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REVIEW

Molecular monitoring of patient response to painkiller drugs
Pedro Ayuso, Yolanda Macías, Javier Gómez-Tabales, Elena García-Martín and José A. G. Agúndez

University Institute of Molecular Pathology Biomarkers, UEx. ARADyAL, Instituto de Salud Carlos III, Cáceres, Spain

ABSTRACT
Introduction: Non-steroidal anti-inflammatory drugs and opioids are widely prescribed for the treat
ment of mild to severe pain. Wide interindividual variability regarding the analgesic efficacy and 
adverse reactions to these drugs (ADRs) exist although the mechanisms responsible for these ADRs 
are not well understood.
Areas covered: We provide an overview of the clinical impact of variants in genes related to the 
pharmacokinetics and pharmacodynamics of painkillers, as well as those associated with the suscept
ibility to ADRs. In addition, we discuss the current pharmacogenetic-guided treatment recommenda
tions for the therapeutic use of non-steroidal anti-inflammatory drugs and opioids.
Expert opinion: In the light of the data analyzed, common variants in genes involved in pharmacoki
netic and pharmacodynamic processes may partially explain the lack of response to painkiller treatment 
and the occurrence of adverse drug reactions. The implementation of high-throughput sequencing 
technologies may help to unveil the role of rare variants as considerable contributors to explaining the 
interindividual variability in drug response. Furthermore, a consensus between the diverse pharmaco
genetic guidelines is necessary to extend the implementation of pharmacogenetic-guided prescription 
in daily clinical practice. Additionally, the physiologically based pharmacokinetic and pharmacodynamic 
modeling techniques may contribute to the improvement of these guidelines and facilitate clinician 
drug dose adjustment.
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1. Introduction

The International Association for the Study of Pain (IASP) has 
recently revised the definition of pain as an ‘unpleasant sensory 
and emotional experienced associated with, or resembling that 
associated with, actual or potential tissue damage’ [1]. It is esti
mated that 20% of adults suffer from pain and 10% are newly 
diagnosed with chronic pain each year, causing a considerable 
burden on quality of life and economic and social costs. These 
figures depict pain as a global public health priority [2]. Pain 
management is challenging because of the wide range of pain 
sources and the interindividual variability in pain perception. 
Currently, the treatment strategies employed are based on the 
pain ladder proposed by the World Health Organization (WHO). 
This approach establishes a progressing route from non-opioid 
medications, such as nonsteroidal anti-inflammatory drugs 
(NSAIDs) or acetaminophen, followed by weak opioids and 
finally, strong opioids [3]. However, the efficacy of opioids pre
sents large interindividual variability in terms of requirements, 
the need for dose adjustments, or switching to an alternative 
opioid [4]. Thus, up to 30% of patients receiving morphine have 
shown a lack of efficacy [5]. Moreover, their long-term use con
tributes to a certain number of patients receiving a standard 
therapeutic dose of opioids who might experience tolerance, 
dependence, addiction, hyperalgesia, or adverse drug reactions 
(ADRs). These ADRs include mild to serious respiratory, gastro
intestinal, cardiovascular, or central nervous system events [6]. In 

addition, the NSAID administration is also associated with varia
bility in the therapeutic and analgesic response as well as it is not 
exempted from the occurrence of ADRs, including gastrointest
inal bleeding, renal complications, and cardiovascular events 
[6,7]. Opioids constitute the second most common drugs 
involved in ADRs, whereas NSAIDs are the most frequent com
pounds giving rise to hypersensitivity drug reactions (HDRs) [8,9]. 
These interindividual differences in drug response are attributa
ble to factors such as demographic, environmental, psychologi
cal, or genetic features [10].

Genetic variability is a major determinant of drug metabo
lism, elimination, transport, and receptor functionality; and 
consequently, genetic variability causes differences in drug 
response and susceptibility to ADRs, thus affecting pain treat
ment outcomes [11,12]. Recent advances in pain treatment 
pharmacogenetic studies might allow health-care profes
sionals to implement precision medicine following 
a prescription-guided approach [13,14]. However, tailoring 
drug prescriptions for improving the efficacy of medications 
and avoiding ADRs requires the development of pharmacoge
nomic guidelines. These combine pharmacotherapeutic 
recommendations with specific drug doses and genotypes 
[15]. Different expert committees and working groups have 
developed pharmacogenetic guidelines, such as the Dutch 
Pharmacogenetics Working Group (DPWG), the Clinical 
Pharmacogenetics Implementation Consortium (CPIC), the 
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Canadian Pharmacogenomics Network for Drug Safety 
(CPNDS), and the French National Network (Réseau) of 
Pharmacogenetics (RNPGx) [15]. Additionally, diverse agencies, 
such as the European Medicines Agency (EMA) or the US 
Federal Drug Agency (FDA), as well as the PharmGKB initiative 
have elaborated drug labels and pharmacogenetic recommen
dations [15–21].

The purpose of this review is to highlight the impact of 
genetic variability on the metabolic pathways and drug tar
gets of NSAIDs and opioids and to summarize and discuss 
current pharmacogenetic-guided treatment recommendations 
for the therapeutic use of painkillers (Figure 1).

2. Opioids

Opioid analgesics constitute the mainstay treatment for severe 
acute and chronic pain, and their consumption has increased 
considerably in recent years [22]. These drugs can be categorized 
into two main classes. The first class includes the natural alkaloid 

extract from the resin of opium poppy. They are also known as 
opiates. This category includes morphine and codeine and their 
synthetic derivatives such as hydromorphone. The second class 
includes the fully synthetic phenylpiperidines and pseudopiper
idines [23,24]. The opioid system comprises four G protein- 
coupled receptors, known as μ, δ, γ, and nociceptin (MOR, DOR, 
KOR, and NOR), which are encoded by genes Oprm1, Oprd1, 
Oprk1, and Oprl1 [23]. These are distinguished by their expression 
patterns throughout the nervous system, as well as their char
acteristic binding profiles and impact on mood and the reward 
systems [24]. The interaction between opioids and their recep
tors triggers signaling systems that inhibit adenylyl cyclase or 
modulate potassium and voltage-dependent Ca2+ channels [10]. 
Pharmacogenetic studies aim to shed light on the large inter
individual variability observed in the analgesic effects and ADRs 
associated with these drugs. In the case of opioids, genes encod
ing enzymes responsible for pharmacokinetic processes, opioid 
receptors, or neurotransmitter regulators are the main targets of 
these studies [20].

