EGAPP) Working Group.
Recommendations from the EGAPP Working Group:
can testing of tumor tissue for mutations in EGFR
pathway downstream effector genes in patients with
metastatic colorectal cancer improve health outcomes
by guiding decisions regarding anti-EGFR therapy?



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

A Comprehensive Review: Pharmacogenomics and Personalized Medicine Customizing Drug Therapy

Based on Individual Genetics Profiles

Genet Med 2013;15:517-527.

Douillard JY, Oliner KS, Siena S, et al. Panitumumab-
FOLFOX4 treatment and RAS mutations in colorectal
cancer. N Engl ] Med 2013;369:1023-1034.

Gonzalez D, Fearfield L, Nathan P, et al. BRAF mutation
testing algorithm for vemurafenib treatment in
melanoma: recommendations from an expert panel. Br
] Dermatol 2013;168:700-707.

Sosman JA, Kim KB, Schuchter L, et al. Survival in
BRAF V600-mutant advanced melanoma treated with
vemurafenib. N Engl ] Med 2012;366:707-714.

Gargis AS, Kalman L, Berry MW, et al. Assuring the
quality of next-generation sequencing in clinical
laboratory practice. Nat Biotechnol 2012;30:1033-
1036.

Rehm HL, Bale SJ], Bayrak-Toydemir P, et al.; Working
Group of the American College of Medical Genetics and
Genomics Laboratory Quality Assurance Commitee.
ACMG clinical laboratory standards for next-generation
sequencing. Genet Med 2013;15:733-747.

Tennessen JA, Bigham AW, O’Connor TD, et al.; Broad
GO; Seattle GO; NHLBI Exome Sequencing Project.
Evolution and functional impact of rare coding
variation from deep sequencing of human exomes.
Science 2012;337:64-69.

Forbes SA, Bindal N, Bamford S, et al. COSMIC:
mining complete cancer genomes in the Catalogue
of Somatic Mutations in Cancer. Nucleic Acids Res
2011;39(Database issue):D945-D950.

Cerami E, Gao ], Dogrusoz U, et al. The cBio cancer
genomics portal: an open platform for exploring
multidimensional cancer genomics data. Cancer Discov
2012;2:401-404.

Sukhai MA, Craddock KJ, Thomas M, Hansen AR,
Zhang T, Siu L, Bedard P, Stockley TL, Kamel-Reid S. A
classification system for clinical relevance of somatic
variants identified in molecular profiling of cancer.
Genetics in Medicine. 2016 Feb;18(2):128-36.

White C, Scott R, Paul CL, Ackland SP.
Pharmacogenomics in the era of personalised
medicine. The Medical Journal of Australia. 2022
Nov;217(10):510.

Lunenburg C, van der Wouden CH, Nijenhuis M, et
al. Dutch Pharmacogenetics Working Group (DPWG)
guideline for the gene-drug interaction of DPYD and
fluoropyrimidines. Eur ] Hum Genet 2020; 28: 508-517.
Swen JJ, Nijenhuis M, de Boer A, et al.
Pharmacogenetics: from bench to byte—an update of
guidelines. Clin Pharmacol Ther 2011; 89: 662-673.
White C, Scott R], Paul C, et al. Dihydropyrimidine
dehydrogenase deficiency and implementation of
upfront DPYD genotyping. Clin Pharmacol Ther 2022;
112:791-802.

Martens FK, Huntjens DW, Rigter T, et al. DPD
testing before treatment with fluoropyrimidines
in the Amsterdam UMCs: an evaluation of current
pharmacogenetic practice. Front Pharmacol 2020; 10:
1609.

Loriot MA, Ciccolini J, Thomas F, et al.
[Dihydropyrimidine déhydrogenase (DPD) deficiency

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Dash et al.

screening and securing of fluoropyrimidine-based
chemotherapies: update and recommendations of the
French GPCO-Unicancer and RNPGx networks.] Bull
Cancer 2018; 105: 397-407

Hamzic S, Aebi S, Joerger M, et al. Fluoropyrimidine
chemotherapy: recommendations for DPYD genotyping
and therapeutic drug monitoring of the Swiss Group of
Pharmacogenomics and Personalised Therapy. Swiss
Med WKkly 2020; 150: w20375.

Cacabelos R, Tellado I, Cacabelos P. The Epigenetic
Machinery in the Life Cycle and Pharmacoepigenetics.
In: Cacabelos R, editor. Pharmacoepigenetics. Academic
Press/Elsevier; 2019.

Cacabelos R, Cacabelos N, Carril JC. The role of
pharmacogenomics in adverse drug reactions.
Expert Review of Clinical Pharmacology. 2019 May
4;12(5):407-42.

Pirmohamed M, Park BK. Genetic susceptibility
to adverse drug reactions. Trends Pharmacol Sci
2001;22:298-305.

Moore N. The role of the clinical pharmacologist in the
management of adverse drug reactions. Drug Safety
2001;24:1-7.

Knowles SR, Uetrecht ], Shear NH. Idiosyncratic drug
reactions: the reactive metabolite syndromes. Lancet
2000;356:1587-91.

Noble J., A.; Valdes A., M. Genetics of the HLA Region in
the Prediction of Type 1 Diabetes. Curr. Diabetes Rep.
2011,11, 533-542.

