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 Abstract: Introduction: The integration of pharmacogenomics 
into clinical practice offers great potential to transform 
conventional (trial-and-error) healthcare into preventive 
precision medicine, with the aim of minimizing treatment failure 
and adverse drug reactions. However, its global implementation 
still exhibits significant multidimensional disparities. Methods: 
This review article was compiled using a systematic narrative 
literature review of global scientific literature published through 
2026 via the PubMed, Scopus, ScienceDirect, and Google Scholar 
databases. Results: Clinical standardization is dominated by 
international guidelines (CPIC and DPWG) as well as drug 
labeling policies from the FDA and EMA. Oncology is the most 
progressive sector in mandating pre-treatment genetic screening 
due to narrow therapeutic indices. Successful implementation in 
developed countries is supported by the digitization of genomic 
data integrated into Electronic Health Record (EHR) and Clinical 
Decision Support System (CDSS) systems. Nevertheless, adoption 
in developing countries remains hindered by high costs, limited 
insurance coverage, a lack of medical practitioner competency 
due to curriculum limitations, and the presence of a Caucasian 
population bias (genomic Eurocentrism) in global databases. 
Conclusion: Accelerating the widespread adoption of precision 
medicine requires a strategic shift from reactive testing to more 
cost-effective, preemptive preventive testing. Additionally, 
autonomous management of local genomic databases is 
necessary to eliminate ethnic bias, and interprofessional 
collaboration must be strengthened by positioning clinical 
pharmacists specializing in pharmacogenomics as key 
translational bridges to ensure patient safety. 
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PENDAHULUAN  

In the face of the evolving landscape of global health threats and increasingly complex 
disease challenges, a “one-size-fits-all” approach is no longer sufficient for national resilience 
(Fineide et al., 2023). Personalized medicine holds great potential to revolutionize healthcare 
for both the general public and individual patients by enabling earlier disease detection, 
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more accurate diagnoses, and tailored treatments (Wong et al., 2023).The adoption of this 
cutting-edge discipline goes beyond mere treatment methods; it represents a critical 
investment in healthcare infrastructure, ensuring stronger, more equitable, and tailored 
health protection for all populations (Gastmeier, 2020).  

One of the biggest challenges in conventional treatment models is the high rate of 
treatment failure and adverse drug reactions, which are often caused by differences in how 
each individual’s body processes chemicals. This issue can actually be significantly 
minimized through pre-treatment genetic screening, which allows doctors to identify specific 
genetic variants that affect drug metabolism (Stocker & Polasek, 2025). By understanding a 
patient’s pharmacogenomic profile, medical intervention is no longer a trial-and-error 
process, but rather a preventive measure that ensures maximum efficacy while preventing 
life-threatening toxic side effects. 

The main challenges in today’s healthcare system are the high rates of treatment failure 
and the incidence of adverse drug reactions, which are often rooted in individual genetic 
variability in responding to chemical substances (Cacabelos et al., 2019).Without 
consideration of genetic profiles, prescribing medications becomes a trial-and-error process 
that not only jeopardizes patient safety but also increases the workload of healthcare 
professionals. In fact, most of these adverse drug reactions can actually be prevented through 
pre-treatment genetic screening capable of identifying risks of drug toxicity or 
ineffectiveness before the medication is administered to the patient (Peruzzi et al., 2025; 
Swen et al., 2023). 

The implementation of pharmacogenomics offers great potential to transform clinical 
outcomes by ensuring each patient receives a treatment regimen best suited to their 
biological profile. Integrating pharmacogenomics into routine practice not only significantly 
improves treatment efficacy but also serves as a long-term cost-efficiency strategy (Skokou 
et al., 2024). By minimizing hospital stays due to drug-related complications and avoiding 
costs associated with ineffective therapies, precision medicine can reduce overall healthcare 
costs while sustainably improving patients’ quality of life. 

Despite its significant clinical potential, the integration of pharmacogenomics into clinical 
practice still faces significant global barriers, ranging from high testing costs and inadequate 
data infrastructure to a lack of standardized clinical guidelines across healthcare facilities 
(Koufaki et al., 2024). In addition to these technical challenges, there is a wide knowledge gap 
across the healthcare workforce, where limited understanding and uncertainty in 
interpreting genomic data are major barriers to therapeutic decision-making (Abdela et al., 
2017; Alnaimi et al., 2024; Pirmohamed, 2023; Unertl et al., 2015). Therefore, strengthened 
education and robust interprofessional collaboration are needed so that all medical 
practitioners have the confidence to integrate genetic information into their daily treatment 
protocols. 

