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Abstract

Interindividual variability in analgesic response reflects heritable differences in drug metabolism, receptor
expression, neurotransmitter turnover, and central nervous system drug transport. Pharmacogenomic
advances have clarified functional consequences of polymorphisms in CYP2D6, CYP3A4, UGT2B7,
OPRM1, COMT, and ABCBI, each of which influences opioid and non-opioid pharmacokinetics and
pharmacodynamics. CYP2D6 metabolizer status determines conversion of prodrugs such as codeine and
tramadol to active metabolites, while CYP3A4 variation modulates systemic opioid clearance. OPRM1
Al118G alters p-opioid receptor binding affinity and signaling, COMT Vall58Met influences
catecholamine-mediated pain sensitivity, and ABCB1 variants affect opioid penetration across the
blood-brain barrier. Clinical studies demonstrate genotype-associated differences in analgesic efficacy and
toxicity, though effect sizes vary across populations and analgesic classes. Implementation remains
constrained by limited genotype-stratified randomized trials, testing turnaround time, unclear cost-
effectiveness, and underrepresentation of Asian and Southeast Asian ancestry groups in genomic datasets.
This mini-review synthesizes mechanistic foundations, clinical evidence, population variation, and
practical considerations for integrating pharmacogenomics into perioperative and chronic pain

management.
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Introduction and dose selection based on genomic profiles,

Analgesicresponse varies markedly between individuals
despite standardized dosing strategies. Conventional
prescribing rarely accounts for interindividual variation
in metabolic capacity, receptor pharmacodynamics,
neurobiological pain sensitivity, or blood-brain barrier
drug transport. Genomic variation contributes
meaningfully to this heterogeneity, particularly in
opioid analgesia, where small differences in metabolic
phenotype may translate into substantial differences in
clinical effect. Precision analgesia seeks to refine drug

improving efficacy while minimizing harm [1-3].

Pharmacogenomic Mechanisms Influencing
AnalgesicResponse

Pharmacogenomics examines how inherited genetic
variation modifies pharmacokinetics (PK) and
pharmacodynamics (PD). CYP2D6 catalyzes O-
demethylation of codeine and tramadol to morphine
and O-desmethyltramadol, respectively. Poor
metabolizers exhibit attenuated analgesia, while ultra-
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rapid metabolizers risk opioid toxicity even at standard
dosing [4]. CYP2DG6 allele frequencies vary significantly:
reduced-function alleles (e.g., *10) reach ~45-60%
prevalence in East and Southeast Asia, compared with
~8-10% in Europeans [S]. Gene duplication variants
conferring ultra-rapid metabolism occur in 1-10%
depending on ancestry.

CYP3A4 mediates phase I metabolism of fentanyl,
oxycodone, methadone, and several NSAIDs. Variation in
CYP3A4 expression or inhibition can alter systemic
exposure and sedation depth, though genotype—phenotype
correlations are less pronounced than for CYP2D6.

OPRM1 A118G modifies p-opioid receptor N-glycosylation
and P-arrestin signaling, with G-allele carriers often
requiring higher opioid doses to achieve equivalent analgesia
[4, 6, 7]. COMT Vall58Met influences catecholamine
degradation, modulating descending pain modulation
pathways; low-activity Met carriers may exhibit greater pain
sensitivity and may require multimodal analgesic strategies
[8]. ABCBI1 (P-glycoprotein) variants regulate opioid efflux
across the blood-brain barrier and may explain discordance
between plasma concentrations and central analgesia [9].

Clinical Evidence

Genotype-associated differences in postoperative and
chronic pain analgesic requirements have been observed
across multiple observational cohorts [ 10-13]. For example,
CYP2D6 poor metabolizers frequently fail codeine-based
regimens, while ultra-rapid metabolizers exhibit
oversedation and respiratory depression at standard doses.
However, evidence from genotype-stratified randomized
trials remains limited, and effect sizes vary by analgesic class.
Fentanyl and hydromorphone display weaker
genotype-response correlations than codeine or tramadol,
reflecting different metabolic dependencies. In a study of
gastric cancer patients receiving fentanyl patient-controlled
analgesia, CYP2D6 poor/intermediate phenotypes required
higher fentanyl doses and reported higher pain scores [8].
Meta-narrative and review articles summarize these trends
and highlight variable results across agents metabolized by
CYP3A4 and CYP2C9, particularly for NSAIDs and short-
acting opioids [9, 10]. Critical-care settings raise particular
interest: pharmacogenetic approaches may explain
inconsistent responses to opioids and sedatives in ICU
patients and can inform targeted pathways for difficult-to-
sedate patients [ 11]. Atapopulationlevel, pharmacogenetics
has been proposed as a component of strategies to address
opioid misuse by identifying patients who may benefit from
non-opioid alternatives or who are at risk of poor metabolism

and adverse outcomes [12].