2.1. Genes related to opioid pharmacokinetics

Concerning the pharmacokinetics of opioid drugs, these com
pounds are predominantly metabolized through the cyto
chrome P450 enzymes CYP2D6, CYP3A4, and CYP2B6 and, to 
a lesser extent, by the UDP-glucuronosyltransferase system 
[20]. It is noteworthy to mention that the metabolites of 
certain opioids, such as morphine or oxymorphone, have 
a greater affinity and analgesic effect than the parent com
pounds [13,20]. Therefore, increased drug metabolism does 
not necessarily mean decreased effect with some opioids.

2.2. CYP2D6

Opioids such as codeine, tramadol, hydrocodone, oxycodone, or 
methadone, are metabolized by CYP2D6. This enzyme is 
encoded by the highly polymorphic CYP2D6 gene [20,25]. 

Article highlights

● The lack of response to painkiller treatment and the occurrence of 
adverse drug reactions can be partially explained by genetic 
variability.

● Genes involved in drug metabolism, elimination, and transport pro
cesses, as well as those encoding receptors and those involved in 
drug response and susceptibility to ADRs, have been the main target 
of pharmacogenetic studies.

● CYP2D6 variants have a great impact on the lack of response 
observed in some patients receiving codeine or tramadol.

● According to CPIC, DPWG, and CPNDS, guided treatment recommen
dations for the therapeutic use of opioids are necessary for CYP2D6 
poor metabolizers and ultra-rapid metabolizers.

● Regarding NSAIDs, CPIC recommends pharmacogenetic-guided pre
scription based on CYP2C9 genotype

● Reaching a consensus among the diverse pharmacogenetic guide
lines is necessary to implement the pharmacogenetic-guided pre
scription in daily clinical practice.

Figure 1. Major sources of genetic variability in the analgesic response to NSAIDs, acetaminophen, and opioids.
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CYP2D6 variants are mostly reported as haplotypes, which are 
currently categorized into functional groups based on the pre
dicted activity of the encoded enzyme [26]. CPIC has reached 
a consensus among international experts to define these func
tional groups. These groups range from nonfunctional (poor 
metabolizers, PM) to increased function (ultra-rapid metaboli
zers, UM) [20].

The large interindividual variability in CYP2D6 activity is 
highly relevant in the case of codeine and tramadol. CYP2D6 
activates these opioids to morphine and O-desmethyl trama
dol, respectively. Both metabolites have demonstrated a 200- 
fold greater affinity for the μ-opioid receptor than their parent 
compounds [13,20]. A certain number of studies have ana
lyzed the linkage between the CYP2D6 genotype and opioid’s 
clinical effect, as well as ADRs associated with these com
pounds [20]. Pharmacokinetic studies have revealed that 
healthy PMs receiving codeine showed a 96% lower mean 
serum morphine area under the curve (AUC) [27]. In contrast, 
UM individuals had a 45% higher median plasma morphine 
AUC compared with normal metabolizers (NMs) [28].

More recently, Radford et al. have carried out a clinical trial 
aiming to predict the codeine analgesic effect based on the 
CYP2D6 genotype [29]. The findings showed that PM and IM 
individuals were more prone to a lack of analgesic response to 
codeine [29]. Concerning ADRs, it has been shown that chil
dren without any normal function CYP2D6 allele and receiving 
codeine for postoperative pain management were less prone 
to suffer ADRs compared to those who had at least one 
normal function allele [30].

Regarding tramadol, pharmacokinetic studies and clinical 
trials have demonstrated that CYP2D6 PMs exhibited a much 
lower median plasma concentration of O-desmethyl tramadol 
and a lack of analgesic effect compared with CYP2D6 NMs 
receiving this opioid [20,31,32]. In addition, CYP2D6 UMs 
receiving tramadol have shown a higher Cmax of 
O-desmethyl tramadol compared with NMs [33]. Also, severe 
ADRs have been described in CYP2D6 UMs [34].

Hydrocodone, oxycodone, and methadone are also metabo
lized by CYP2D6 [20,35]. However, there is minimal evidence and 
insufficient data evaluating the effect of the CYP2D6 genotype on 
the pharmacokinetics and analgesic properties of these drugs 
[20]. The most established finding is that CYP2D6 PMs receiving 
hydrocodone exhibit a lower plasma Cmax of hydromorphone 
compared with NMs (Table 1) [36].

CPIC, DWG, and CPNDS have elaborated recommendations 
to guide the use of codeine and tramadol use according to the 
CYP2D6 genotype and the inferred CYP2D6 metabolizer status 
(Table 2) [17–20]. Thereby, for NMs it is recommended an age- 
specific or weight-specific dose [20]. In the case of PMs, the 
findings concerning the suboptimal, or the lack of effect, 
associated with codeine and tramadol support the recommen
dation for avoiding their use in PMs. For IMs, CPIC also recom
mends an age-specific or weight-specific dose. However, these 
patients should be monitored to evaluate the possibility to 
administer an alternative opioid, in case codeine or tramadol 
offers a suboptimal analgesic effect. Finally, UMs should not 
use codeine or tramadol to avoid the risk of ADRs [20]. 

Regarding hydrocodone, CPIC recommends that NMs use age- 
specific or weight-specific dosing. For IMs and PMs, the evi
dence is scarce, and CPIC indicates, as an optional recommen
dation, the use of an alternative analgesic when a lack of 
effect is observed in these individuals [20]. There are currently 
no recommendations for the dosing of hydrocodone by the 
DPWG, CPNDS, and RNPGx [15,17,19].

2.3. CYP3A4 and CYP3A5

CYP3A4 and CYP3A5 are both clinically important and are 
determinants in the metabolism of a great variety of drugs 
[37]. These enzymes participate in the metabolism of several 
opioids, such as fentanyl, sufentanil, hydrocodone, oxycodone, 
and buprenorphine [12]. Many studies have explored the 
effect of CYP3A4 and CYP3A5 genetic variants on fentanyl 
metabolism (revised in [12]). Thus, individuals homozygous 
for the variant CYP3A5*3 allele (rs776746) have shown 
a higher fentanyl plasma concentration as compared to indi
viduals carrying the CYP3A5*1 allele [38,39]. Regarding CYP3A4 
genetic variants, a meta-analysis carried out on Chinese indi
viduals receiving fentanyl revealed that individuals carrying 
the variant allele CYP3A4*1 G (rs2740574 + rs2242480) require 
less fentanyl during the first 24 h after being operated than 
wild-type homozygous [40]. The CYP3A4*1 G allelic variant has 
also been associated with an elevated prevalence of post
operative ADRs in individuals receiving sufentanil [41]. In addi
tion, the association of the CYP3A4*18B variant with less 
fentanyl consumption in the postoperative period individuals 
has been analyzed, although the evidence is not conclusive 
(Table 1) [42,43]. Currently, the pharmacogenetic guidelines 
do not make recommendations for opioid dosing according to 
CYP3A4 and CYP3A5 genotypes [15,17,19].