Although clinical evidence and technological advances in pharmacogenomics continue to 
evolve rapidly, its real-world implementation still shows significant global disparities. In 
some developed countries, pharmacogenomics standardization has been successfully 
integrated into Electronic Health Record (EHR) systems, supported by health agency 
guarantees and structured financing. Conversely, the majority of developing countries still 
face multidimensional challenges, ranging from limited laboratory infrastructure, high 
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testing costs not covered by insurance schemes, to immature national regulations. 
Furthermore, there is a significant gap in the readiness and understanding of healthcare 
professionals, including physicians and pharmacists, regarding the interpretation of genetic 
data into therapeutic recommendations in clinical practice. Therefore, periodic 
comprehensive evaluations are absolutely necessary to map these implementation 
disparities and identify the real barriers faced by various healthcare systems worldwide.  

To bridge this gap, a literature synthesis is needed that can summarize the dynamics of 
this transition on a global scale. Therefore, this review article aims to examine current global 
trends in the integration of pharmacogenomics into clinical practice, analyze international 
regulations and guidelines from global consortia, and discuss its applications across major 
therapeutic areas. Additionally, this article will identify critical challenges in the field and 
outline future directions to achieve the implementation of equitable and universal precision 
medicine-based healthcare worldwide.  
 
METHODS 

This review article was compiled using a systematic narrative review method of the global 
scientific literature published up to 2026. The literature search was conducted electronically 
through several major internationally renowned databases, including PubMed/MEDLINE, 
Scopus, ScienceDirect, and Google Scholar. A keyword-based search strategy was applied 
using a combination of Boolean operators (AND/OR) on the following terms: 
“pharmacogenomics integration,” “clinical practice,” “global trends,” “precision medicine,” 
and “implementation barriers.” Inclusion criteria for article selection included original 
research articles, previous review articles, and official clinical guidelines from international 
consortia such as the CPIC (Clinical Pharmacogenetics Implementation Consortium) and the 
DPWG (Dutch Pharmacogenetics Working Group), published in English and Indonesian. 
Articles that were not relevant to the focus on clinical implementation, lacked full-text access, 
or were published outside the scope of the topic were excluded from this review. The data 
obtained were then qualitatively synthesized to map the regulatory landscape, clinical 
applications, technological infrastructure, and implementation barriers across various 
regions of the world.  
 
RESULT: 

The global regulatory landscape for the adoption of pharmacogenomics into clinical 
practice currently exhibits complex dynamics due to disparities in policy, healthcare 
infrastructure, and legal readiness across countries. The primary drivers of this clinical 
translation standardization are dominated by recommendations from leading international 
consortia, such as the Clinical Pharmacogenetics Implementation Consortium (CPIC) in the 
United States and the Dutch Pharmacogenetics Working Group (DPWG) in Europe. These two 
frameworks serve as evidence-based universal guidelines that translate patient genotypes 
into concrete treatment strategies, including dose modifications or the selection of 
alternative medications (Bank et al., 2018). Although these recommendations are not legally 
binding, the blueprints they publish are widely adopted by various global healthcare 
institutions and serve as a reference for developing countries in drafting their national 
guidelines to minimize the incidence of adverse drug reactions and optimize the efficacy of 
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precision therapy. 
At the level of drug regulatory authorities, the implementation of PGx is formally carried 

out through strict drug labeling policies by regulatory bodies such as the Food and Drug 
Administration (FDA) in the United States and the European Medicines Agency (EMA) in 
Europe (Kim et al., 2021). These authorities are progressively adding black box warnings or 
special labeling that recommends, and in some cases even mandates, genetic testing before a 
drug is prescribed to a patient. As a concrete example, the FDA has updated the labeling for 
Clopidogrel to include a strong warning for patients with “poor metabolizer” status due to 
CYP2C19 gene variants, who are at risk of failure of basic antiplatelet therapy (Bank et al., 
2018; Lee et al., 2022). Similarly, the dosing algorithm for Warfarin, which accounts for 
variations in the CYP2C9 and VKORC1 genes, as well as the requirement to screen for the 
HLA-B* 57:01 allele before initiating Abacavir to prevent fatal hypersensitivity reactions, 
serves as evidence of how drug regulatory policies have shifted from a reactive approach 
toward a preventive one based on population genomic profiles (Mallal et al., 2008; Small et 
al., 2017). 