Population and Geographic Considerations

Allele frequency variation across populations has direct
clinical relevance. CYP2D6 *10 and *36 alleles are highly
prevalent in South and East Asia, while CYP2D6 *4
predominates in European populations. OPRM1 A118G
occurs at higher frequency in Indian, Chinese, and Japanese
populations compared to European ancestry groups. Yet,
Asian and Southeast Asian cohorts remain underrepresented
in pharmacogenomic analgesia research, limiting
generalizability of existing dosing algorithms [ 5-7,14].

Clinical Application and Barriers to Implementation
Precision analgesia frameworks recommend genotype-
informed opioid selection, stratifying codeine/tramadol use
based on CYP2D6 phenotype and adjusting expected dose
requirements based on OPRMI status. However, routine
implementation is hindered by limited point-of-care
genotyping, variable clinician familiarity, reimbursement
constraints, and heterogeneous analytic pipelines. Cost-
effectiveness remains context-dependent, with benefits
clearest in settings with high opioid burden or genetically
high-risk populations [4,15,16].

Promise and Challenges

Genomics offers the ability to tailor analgesic therapy based
on predicted metabolic capacity, receptor signaling
dynamics, pain sensitivity, and central nervous system drug
transport. Precision analgesia may reduce opioid-related
adverse events, prevent inadequate analgesia in poor
metabolizers, and support earlier transition to non-opioid
multimodal strategies. However, several practical limitations
restrict widespread adoption. First, genotype—phenotype
relationships are not uniformly strong across all opioid
classes, with the most robust evidence seen for codeine and
tramadol and more modest or inconsistent associations for
agents undergoing multi-pathway metabolism. Second,
genotype-stratified randomized controlled trials remain
limited, making cost-effectiveness estimation and
standardized implementation strategies challenging. Third,
testing availability, turnaround time, reimbursement, and
clinician familiarity vary substantially across health systems.
Finally, genomic datasets remain disproportionately derived
from European ancestry populations, limiting external
validity for South Asian, Southeast Asian, and Far Eastern
settings. These considerations indicate the need for
expanded population genomic representation, real-world
economic analyses, and implementation-science—based
clinical pathways.
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Phenotype / Practical

Gene Analgesic(s) Role Expected . Evidence
Effect Implication

Avoid
codeine/trama
dol; use
morphine/hydr
omorphone

Prodrug
activation

PM: failure;
UM: toxicity

CYP2D6 Codeine, Tramadol CPIC

Front-load
Pain sensitivity [Met allele > | multimodal,

modulation sensitivity avoid opioid-
only

coMT
Val158Met

Opioids,

multimodal Emerging

a26 Ca-
channel

Altered Consider dose
neuropathic | escalation or
binding response switch

Gabapentin,

CACNA2D1 .
Pregabalin

Emerging

Increase
concentration |Case-supported
or change LA

NaV1.7 LA
binding site

Variants - LA
resistance

Table 1: Common genes involved in analgesic responsiveness and their clinical implications [17-21]
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Future Directions

Looking ahead, multi-omics integration (epigenomics,
transcriptomics, proteomics, metabolomics) combined with
machine learning models may refine patient stratification
beyond single-gene effects and improve predictive
performance. Rapid point-of-care genotyping, if feasible,
could enable preoperative tailoring of analgesic plans in the
clinic or emergency settings. Implementation science and
equity-focused research are needed to ensure algorithms and
recommendations generalize across populations.
Pharmacogenomic knowledge bases (such as PharmGKB)
and ongoing guideline development will continue to support
clinicians as evidence accumulates [ 3].

Research priorities include polygenic models, multi-ancestry
reference datasets, integration of clinical decision support,
and development of rapid perioperative genotyping
workflows.

Conclusion

Genomics and precision medicine are increasingly relevant
to perioperative and pain medicine. While actionable
recommendations exist for select drug-gene pairs, the field
remains emergent and requires further high-quality trials,
improved testing infrastructure, and equity-focused
implementation. Incorporating genomic insights into
analgesic planning holds promise to personalize pain care,
reduce adverse events, and contribute to safer use of opioids
inthe perioperative period.

Pharmacogenomic variation influences analgesic response,
but clinical implementation requires expanded evidence,
equitable genomic representation, and structured
perioperative decision pathways
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