2.4. UGT2B7

The uridine diphosphate-glucuronosyltransferase 2B7 
(UGT2B7) is responsible for the glucuronidation of morphine 
and, to a lesser extent, norfentanyl, oxycodone, oxymorphone, 
and buprenorphine [44,45]. Morphine undergoes glucuronida
tion to the analgesic metabolite morphine 6-glucuronide 
(M6G) as well as the inactive metabolite morphine 3-glucur
onide (M3G), accounting for approximately 50% and 10% of 
metabolites, respectively [46]. M3G might be responsible for 
neurotoxic symptoms, hyperalgesia, and allodynia [46]. The 
pharmacogenetic studies aimed to determine the effect of 
UGT2B7 genetic variants on the pharmacokinetics of opioids 
have been mainly focused on the nonsynonymous single 
nucleotide variant (SNV) rs7439366 [47]. Despite some studies 
that have demonstrated that patients homozygous for this 
variant rs7439366 require a lower dose of morphine for pain 
relief after surgery and are more susceptible to ADRs [48,49], 
the evidence is inconsistent [37]. Contradictory results might 
be due to the opposite effects of both morphine metabolites 
[37]. In addition, the variant UGT2B7 rs7439366 SNV has been 
associated with the lack of analgesic effect of buprenorphine 
in postoperative patients [50]. On the contrary, this variant 
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may enhance the analgesic efficacy of fentanyl (Table 1) [51]. 
Presently, there is insufficient evidence to provide genotype- 
guided dose recommendations [15,17,19]. Thus, further stu
dies are warranted to determine the role of UGT2B7 variants in 
the response to opioids.

2.5. CYP2B6

CYP2B6 is responsible for N-demethylation and deactivation of 
methadone, the synthetic opioid most frequently prescribed for 
the treatment of opioid dependence [52]. CYP2B6 is highly 

Table 1. Summary of genetic variants associated with the analgesic response to opioids and NSAIDs.

Gene SNP Related phenotype Opioid Clinical effect Reference

CYP2D6 CYP2D6*1, *2, *3, 
*4, *5, *6,*9, 
*10, *17, *29, 

*35, *41

Metabolizer status Codeine PMs show a decrease in morphine AUC. 
UMs show an increase in morphine AUC. 
PM and UM children show a less risk to suffer 
ADRs

[20,27,28,30]

CYP2D6*1, *2, *3, 
*4, *5, *6,*9, 
*10, *17, *29, 

*35, *41

Metabolizer status Tramadol PMs show a lack of analgesic effect. 
UMs show a higher risk to suffer ADRs

[20,31,32,34]

CYP2D6*1, *2, *3, 
*4, *5, *6,*9, 
*10, *17, *29, 

*35, *41

Metabolizer status Hydrocodone PMs show a lower plasma Cmax of 
hydromorphone

[36]

CYP3A4 CYP3A4*1 G 
(rs2740574 

+ rs2242480)

Metabolizer status Fentanyl Individuals carrying the variant allele require 
a lower dose to reach the analgesic effect

[40]

CYP3A4 CYP3A4*1 G 
(rs2740574 

+ rs2242480)

Metabolizer status Sufentanil Individuals carrying this allele show a higher risk 
to suffer ADRs

[41]

CYP3A5 CYP3A5*1 
(rs776746)

Metabolizer status Fentanyl Homozygous carriers show a higher fentanyl 
plasma concentration

[38,39]

UGT2B7 rs7439366 Metabolizer status Morphine Homozygous patients require a lower dose for 
analgesic effect and show a higher risk to 
suffer ADRs

[48,49]

UGT2B7 rs7439366 Metabolizer status Buprenorphine Lack of analgesic effect in postoperative patients [50]
UGT2B7 rs7439366 Metabolizer status Fentanyl Higher analgesic efficacy [51]
CYP2B6 CYP2B6*6 

(rs3745274 
+ rs2279343)

Metabolizer status Methadone Patients carrying the variant allele require lower 
doses of methadone for opioid dependence 
treatment

[54]

CYP2B6 CYP2B6*4 
(rs2279343)

Metabolizer status Methadone Patients carrying the variant allele require higher 
doses of methadone for opioid dependence 
treatment

[54]

COMT rs4680 Metabolism 
amines

Fentanyl Increased risk of developing mild ADRs [61]

OPRM1 rs1799971 Pharmacodynamic 
response

Morphine, fentanyl, alfentanyl, 
remifentanyl, hydrocodone

Individuals carrying the variant allele show higher 
opioid consumption, higher pain scores, and 
fewer ADRs during the first 24 h after surgery

[40,67]

OPRD1 rs569356, 
rs3766951, 
rs2236861, 
rs2236857

Pharmacodynamic 
response

Heroin Associated with opioid dependence [71]

ABCB1 rs2032582 
rs1128503

Drug transport Sufentanil Postoperative patients carrying this homozygous 
variant require higher doses of sufentanil

[74]

CYP2C9 CYP2C9*2, *3 Metabolizer status Celecoxib, ibuprofen, piroxicam, 
lornoxicam, meloxicam, tenoxicam, 
flurbiprofen, diclofenac, metamizole, 
acetylsalicylic acid

IMs and PMs might show a prolonged drug action 
and a higher risk of developing ADRs.

[21,75,76]

CYP2C8 CYP2C8*3, *4 Metabolizer status Ibuprofen, diclofenac Decreased function alleles may result in impaired 
clearance of these drugs.

[21,77–80]

CYP2C19 CYP2C19*2, *3, 
*17

Metabolizer status Metamizole, ibuprofen UMs and RMs might increase the risk of drug 
therapy failure. 
IMs and PMs might show a higher risk to suffer 
ADRs.