Current mapping of clinical applications indicates that oncology, cardiology, and 
psychiatry are the medical fields that are most prepared and have made the most significant 
strides in integrating pharmacogenomics into standard treatment protocols. In oncology, 
genetic testing has even become a mandatory procedure, such as screening for TPMT and 
NUDT15 gene variants prior to initiating thiopurine chemotherapy to prevent the risk of 
hematologic toxicity and myelosuppression, which can be fatal for patients (Maillard et al., 
2026; Walker et al., 2019). Meanwhile, in cardiology and psychiatry, the trend toward 
utilizing PGx is growing exponentially to guide dose personalization and minimize severe 
side effects; this is evident in the use of CYP2D6 and CYP2C19 gene algorithms to optimize 
the selection and efficacy of antidepressant medications (Vos et al., 2023). Furthermore, in 
the fields of neurology and emergency medicine, preventive screening for the HLA-B* 15:02 
has now become a crucial standard prior to prescribing the antiepileptic drug 
carbamazepine, particularly in Asian populations, to eliminate the risk of severe cutaneous 
hypersensitivity reactions such as Stevens-Johnson Syndrome (SJS) and Toxic Epidermal 
Necrolysis (TEN) (Chang et al., 2011; Devi, 2018). 

The integration of digital technology into the modern hospital ecosystem has become the 
backbone of the successful global implementation of clinical pharmacogenomics, marked by 
the successful digitization of patient genomic data into Electronic Health Record (EHR) 
systems at various leading healthcare centers in developed countries (Morris et al., 2024). 
This transformation enables the real-time realization of precision medicine through the use 
of Clinical Decision Support Systems (CDSS), a clinical decision support system based on 
intelligent computer algorithms that is directly integrated with the physician’s prescribing 
interface (Liu et al., 2021; Morris et al., 2024). When a clinician enters a prescription order 
for a specific medication at a standard dose, the CDSS automatically synchronizes with the 
patient’s DNA profile stored in the EHR; if the system detects a specific genetic variant—such 
as poor metabolizer status—the computer will immediately display an automatic pop-up 
alert on the screen that not only warns the doctor about the risk of treatment failure or acute 
toxicity but also directly recommends safe drug alternatives or dose adjustments in 
accordance with current international clinical guidelines.  
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Although the clinical potential of pharmacogenomics is highly promising, a review of the 
literature indicates the existence of significant economic and educational barriers, 
particularly in developing countries. One of the biggest obstacles is the high cost of genetic 
testing, which is not yet supported by adequate health insurance coverage or reimbursement 
systems, meaning that the financial burden must be borne entirely by patients out-of-pocket 
(Cavallari et al., 2025; Lemke et al., 2023). This situation is exacerbated by a massive 
knowledge gap among healthcare professionals; various global surveys indicate that the 
majority of doctors and pharmacists still lack confidence in translating and interpreting PGx 
laboratory results into clinical decisions (Alhaddad et al., 2022; Gawronski et al., 2024; 
Muller-Gass et al., 2025). This phenomenon stems from the lack of integration of 
pharmacogenomics and precision medicine curricula in medical higher education 
institutions, which ultimately creates a gap between technological readiness in the 
laboratory and practical application at the patient’s bedside. 

In addition to economic and educational barriers, the effectiveness of PGx implementation 
globally is also limited by issues of ethnic data disparity, which lead to chronic population 
bias. Currently, the majority of global biobank and genomic database data underpinning 
international clinical guidelines are dominated by populations of Caucasian descent (Europe 
and North America). This lack of diversity is a critical issue because genetic variability and 
allele frequencies related to drug response vary significantly across ethnic groups; 
consequently, the accuracy of phenotype predictions or dosing algorithms developed based 
on Western population data often decreases or loses its clinical relevance when applied to 
non-Caucasian populations, such as Asian and African populations (Graham et al., 2021; Ju et 
al., 2022; Schoeler et al., 2023; Wojcik et al., 2019). Without inclusive local genomic research 
to enrich the global data pool, the application of pharmacogenomics across the globe will 
continue to face challenges regarding validity and bias that could potentially compromise 
patient safety. 
 