Malsagova KA, Butkova TV, Kopylov AT, [zotov AA,
Potoldykova NV, Enikeev DV, Grigoryan V, Tarasov A,
Stepanov AA, Kaysheva AL. Pharmacogenetic testing:
a tool for personalized drug therapy optimization.
Pharmaceutics. 2020 Dec 19;12(12):1240.

Schaeffeler, E.; Schwab, M.; Eichelbaum, M.; Zanger,
U.M. CYP2D6 Genotyping Strategy Based on Gene Copy
Number Determination by TagMan Real-Time PCR.
Hum. Mutat. 2003, 22, 476-485.

Sadee W. Genomics and personalized medicine.
International journal of pharmaceutics. 2011 Aug
30;415(1-2):2-4.

Relling, M. V., Gardner, E. E., Sandborn, W. J.,
Schmiegelow, K., Pui, C. H., Yee, S. W,, et al. (2011).
Clinical Pharmacogenetics Implementation Consortium
guidelines for thiopurine methyltransferase genotype
and thiopurine dosing. Clinical Pharmacology
and therapeutics, 89(3), 387-391. thiopurine
methyltransferase genotype and thiopurine dosing.
Clinical Pharmacology and Therapeutics, 89(3), 387-
391.

Swen, ]. ]J., Nijenhuis, M., de Boer, A., Grandia, L.,
Maitland-van der Zee, A. H., Mulder, H., et al. (2011).
Pharmacogenetics: From bench to byte—An update of
guidelines. Clinical Pharmacology and Therapeutics,
89(5), 662-673.

Bank PC, Swen ]], Guchelaar HJ]. Implementation of
pharmacogenomics in everyday clinical settings.
Advances in Pharmacology. 2018 Jan 1;83:219-46.
Owen JA. Integrating pharmacogenomics into
pharmacy practice via medication therapy

Chinese Journal of Applied Physiology €20240011/2024 © 2024. The Author(s).

12



13

A Comprehensive Review: Pharmacogenomics and Personalized Medicine Customizing Drug Therapy

Based on Individual Genetics Profiles

62.

63.

64.

65.

66.

67.

68.

69.

Chinese Journal of Applied Physiology €20240011/2024 © 2024. The Author(s).

management: American Pharmacists Association.
Journal of the American Pharmacists Association. 2011
Nov 1;51(6):e64-74.

Simon R: Clinical trial designs for evaluating the
medical utility of prognostic and predictive biomarkers
in oncology. Personalized Med. 7(1), 33-47 (2010).

Ye F, Gao Q, Cai MJ: Therapeutic targeting of EGFR in
malignant gliomas. Expert Opin. Ther. Target. 14(3),
303-316 (2010).

Ekman S, Bergqvist M, Tell R et al.: Hsp90 as a
therapeutic target in patients with oesophageal
carcinoma. Expert Opin. Ther. Target. 14(3), 317-328
(2010).56

Brown P, Hunger SP, Smith FO et al.: Novel targeted
drug therapies for the treatment of childhood acute
leukemia. Expert Rev. Hematol. 2(9), 145-158 (2009).
Goffin ], Lacchetti C, Ellis PM et al.: First-line systemic
chemotherapy in the treatment of advanced non-small
cell lung cancer: a systemic review. ]. Thorac. Oncol.
5(2), 260-274 (2010).

Garnock-Jones KP, Keating GM, Scott L]: Trastuzumab:
a review of its use as adjuvant treatment in human
epidermal growth factor receptor 2 (HER2)-positive
early breast cancer. Drugs 70(2), 215-239 (2010).
Quintas-Cardama A, Kantarjian H, Cortes J: Imatinib
and beyond - exploring the full potential of targeted
therapy for CML. Nat. Rev. Clin. Oncol. 6(9), 535-543
(2009).
Jiang Y, Wang M. Personalized medicine in oncology:

70.

71.

72.

73.

74.

75.

76.

77.

Dash et al.

tailoring the right drug to the right patient. Biomarkers
in medicine. 2010 Aug 1;4(4):523-33.

Lazarou ], Pomeranz BH, Corey PN. Incidence of
adverse drug reactions in hospitalized patients:
A meta-analysis of prospective studies. JAMA
1998;279:1200-5.

Jain KK. Role of pharmacoproteomics in
the development of personalized medicine.
Pharmacogenomics 2004;5:331-6.
Jain KK. Role of pharmacoproteomics in
the development of personalized medicine.
Pharmacogenomics 2004;5:331-6.

Koppel N, Rekdal VM, Balskus EPChemical
transformation of xenobiotics by the human gut micro
biotaScience20173561246-1257.

Stein A, Voigt W, Jordan KChemotherapy-induced
diarrhea: pathophysiology, frequency and guideline-
based managementTher Adv Med Oncol2010251-63.
Francino MPAntibiotics and the human gut
microbiome: dysbioses and accumulation of
resistancesFront Microbiol2016,

European surveillance of Clostridium difficile
infections. Surveillance protocol version 2.2 (2015)
European Centre for Disease Prevention and Control.
Zhernakova A, Kurilshikov A, Bonder M], Tigchelaar
EF, Schirmer M, Vatanen T, Mujagic Z,Vila AV, Falony
G, Vieira-Silva S.et al.Population-based metagenomics
analysis reveals markers for gut microbiome
composition and diversity Science2016352565-569.