[79,81–84]

CYP3A5 rs776746 Metabolizer status Acetaminophen Individuals carrying the variant allele show 
a higher risk of acetaminophen-induced acute 
liver failure

[130]

CD44 rs1467558 Lymphocyte 
activation

Acetaminophen Individuals homozygous for the variant allele 
show a higher risk of acetaminophen-induced 
acute liver failure

[130]

NRF2 rs6726395 Antioxidant 
activity

Acetaminophen The variant allele increases the risk of developing 
asthma

[136,137]

The standardized CYP2D6 phenotype classification is based on the sum of the values assigned to each allele. Normal function (CYP2D6*1, *2, *35), decreased 
function (CYP2D6*9, *10, *17, *29, *41) and no function (CYP2D6*3, *4, *5, *6) [20]. PMs: Poor metabolizers. NMs: Normal metabolizer. IMs: Intermediate 
metabolizers. RMs: Rapid metabolizers. UMs: Ultra-rapid metabolizers. The CYP2C9 metabolizer status: PMs: (*2/*3), (*3/*3). NMs (*1/*1), IMs (*1/*2, *1/*3, *2/*2) 
[21]. The CYP2C19 metabolizer status: PMs: (*2/*2, *3/*3, *2/*3). NMs: (*1/*1). RMs: (*1/*17). IMs: (*1/*2, *1/*3, *2/*17, *3/*17). UMs (*17/*17) [84]. 
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Table 2. Therapeutic recommendations for painkiller drugs. DPWG has five (0–4) levels of evidence, and the clinical relevance is classified on an 8-point scale (AA# to 
F). CPIC also includes three genotyping recommendations (essential, beneficial, and potentially beneficial) and three levels for pharmacotherapeutic recommenda
tions: S = strong, M = moderate, and O = optional. CPNDS has four levels of evidence (+ to ++++), and the genotype recommendation shows three levels: 
S = strong = A, M = moderate = B, and O = optional = C.

Drug Gene Phenotype
Pharmacogenetic 

guideline Therapeutic recommendation

Classification of 
evidence/ 

genotyping 
recommendation Reference

Opioids
Codeine and 

tramadol
CYP2D6 CYP2D6 PM CPIC The suboptimal or lack of effect associated with 

codeine and tramadol supports the 
recommendation for avoiding them. These 
individuals should use an alternative opioid.

Strong [15,20]

CYP2D6 CYP2D6 PM DPWG It is not possible to provide a specific 
recommendation for dose adjustment because 
the total analgesic effect changes when the ratio 
between the mother compound and the active 
metabolite changes.

Codeine: 4B/ 
Essential 
Tramadol: 4B/ 
Potentially 
beneficial

[15,17,19]

CYP2D6 CYP2D6 PM CPNDS Poor metabolizers of CYP2D6 should not receive 
codeine for pain relief.

Codeine: +++ 
+/A – Strong

[15,18]

CYP2D6 CYP2D6 UM CPIC UMs should not use codeine or tramadol to avoid 
the risk of ADR occurrence.

Strong [15,20]

CYP2D6 CYP2D6 UM DPWG This genetic variation increases potentially life- 
threatening side effects. Recommendation: select 
an alternative opioid. if an alternative is not 
possible: use 40% of the standard dose

Codeine: 3 F/ 
Essential 
Tramadol: 3E/ 
Potentially 
beneficial

[15,17,19]

CYP2D6 CYP2D6 UM CPNDS Ultra-rapid metabolizers of CYP2D6 should avoid 
codeine for pain relief and receive alternative 
analgesics that do not have potent CYP2D6 
metabolites

Codeine: +++ 
+/B – 
Moderate

[15,18]

NSAIDs
Celecoxib, ibuprofen, 

flurbiprofen, and 
lornoxicam

CYP2C9 CYP2C9 NM 
(AS = 2)

CPIC Use of a lower effective starting dose for the shortest 
possible duration.

Strong [15,21]

Celecoxib, ibuprofen, 
flurbiprofen, and 
lornoxicam

CYP2C9 CYP2C9 IM (AS = 1.5) CPIC Use of a lower effective starting dose for the shortest 
possible duration.

Moderate [15,21]

Celecoxib, ibuprofen, 
flurbiprofen, and 
lornoxicam

CYP2C9 CYP2C9 IM (AS = 1) CPIC Initiate therapy with the lowest recommended 
starting dose. Adjust dose upward to clinical 
effect or maximum recommended dose and 
monitor adverse events.

Moderate [15,21]

Celecoxib, ibuprofen, 
flurbiprofen, and 
lornoxicam

CYP2C9 CYP2C9 PM 
(AS = 0)

CPIC Initiate therapy with a 50–75% of the recommended 
dose reduction. Adjust dose upward to clinical 
effect or 25–50% of the maximum recommended 
dose but not before steady-state is reached (at 
least 8 days for celecoxib and 5 days for 
ibuprofen, flurbiprofen, and lornoxicam after the 
first dose). Monitoring adverse events during the 
course of therapy. Consider using an alternative 
drug not metabolized or not significantly affected 
by the CYP2C9 gene.

Moderate [15,21]

Meloxicam CYP2C9 CYP2C9 NM 
(AS = 2)

CPIC Use of a lower effective starting dose for the shortest 
possible duration.

Strong [15,21]

Meloxicam CYP2C9 CYP2C9 IM (AS = 1.5) CPIC Use of a lower effective starting dose for the shortest 
possible duration.

Moderate [15,21]

Meloxicam CYP2C9 CYP2C9 IM (AS = 1) CPIC Initiate therapy with 50% of the lowest effective 
starting dose for the shortest possible duration or 
use an alternative drug not metabolized or not 
significantly affected by the CYP2C9 gene. Adjust 
dose upward to clinical effect or 50% of the 
maximum recommended dose but not before 
steady-state is reached (minimum 7 days) and 
monitoring adverse events.

Optional [15,21]

Meloxicam CYP2C9 CYP2C9 PM 
(AS = 0)

CPIC Use an alternative drug not metabolized or not 
significantly affected by the CYP2C9 gene or use 
an NSAID with a lower half-life.

Optional [15,21]

Piroxicam and 
tenoxicam

CYP2C9 CYP2C9 NM 
(AS = 2)

CPIC Use of a lower effective starting dose for the shortest 
possible duration.

Strong [15,21]

Piroxicam and 
tenoxicam

CYP2C9 CYP2C9 IM (AS = 1.5) CPIC Use of a lower effective starting dose for the shortest 
possible duration.

Moderate [15,21]

Piroxicam and 
tenoxicam

CYP2C9 CYP2C9 IM (AS = 1) CPIC Use an alternative drug not metabolized or not 
significantly affected by the CYP2C9 gene or use 
an NSAID with a lower half-life.

Optional [15,21]

Piroxicam and 
tenoxicam

CYP2C9 CYP2C9 PM 
(AS = 0)

CPIC Use an alternative drug not metabolized or not 
significantly affected by the CYP2C9 gene or use 
an NSAID with a lower half-life.