DISCUSSION 

The use of strong labeling measures, such as black box warnings, by global drug regulatory 
agencies like the FDA and EMA has proven to have a significant impact; however, their 
effectiveness in practice depends heavily on the integration of supporting systems. These 
labeling regulations serve not only as safety warnings but also as legal instruments that 
compel clinicians to comply with pre-prescription genetic testing to avoid medical 
malpractice lawsuits. The success of implementation in developed countries demonstrates 
that strict regulatory policies can function optimally because they are supported in parallel 
by a robust healthcare legal system, operational standardization in hospitals, and insurance 
reimbursement schemes that ensure the cost of these tests does not burden patients. The 
implication is that top-down regulatory interventions prove effective in reducing the 
incidence of adverse drug reactions (ADRs) only if the surrounding clinical ecosystem is 
ready to facilitate such policies. 

Conversely, in a healthcare landscape where pharmacogenomic testing is not yet legally 
mandated and remains merely an optional recommendation, the adoption of this technology 
in hospital settings has been extremely slow. The lack of legal urgency and national 
regulatory certainty leads physicians to continue relying on conventional prescribing 
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methods (trial-and-error), given the absence of clinical sanctions or strict monitoring 
regarding the disregard of patients’ genetic variability. This dilemma is exacerbated in 
developing countries, where regulatory ambiguity is directly proportional to the lack of 
financial subsidies, leading to PGx testing being viewed as a cosmetic economic burden rather 
than a primary clinical necessity. Therefore, this critical synthesis of the global literature 
emphasizes that to bridge the gap between policy and practice, the formulation of binding 
national regulations that are adaptive to local health insurance systems is absolutely 
necessary so that the implementation of precision medicine does not remain merely a 
recommendation on paper. 

Disparities in the pace of pharmacogenomics implementation across therapeutic areas 
reflect differences in the clinical urgency and risk of fatality associated with the drugs used. 
Oncology is the most progressive field and has successfully established genetic testing as a 
mandatory procedure prior to the initiation of therapy. This readiness is driven by the 
characteristics of chemotherapy and targeted therapy drugs, which have a very narrow 
therapeutic index or safety margin. In this context, even the slightest genetic variation in a 
patient’s metabolic pathways can trigger a dramatic difference between an effective 
therapeutic dose and a fatal lethal dose. For example, the body’s inability to metabolize 
thiopurine-class drugs due to variants in the TPMT or NUDT15 genes not only reduces 
efficacy but directly triggers hematologic toxicity and acute myelosuppression, which can 
lead to the patient’s immediate death. It is these high-stakes clinical consequences that 
compel the global oncology community to prioritize the absolute standardization of 
Pharmacogenetics. 

In contrast, the clinical adoption of pharmacogenomics in the field of psychiatry has 
progressed much more slowly, and to date, its application remains largely optional or merely 
a secondary recommendation. The main barriers in this area stem from the complexity of the 
etiology of psychiatric disorders themselves, as mental illnesses are multifactorial in nature, 
involving intricate interactions between neurobiological pathways, environmental factors, 
psychosocial factors, and epigenetic factors. Although variations in metabolizing genes such 
as CYP2D6 or CYP2C19 have been shown to affect plasma levels of antidepressants or 
antipsychotics in the body, such genetic variability is only a small component of the overall 
determinants of a patient’s clinical response. Consequently, positive genetic test results do 
not always correlate linearly with the success of improving a patient’s psychological 
symptoms in clinical practice; thus, many psychiatrists still choose to rely on the 
conventional approach of gradual empirical clinical monitoring (trial-and-error). 