Optional [15,21]
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polymorphic, and the CYP2B6*6 (rs3745274 + rs2279343, causing 
the amino acid changes Q172H and K262R) constitutes the most 
common and the best studied CYP2B6 allele [53]. The CYP2B6*6 
allele results in reduced CYP2B6 activity. Carriers of this allele are 
classified as PMs and require lower doses of methadone for opioid 
dependence treatment [54]. Conversely, individuals carrying the 
CYP2B6*4 variant show an increased rate of methadone clearance 
and lower steady-state plasma concentrations as compared to 
non-carriers. It has been suggested that these individuals require 
a higher methadone dose (Table 1) [54]. However, the studies are 
scarce and further investigation is still needed to generate robust 
evidence that leads to the elaboration of opioid therapeutic 
recommendations according to the CYP2B6 genotype [15,17,19].

2.6. COMT

Catechol-O-methyl transferase (COMT) catalyzes the methyl 
conjugation and subsequent detoxification of various catecho
lamines, including dopamine, adrenaline, or noradrenaline. 
Thus, this enzyme exerts a key participation in the neuromo
dulation of pain [55]. The best-studied SNV in the COMT gene 
is rs4680 (c.472 G > A, Val158Met) [56,57]. The variant allele 
results in an unstable protein whose enzyme activity is 
decreased fourfold for dopamine [20]. Heterozygous indivi
duals for this SNV require lower opioid consumption for treat
ing postsurgical pain and show a better response to morphine 
[58,59]. However, the evidence associated with homozygous 
individuals has shown contradictory results regarding opioid 
consumption after surgical processes [37]. Additionally, the 
rs6269, rs4633, and rs4818 SNVs in the COMT gene have 
been associated with lower opioid requirements and lower 
postoperative pain scores. Nevertheless, these studies are 
scarce, and further studies are warranted [60]. Concerning 
ADRs, individuals receiving fentanyl and carrying the rs4680 
heterozygous genotype show an increased risk of developing 
mild ADRs associated with opioids (Table 1) [61]. Thus, in the 
sight of this mixed evidence, the available pharmacogenetic 
guidelines still do not include therapeutic recommendations 
for opioid dosing based on COMT genotyping [15,17,19,20].

2.7. Genes related to opioid pharmacodynamics

2.7.1. Opioid receptor genes
The opioid action is mediated via interaction with opioid 
receptors, which are G protein-coupled receptors. There are 
three major subtypes of opioid receptors that are widely dis
tributed in the nervous central system and peripheral tissues: 
μ, δ, γ. The opioid receptor μ1 is the primary target for most 
opioid drugs [62]. This receptor is encoded by the highly 
polymorphic gene OPRM1; being the SNV rs1799971 the 
most studied variant. This variant has been associated with 
a reduced gene expression in vitro and in vivo [63,64] as well 
as increased binding of β-endorphins to the opioid receptor 
μ1 [65]. The SNV rs1799971 has been inconsistently associated 
with the efficacy of codeine, tramadol, fentanyl, and morphine 
[66]. With regard to postoperative opioid use, a meta-analysis 
evaluating 59 studies evidenced that individuals carrying the 
variant allele of rs1799971 consumed more opioids, but also 

reported higher pain scores and fewer ADRs during the first 
24 hours [40]. These results were confirmed in another recent 
meta-analysis [67]. However, a prospective study performed 
on patients scheduled for major orthopedic surgery demon
strated no significant association between OPRM1 rs1799971 
and morphine dose, morphine pharmacokinetic, and mor
phine adverse events [68].

The delta and kappa opioid receptors are encoded by the 
OPRD1 and OPRK1 genes, respectively. The OPRD1 rs569356 
variant may enhance transcription factor binding and increase 
OPRD1 activity [69]. This variant, as well as rs3766951, 
rs2236861, and rs2236857 have been associated with opioid 
dependence [69–71]. In addition, the OPRK1 rs1051660, 
rs6473797 variants have been related to heroin addiction 
(Table 1) [70].

As a result of insufficient evidence, no therapeutic recom
mendations for dosing opioids based on OPRM1, OPRD1, and 
OPRK1 variants have been included in the pharmacogenetic 
guidelines available so far [15,17,19,20].

2.8. Genes related to opioid transport

ABCB1, also known as the P-glycoprotein 1, is a membrane- 
associated protein member of ATB-binding cassette efflux 
transporter involved in drug (including opioids) transport 
into, and out of, the cell and across the blood–brain barrier 
[70]. Several ABCB1 SNVs have been related to differential 
responses to opioid dosing. The missense variant rs1045642 
is associated with altered protein stability and protein folding, 
and the variant allele is associated with increased analgesia of 
fentanyl and morphine. Individuals homozygous for the 
rs1045642 variant allele might show impaired drug efflux 
activity, which in turn allows an accumulation of opioids at 
the target site [60,72,73]. In addition, both SNVs rs1045642 
and rs9282564 have also been associated with an increased 
risk of ADRs in patients receiving opioid drugs [70]. However, 
a meta-analysis concluded that ABCB1 variants caused no 
statistically significant differences in overall opioid consump
tion, pain scores, or opioid-induced ADRs [40]. Recently, the 
SNVs rs2032582 and rs1128503 have been related to the 
analgesic effect and the consumption of sufentanil in post
operative patients (Table 1) [74]. Based on the current knowl
edge, the pharmacogenetic guidelines do not include 
therapeutic recommendations for opioid dosing based on 
ABCB1 genotyping [15,17,19]. Further research into the clinical 
effect of ABCB1 variations over opioid use is required.

3. Nonsteroidal anti-inflammatory drugs

The main mechanism of action of NSAIDs is the inhibition of 
prostaglandin synthesis by inhibiting cyclooxygenase enzymes 
(COX-1, COX-2, and COX-3). These enzymes metabolize arachi
donic acid into prostaglandins. NSAIDs conform to 
a heterogeneous group of drugs that exhibit variation in the 
degree of selectivity for COX isoforms, differences in chemical 
properties, pharmacokinetics, pharmacodynamics, as well as 
adverse effects that these drugs may cause. Concerning NSAID 
pharmacokinetics, the hepatic biotransformation via 
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cytochrome P450 and renal excretion constitute the principal 
routes of clearance for these compounds.

3.1. Genes related to NSAID pharmacokinetics

Cytochrome P450 2C, specially 2C9, is the main enzyme 
involved in metabolic pathways for most NSAIDs. Regarding 
CYP2C9 genetic variants, CYP2C9*2 (rs1799853) and CYP2C9*3 
(rs1057910) are the most extensively studied variants (Table 1) 
[21,75]. The CYP2C9*2 variant results in decreased enzyme 
activity in vitro and in vivo, while CYP2C9*3 receives a no- 
function assignment [21]. Both variants are associated with 
decreased biodisposition, lower clearance, and, therefore, pro
longed action of the drugs, and hence an increase in the risk 
of developing ADRs. Based on these genetic variants and the 
predicted activity of the encoded enzyme, several CYP2C9 
phenotypes have been assigned as follows [21]: individuals 
carrying two normal function alleles, *1/*1 (activity score = 2), 
were categorized as normal metabolizers; those individuals 
carrying one normal function allele plus one decreased func
tion allele, *1/*2, or one normal function allele plus one no 
function allele, *1/*3, or two decreased function alleles, *2/*2 
(activity score = 1 to 1.5) were designated as intermediate 
metabolizers; finally, the individuals carrying one no function 
allele plus one decreased function allele, *2/*3, or two no 
function alleles, *3/*3 (activity score = 0 to 0.5) were classified 
as poor metabolizers [76]. CYP2C8 plays also a role in the 
metabolism of NSAIDs such as ibuprofen or diclofenac. 
Individuals carrying the decreased function alleles, CYP2C8*3 
(rs11572080) or CYP2C8*4 (rs1058930), might exhibit altered 
clearance of these drugs (Table 1) [21,77–79]. A phenotypic 
classification based on variations in the CYP2C8 gene has not 
yet been implemented because discrepancies between in vivo 
and in vitro studies exist [80]. The CYP2C18 enzyme seems to 
play a marginal role in the metabolism of NSAIDs, whereas the 
CYP2C19 enzyme is involved in the metabolism and ADRs 
caused by metamizole [81,82], as well as in the secondary 
metabolism of ibuprofen [79]. The most extensively studied 
variants of CYP2C19 are the no-function alleles CYP2C19*2 
(rs12769205 + rs4244285 + rs3758581) and CYP2C19*3 
(rs4986893 + rs35858), as well as the increased-function allele 
CYP2C19*17 (rs12248560 + rs3758581) [83]. Based on varia
tions in this gene and the predicted activity, individuals are 
classified as ultrarapid, rapid, normal, intermediate, or poor 
metabolizers [84]. Although variations in CYP2C genes influ
ence interindividual variability in NSAID response, the intensity 
of the effect depends on the drug itself and the allelic variant 
[85]. Considering the CYP2C9 enzyme, the effects of the 
genetic variants in drug metabolism tend to be substrate 
specific. Therefore, NSAIDs can be categorized into three 
groups depending on the involvement of CYP2C genes in 
their primary metabolism [75]. NSAIDs with predominant 
metabolism through CYP2C enzymes include celecoxib [86], 
ibuprofen [79,87], piroxicam [88,89] or lornoxicam [75]. Several 
clinical recommendations have been provided for these drugs 
with major or intermediate metabolism through CYP2C 
enzymes (Table 2) [15,21]. Also, NSAIDs partially metabolized 
by CYP2C enzymes include meloxicam [90], tenoxicam [75], 
flurbiprofen [75], diclofenac [75], metamizole [81,91] and 

acetylsalicylic acid [92,93] and some of these drugs are 
included in the available clinical practice guidelines (Table 2) 
[15,21].

3.2. Genes related to NSAID pharmacodynamics

The effect of genetic variants on the clinical response to NSAID 
therapy has also been investigated (Table 1). Thus, these 
studies have been mainly focused on genetic variations in 
the prostaglandin-endoperoxide synthase 1 (PTGS1) and pros
taglandin-endoperoxide synthase 2 (PTGS2) genes, which 
encode the COX-1 and COX2 enzymes, respectively.

COX-1 is a constitutive enzyme, relevant to maintaining 
physiological homeostatic functions of prostanoids and 
involved in cell–cell signaling, whereas COX-2 is inducible 
and expressed in a limited number of cells. COX-2 has an 
important role in inflammation reactions, as it reduces pro- 
inflammatory prostaglandins [94].

Mutations in PTGS1 or PTGS2 might cause an altered 
response to NSAIDs [95]. A considerable number of variants 
in these genes have been analyzed [96–99], but only certain of 
them have shown significant frequencies or functional impli
cations. Thus, the SNV rs10306114 (−842A>G), located in the 
PTGS1 promoter region, has been related to platelet resistance 
[100]. The missense mutation rs3842787 (P17L) has no major 
functional impairment, whereas rs5789 (L237M) has been 
associated with decreased in vitro function [101,102]. 
Furthermore, rs10306135, an intronic variant, results in altered 
PTGS1 enzyme activity [103]. The rs20417 (−765 G > C) PTGS2 
promoter variant is located within a putative SP1 binding site 
and reduces PTGS2 expression: CC homozygous individuals 
presented an increased biosynthesis of PGE2 and PGD2 in 
human monocytes in vitro [104]. Moreover, the −765 G > C 
mutation has been controversial owing to cancer risk 
[105,106], although it is suggested to be ethnic-specific [95]. 
Also, rs689465 and rs689466, located at the PTGS2 promoter 
region, and the rs5275 (8473 T > C) variant, placed in the 3’- 
UTR of the PTGS2 gene, have given rise to controversial find
ings on cancer risk [105,106].

Regarding ADRs, it is important to highlight that these are, 
to a great extent, caused by COX inhibition, especially COX-1 
[21]. Most ADRs due to NSAIDs are dose-dependent. Thereby, 
it is reasonable to assume that those adverse reactions are 
dependent on drug exposure. Therefore, an increase in the 
dose or exposure to the drug will lead to a greater risk of 
complications [21]. Several genes involved in NSAIDs metabo
lism have been studied as a putative factor for developing 
adverse events. For instance, gastrointestinal bleeding [107], 
hepatic adverse reactions [108,109], cardiovascular disease 
[110], hypersensitivity reactions triggered by NSAIDs [111]. In 
addition to genes involved in NSAID metabolism, variations in 
prostanoid receptor genes might play important roles in 
NSAID hypersensitivity. Moreover, certain genes have been 
associated with NSAID hypersensitivity in leukotriene recep
tors (CysLTR1 and CysLTR2), in the inactivation of lipid media
tors, in histamine catabolism and histamine receptors, in 
adenosine metabolism, in IgE receptor and cytokines, in intra
cellular activation or inactivation signaling, in HLA, and in the 
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MHC [102,112]. These polymorphisms may influence the 
response to the pathogenesis of NERD though further studies 
are needed [102]. However, there are currently no recommen
dations for NSAID dosing based on NSAIDs pharmacody
namics genes [15,17,19].