This phenomenon of uneven progress underscores the critical point that the translation 
of PGx from the laboratory to clinical practice cannot be approached with a one-size-fits-all 
approach. The fields of cardiology and psychiatry require the development of more 
comprehensive clinical algorithms that not only isolate single-gene factors but are also 
capable of integrating multigenic data along with patient clinical variables such as age, organ 
function, body weight, and drug-drug interactions. As long as clinical guidelines for non-
oncology areas have not been able to demonstrate that genetic testing can significantly 
improve therapeutic efficacy or reduce total hospital care costs compared to conventional 
methods, this implementation gap across medical fields will persist as one of the greatest 
challenges in the equitable distribution of global precision medicine services. 
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The acceleration of digital technology in the global healthcare sector has created an ironic 
sociological contradiction between the capabilities of computer systems and human resource 
readiness. On the one hand, medical technology infrastructure has reached a highly advanced 
level of capability through the integration of genomic data into Electronic Health Records 
(EHR) and the implementation of Clinical Decision Support Systems (CDSS) capable of 
generating real-time pop-up alerts during prescribing. However, on the other hand, the 
sophistication of these automated systems clashes sharply with the reality on the ground, 
where healthcare professionals—including doctors and pharmacists—face a deficit in 
clinical knowledge that triggers a crisis of confidence. This gap leads many clinicians to tend 
to ignore or even disable these automatic alert features due to their inability to interpret 
complex genetic data into practical clinical decisions, thus creating a paradox where digital 
technology is advancing far faster than the cognitive readiness of its users. 

The implications of this socio-technical gap underscore that massive financial investments 
in building advanced EHR and CDSS ecosystems will ultimately prove futile unless balanced 
by structural reforms in medical education. To bridge this gap, medical and pharmacy higher 
education institutions must immediately overhaul their conventional curricula by 
establishing the clinical interpretation of pharmacogenomics as a core competency that new 
graduates must master. Education must no longer be limited to the introduction of molecular 
genetics theory in the laboratory, but must focus on translational case studies in the clinical 
realm, such as how pharmacists formulate recommendations for dose adjustments based on 
genetic profiles for the physicians responsible for patients. Only through this adaptive and 
continuous curriculum restructuring can the full potential of precision medicine technology 
be realized to ensure patient safety in the modern era. 

The dominance of Caucasian populations in global biobank data has given rise to a 
phenomenon known as “genomic Eurocentrism,” a chronic population bias that carries very 
serious ethical and racial implications for the implementation of precision medicine. 
Currently, the majority of international clinical guidelines considered the gold standard 
worldwide, including those published by the CPIC, are developed based on Genome-Wide 
Association Studies (GWAS) whose subjects are predominantly from European and North 
American populations. The application of these racially biased genetic interpretation and 
dose-adjustment algorithms to non-Caucasian populations, such as Asian or African 
populations, has the potential to cause significant clinical harm. Genetic variability and allele 
frequencies related to drug metabolism are strongly tied to ethnic background; therefore, 
blindly extrapolating Western-based guidelines to local populations can lead to 
misclassification of patients’ drug response phenotypes, threatening their safety. 

The most representative example of the dangers of this data bias is clearly evident in 
protocols for preventing acute toxicity during thiopurine-based chemotherapy. In Western 
countries, screening for TPMT gene variants is a primary focus of clinical guidelines for 
predicting the risk of severe myelosuppression, as these variants are the most prevalent 
determining mutations in the Caucasian population. Conversely, genetic epidemiological data 
show that in Asian populations, including Southeast Asia and Indonesia, variations in the 
NUDT15 gene are far more common and have a much stronger correlation with the incidence 
of fatal thiopurine-induced toxicity compared to TPMT. If medical practitioners in Asia rigidly 
adopt Western literature by focusing solely on TPMT screening, they run a high risk of 
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underdetecting local patient groups carrying the NUDT15 mutation, ultimately exposing 
patients to the danger of fatal side effects that could otherwise be prevented. 

This critical gap underscores the absolute urgency for every region or country to establish 
and maintain autonomy in the management of local genomic databases. The ongoing global 
reliance on Caucasian genetic profiles not only perpetuates health disparities but also 
undermines the principle of ethical justice in modern medicine, where therapeutic accuracy 
should be equally accessible to all races. Therefore, national-scale genomic data collection 
initiatives that encompass local ethnic diversity must be prioritized by governments and 
research institutions in Asia and Africa. By mapping the frequencies of population-specific 
alleles, these countries can develop valid, safe, and relevant translational pharmacogenomics 
guidelines to protect their populations from the risks of treatment failure and life-
threatening drug toxicity. 