4. Acetaminophen

Acetaminophen is a non-NSAID analgesic and antipyretic drug 
widely used for the relief of moderate pain and fever. Despite 
the fact that acetaminophen does not possess anti- 
inflammatory activity, it is frequently related to NSAIDs due 
to its inhibitory capacity of COX enzymes. Acetaminophen is 
a relatively safe drug to therapeutic doses (<3–4 g per day) 
[113]. However, acetaminophen overdose is the most common 
cause of acute liver failure. In addition, hypersensitivity reac
tions to acetaminophen can range from mild to severe ADRs. 
The hepatotoxic effect induced by acetaminophen is a dose- 
dependent reaction, being the main cause of acute liver 
damage in the USA [114]. The underlying mechanism of acet
aminophen hepatotoxicity is well known. Thus, at toxic doses, 
there is an increased formation of N-acetyl benzoquinone 
imine (NAPQI), a highly reactive acetaminophen metabolite 
[115]. This metabolite interacts with the cysteine group of 
cellular protein and induces cell death [116]. By contrast, 
hypersensitivity reactions are usually triggered at therapeutic 
doses. These hypersensitivity reactions caused by acetamino
phen are responsible for more than 10% of selective hyper
sensitivity reactions triggered by COX-inhibitors [117]. 
Recently, Doña et al. evaluated a cohort of 880 Spanish 
patients with symptoms suggestive of a cross-intolerant 
hypersensitivity reaction. The analysis revealed that acetami
nophen was the culprit drug in 23.6% of cases [118]. This 
finding was also supported by a multicenter study on hyper
sensitivity reactions to NSAIDs in children conducted by the 
European Network on Drug Allergy Group. The study evalu
ated 693 children from 6 different pediatric patients from Italy, 
Spain, Portugal, and Serbia. The diagnosis was confirmed in 
19.6% by performing a drug provocation test, being acetami
nophen the culprit drug in 23% of cases [119]. In addition, 
a retrospective analysis of a Tunisian cohort of patients with 
fixed drug eruptions demonstrated that 14.8% of patients 
showed a positive provocation test with acetaminophen 
[120]. However, the mechanisms that trigger the hypersensi
tivity reaction to acetaminophen are not clearly understood. 
Recently, it has been suggested that an alteration of the 
acetaminophen metabolic pathway drives toward an increase 
in the bioavailability of the toxic metabolite. Free NAPQI in 
cells might interact with the cysteine group of proteins and 
act like a hapten [121].

Both pharmacodynamics and ADRs depend on the bioavail
ability of acetaminophen and its metabolites. Acetaminophen 
is metabolized through nontoxic conjugation pathways. Thus, 
acetaminophen is metabolized to acetaminophen glucuronide 
by uridine glucuronide transferase (UGT), which constitutes 
the main metabolite. Also, acetaminophen is converted into 
acetaminophen sulfate through sulfotransferase (SULT) action. 
Around 5–10% of acetaminophen is metabolized by phase 
I enzymes. The oxidation pathway is mediated by CYP450, 

which is responsible for NAPQI generation. Under normal 
conditions, NAPQI is neutralized by glutathione (GSH) cou
pling. This reaction is catalyzed by glutathione S-transferase 
and produces acetaminophen glutathione [122]. From APAP- 
GSH, acetaminophen cysteine and acetaminophen mercaptu
rate are produced spontaneously. Also, NAPQI can react to the 
cysteine group of cellular proteins when the GSH levels are 
insufficient to neutralize the NAPQI production. At high acet
aminophen doses and/or low GSH levels, NAPQI bioavailability 
increases, and consequently the NAPQI–protein ratio increases 
too [122].

Pharmacogenetic studies are mainly focused on acetami
nophen metabolism and the possible role of its metabolites 
on hepatotoxic reactions [123]. A decrease in the UGT enzyme 
activity might lead to an increase in the oxidation pathway. 
Therefore, functional UGT polymorphisms are relevant candi
dates for these pharmacogenetic studies. The main isoforms 
involved in the acetaminophen glucuronidation are UGT1A1, 
UGT1A6, UGT1A9, and UGT2B15. The effect of certain SNVs, 
such as those present in UGT1A6*2 (rs6759892 + rs2070959 
+ rs1105879) over UGT activity, is controversial. Some studies 
support that UGT1A6*2 causes an increase in the glucuronida
tion activity in human liver microsomes (HLMs) [124], whereas 
additional studies have shown an association between this 
variant allele with a decrease in the acetaminophen glucuro
nidation levels [125]. We have recently shown that two 
UGT1A6 variant alleles, designated as UGT1A6*2 and 
UGT1A6*4, are determinants in acetaminophen pharmacoki
netics, with carriers of variant alleles in homozygosity or dou
ble heterozygosity having increased half-life values and 
increased drug exposure [126]. In addition, the UGT1A1 
rs8330 variant has been proposed as a hepatoprotective bio
marker due to the improvement in the glucuronidation activ
ity in HLMs at toxic doses of acetaminophen [127]. UGT2B15 
genetic variants have also been analyzed, and although the 
role of this isoform has been considered a minor one, certain 
studies have shown that the influence of UGT2B15*2 
rs1902023 in the APAP-G level reduction and APAP-Cys levels 
increases [128,129]. These controversial results might be due 
to the low number of studies exploring the impact of 
a combination of these SNVs over acetaminophen metabo
lism. Acetaminophen oxidation is carried out by the CYP iso
forms CYP2E1, CYP3A4, CYP2A6, and CYP2D6 [122]. The effect 
of genetic variants in these isoforms over acetaminophen 
oxidation has not been extensively studied. However, Court 
et al. analyzed the association between CYP2E1 and CYP3A5 
polymorphisms in acetaminophen-induced acute liver failure 
(ALT). The results demonstrated an association of CYP3A5 
rs776746 with this pathology [130].

The GSTP1, GSTM1, and GSTP1 isoforms play a role in 
neutralizing the NAPQI metabolite. Thereby, polymorphisms 
in these isoforms might be related to protection against the 
acetaminophen hepatotoxic effect or the development of 
hypersensitivity reactions to acetaminophen. The association 
between childhood asthma with the mother’s acetaminophen 
exposure during pregnancy might be linked to variations in 
GST genes [131]. Also, the signaling mechanism of acetamino
phen hepatotoxicity has been postulated as a possible under
lying mechanism for selective hypersensitivity reactions to 
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acetaminophen. In this regard, pharmacogenetic studies have 
been focused on CD44 and NRF2 genes. CD44 is 
a transmembrane glycoprotein implicated in cell–cell interac
tions, migration of cells, and lymphocyte activation (Table 1) 
[132]. Thus, different studies have shown an association 
between high damage hepatic biomarkers, such as alanine 
aminotransferase and the CD44 rs1091267 SNV [130,133]. 
Also, NRF2 is a transcription factor whose activation under 
ROS misbalance promotes the synthesis of enzymes involved 
in glutathione regeneration and plays a role as 
a hepatoprotective agent at high doses of acetaminophen 
[134,135]. Pharmacogenetic studies revealed that the occur
rence of NRF2 rs6726395 increases the risk of developing 
asthma [136,137].

Although hepatotoxic and hypersensitivity reactions to 
acetaminophen constitute a substantial public health pro
blem, the pharmacogenetic studies focused on this painkiller 
are scarce. Therefore, available data still do not support 
a genotype-guided dose recommendation [15].

5. Conclusion

In this article, we provided a state-of-the-art study on the 
effect of genetic variability in the response and monitoring 
of painkiller drugs. The treatment and strategies in pain man
agement are mainly based on the use of a wide range of 
medications from non-opioids to weak and strong opioids. 
A certain number of patients might suffer from a lesser effi
cacy of these treatments or develop ADRs that might even
tually be life-threatening at the usual therapeutic dosage. Of 
particular interest are the findings revealed by the studies 
performed on patients receiving codeine or tramadol. These 
have highlighted the impact of CYP2D6 genetic variants on the 
variability response observed in a certain number of patients 
receiving these treatments as well as the susceptibility to 
suffer ADRs to both compounds. Thus, PM and UM CYP2D6 
individuals are recommended to follow guided treatment 
recommendations for the therapeutic use of codeine and 
tramadol. Also, genetic variants in CYP3A4, CYP3A5, CYP2B6, 
and UGT2B7; as well as in genes encoding opioid receptors 
(OPRM1, OPRD1, and OPRK1) and transporter (ABCB1) have 
been analyzed. However, the evidence shown requires the 
need for additional studies to elaborate therapeutic recom
mendations for dosing opioids based on variants in these 
genes. Regarding NSAIDs, these are mainly metabolized by 
the CYP2C9 enzyme. Since individuals carrying CYP2C9 var
iants are more exposed to NSAIDs and, therefore, are at 
greater risk of developing toxicity due to NSAIDs, reducing 
the dose might be recommended. In addition, variations in 
genes involved in the COX pathway have also been investi
gated; nevertheless, conclusive studies are needed to solve 
discrepancies about possible alterations in pharmacodynamic 
responses. Therefore, although some recommendations exist, 
presently there is not enough information to develop clinical 
practice guidelines to implement the use of pharmacoge
nomic information for most painkillers, and much additional 
work is required. Also, a detailed phenotyping and an exhaus
tive patient monitoring response to these drugs are essential 

to improve the pain management of these patients and pre
vent the occurrence of these ADRs.

6. Expert opinion

Pain relief has become a global burden, and the priority to 
understand the variability in response to painkillers and tailor
ing the drug-dose prescription may no longer be neglected. 
Thus, pharmacogenetic studies involving genes related to 
pharmacokinetic and pharmacodynamic processes constitute 
an essential tool to develop models and guidelines that can 
predict and monitor the painkiller response.

This review highlights the importance of pharmacogenetic 
studies, which have demonstrated that the lack of response to 
painkiller treatment and ADRs may be partially explained by 
the genetic variability of patients. Genes involved in drug 
metabolism, elimination, and transport processes, as well as 
those encoding receptors and those involved in drug response 
and susceptibility to ADRs, have been the main target of these 
studies. However, a considerable proportion of interindividual 
variability in drug response cannot be explained by these 
common variants. Also, it is known that a substantial number 
of phenotypic and environmental factors as well as concomi
tant diseases may also evoke an interaction on the activity of 
enzymes involved in pharmacokinetic processes. Recent 
advances in high-throughput sequencing technologies have 
led to the development of large-scale studies to detect 
genetic variants with a minor allele frequency of less than 
1%, which are known as rare variants. These rare variants 
might be important contributors to the lack of efficacy in 
drug treatment experienced by certain patients, such as the 
occurrence of ADRs. Therefore, combining data from common 
genetic polymorphisms, rare variants and environmental fac
tors might provide valuable information to predict the varia
tions in drug response and support a personalized drug 
prescription. Diverse pharmacogenetic guidelines that help 
clinicians to translate the genetic test results into daily clinical 
practice have been published. Particularly, DPWG, CPIC, and 
CPNDS working groups have included information concerning 
painkiller drugs. These guidelines differ in their methodology 
and the systems for grading the levels of evidence to elabo
rate their prescriptions. Reaching a consensus in this field is 
necessary to implement the pharmacogenetics-guided pre
scription in daily clinical practice. Presently, the data evaluat
ing the clinical implementation management and the cost- 
effectiveness of a genetic-guided approach to opioid or 
NSAID prescribing on clinical outcomes of pain are scarce. 
Recently, Smith et al. carried out a trial to evaluate the effects 
of CYP2D6-guided codeine and tramadol prescribing on pain 
management [13]. Their findings reveal that IM/PM patients 
that received a CYP2D6-guided prescription had a significantly 
greater reduction in the pain intensity compared to patients 
who received a usual prescription [13]. Regarding the clinical 
benefits that a genetic-guided approach may provide to 
chronic pain patients, next to implement pharmacogenetic 
screening tests is to estimate their cost-effectiveness. 
A prominent number of studies have evaluated positively 
the cost-effectiveness of a genetic-guided approach imple
mentation; mostly focused on cardiovascular diseases, HIV 
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infection, or autoimmune diseases [138,139]. However, 
recently, Hart et al. estimated the cost-effectiveness associated 
with preemptive testing of a multigene panel providing 
CYP2C19 genotype-guided strategy for clopidogrel therapy 
and CYP2D6 genotype-guided for tramadol treatment com
pared to a single test for CYP2C19 and no testing [140]. The 
authors evaluated the patient quality-adjusted life years 
(QALYs) and the risk of cardiovascular and pain therapy- 
related ADRs from the three strategies. After 15 months, 
their findings demonstrated that the multi-gene testing was 
less costly and yields more QALYs, reaching a $11368 lower 
cost and higher QALY compared to no testing strategy [140]. 
Thus, these data support the potential benefits and the neces
sary translation of pharmacogenetic guidelines from the 
bench to the bedside.

The physiologically based pharmacokinetic and pharmaco
dynamic (PBPK/PD) modeling has been revealed as a useful 
tool to predict pharmacokinetic characteristics and disposition, 
as well as to predict plasma and tissue concentration–time 
profiles for drugs by means of mechanistic mathematical 
methods. Apart from different pharmacokinetic parameters, 
these models may incorporate elaborated clinical scenarios 
and genetic data. Thus, the development of PBPK models 
implementing pharmacogenomic data may facilitate the 
development of pharmacogenetic guidelines for a more accu
rate pharmacogenetics-guided prescription to prevent the 
occurrence of ADRs and facilitate clinician drug dose 
adjustment.
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