To address the various multidimensional barriers outlined above, the future direction of 
global pharmacogenomics (PGx) implementation must undergo a structural shift through a 
transition in testing strategies, moving from reactive testing to comprehensive preventive 
testing. In the conventional reactive approach, genetic testing is only ordered by clinicians 
after a patient experiences severe treatment failure or suffers fatal adverse drug reactions. 
This management pattern is considered inefficient because, in addition to placing patient 
safety at high risk, it also prolongs the length of stay and increases the hospital’s total 
financial burden. Conversely, through a pre-emptive strategy, genetic testing is performed 
proactively using a single multigene panel when patients first enter a healthcare facility or 
while they are in good health, so that their genomic profiles can be comprehensively mapped 
before any medication is prescribed. 

The implementation of this pre-emptive testing strategy has been scientifically proven to 
be far more cost-effective in the long term for the national health insurance system compared 
to reactive testing conducted repeatedly. The genetic profile data obtained from this single 
preventive test is then permanently stored as a digital data asset within the patient’s 
Electronic Health Records (EHR) system. Once this data is synchronized, the genomic profile 
acts as a lifetime clinical asset; whenever the patient requires a new medical intervention in 
the future—whether in cardiology, oncology, or psychiatry—the hospital’s CDSS system can 
immediately access the same data to guide prescribing instantly without the need for repeat 
laboratory tests, which ultimately drastically reduces cumulative diagnostic costs. 

However, the successful transition to this preemptive testing technology will not be fully 
realized without restructuring the governance of healthcare services through strengthened 
interprofessional collaboration. This is where the importance of repositioning the role of 
Clinical Pharmacists specialized in pharmacogenomics (Pharmacogenomics Pharmacists) as 
the primary driving force within the hospital setting lies. Clinical pharmacists no longer 
merely play a role in the managerial logistics of medication; rather, they act as a critical 
translational bridge connecting raw genetic laboratory data with practical applications at the 
patient’s bedside. Given the extremely high level of complexity in gene-drug interactions, PGx 
specialist pharmacists possess unique competencies to analyze genotype data, predict 
patients’ metabolic phenotypes, and formulate these into ready-to-use clinical 
recommendations for the patient’s attending physician (DPJP). 

Ultimately, the collaborative synergy between diagnosing physicians and clinical 
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pharmacists who adjust dosages based on pharmacogenomics will shape the ideal healthcare 
model of the future. When pharmacists are able to provide recommendations for alternative 
drug selection or precise dose modification calculations based on genetic variants detected 
in the EHR, the cognitive workload of physicians in interpreting complex genomic data can 
be significantly reduced. This harmonious integration of roles will not only boost clinicians’ 
confidence in adopting precision medicine in practice but also lay a solid foundation for the 
creation of a modern healthcare system that prioritizes patient safety, cost-effective 
treatment, and optimal therapeutic success on a global scale. 
 
CONCLUSION 

In conclusion, the integration of pharmacogenomics (PGx) into global clinical practice is 
currently shifting from a conventional, reactive approach toward an era of preventive and 
computerized precision medicine. A literature review indicates that fields with narrow 
therapeutic indices, such as oncology, have successfully established genetic testing as a 
mandatory standard, which is optimally implemented in developed countries through strict 
drug labeling regulations, well-established health insurance systems, and the use of Clinical 
Decision Support Systems (CDSS) integrated into Electronic Health Records (EHR). However, 
the acceleration of this technology still faces massive multidimensional barriers in 
developing countries, ranging from financial constraints and insurance reimbursement 
issues, a lack of confidence among healthcare workers due to insufficient medical curriculum 
reform, to the threat of clinical bias resulting from the dominance of Western population 
genetic databases (Genomic Eurocentrism). Therefore, future strategies must be directed 
toward a transition to more cost-effective pre-emptive testing, the development of local 
genomic databases in each region to eliminate ethnic bias, and the strengthening of 
interprofessional collaboration by positioning Clinical Pharmacists specializing in PGx as the 
primary translational bridge to achieve safe, equitable, and patient-safety-centered 
healthcare at the global level.  
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