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Abstract

Pain is an unpleasant feeling usually resulting from tissue damage that can persist along
weeks, months, or even years after the injury, turning into pathological chronic pain, the
leading cause of disability. Currently, pharmacology interventions are usually the first-
line therapy but there is a highly variable analgesic drug response. Pharmacogenetics
(PGx) offers a means to identify genetic biomarkers that can predict individual analgesic
response opening doors to precision medicine. PGx analyze the way in which the pres-
ence of variations in the DNA sequence (single-nucleotide polymorphisms, SNPs) could
be responsible for portions of the population reaching different levels of pain relief
(phenotype) due to gene interference in the drug mechanism of action (pharmacody-
namics) and/or its concentration at the place of action (pharmacokinetics). SNPs in the
cytochrome P450 enzymes genes (CYP2D6) influence metabolism of codeine, tramadol,
hydrocodone, oxycodone, and tricyclic antidepressants. Blood concentrations of some
NSAIDs depend on CYP2C9 and/or CYP2C8 activity. Additional candidate genes encode
for opioid receptors, transporters, and other molecules important for pharmacotherapy
in pain management. However, PGx studies are often contradictory, slowing the uptake
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of this information. This is likely due, in large part, to a lack of robust evidence demon-
strating clinical utility and to its polygenic response modulated by other exogenous or
epigenetics factors. Novel therapies, including targeting of epigenetic changes and
gene therapy-based approaches, broaden future options to improve understanding
of pain and the treatment of people who suffer it.

ABBREVIATIONS
CB1 cannabinoid receptor

COMT catechol-O-methyltransferase

COX cyclooxygenase

EPOS European Pharmacogenetic Opioid Study

FDA Food and Drug Agency

FEDRA Spanish pharmacovigilance system

GCH1 guanosine triphosphate cyclohydrolase 1

GPCRs G protein-coupled receptors

GWAS genome-wide association studies

ICH International Conference on Harmonization

KCNJ6 potassium ion channels named Kir3.2

MRP multidrug resistance protein

NSAID nonsteroidal antiinflammatory drugs

OPRM1 mu opioid receptor

PharmGKB pharmacogenetics and pharmacogenomics knowledge base

PGx pharmacogenetics

SNP single-nucleotide polymorphism

UGT2B7 UDP-glucuronyl transferase gene

UM ultrarapid metabolizers

1. INTRODUCTION

Pain is the most common presenting physical symptom in medicine

and accounts for a substantial burden for the individual patient, health care,

and society in general. Its persistence and response to analgesic drugs show

toward pain varies according to several and complex factors with unre-

solved questions. Chronic pain is an unpleasant sensory and emotional

experience, without apparent biological value, that persists beyond normal

tissue healing. It is a global health problem underestimated for decades that

affects 20% of the adult population chronically and despite the fact that

about half of them receive some analgesic treatment, 64% fail to control

it (Hardt, Jacobsen, Goldberg, Nickel, & Buchwald, 2008). Thus, the sce-

nario for chronic pain management is unsatisfactory, with many patients
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suffering from pain up to their maximum tolerance level, huge impact on

their own quality of life and a large variability of pharmacological combi-

nations used to treat them (P�erez et al., 2013).
How can an individual have a very different sensory experience and drug

response to another person receiving a similar sensory input and treatment?

It could be said that one of the reasons for which people are receiving an inef-

fective drug to treat their pain are the interindividual genetic differences that

generate a polygenic responses modulated by exogenous factors (epigenetics,

“epi” means “above” in Greek). The field that addresses pharmacogenetics

(PGx) is developing an understanding of such differences and themechanisms

that support them are the base to optimize treatment on an individual-by-

individual focus. PGx analyze the way in which the presence of variations

in the DNA sequence could be responsible for a proportion of the popu-

lation reaching a different pain relief by interfering with its mechanism of

action and/or its concentration in the place of action (Cazacu,Mogosan, &

Loghin, 2015).

The concept that “one size fits all” has been replaced by the idea of pre-

cision medicine, which foresees the use of molecular data to treat patients

with more specificity and efficacy but fewer adverse events. So hopefully,

patients with an unsatisfactory response to analgesic treatment will have a

ray of hope thanks to PGx (Webster & Belfer, 2016). However, the trans-

lation of its results to the “real world” remains scarce (Langley, 2011).

1.1 Why Is Pharmacogenetics Necessary?
The disciplines that study the relationships between genes and the response

to drugs are PGx and pharmacogenomics. Both versions were used as syn-

onyms until 2007, when at the proposal of the International Council for

Harmonization of Technical Requirements for Pharmaceuticals for Human

Use (ICH, http://www.ich.org), PGx was defined as the study of the influ-

ence of changes in the DNA sequence on the response to drugs; and phar-

macogenomics as the investigation of DNA and RNA variations in relation

to drug response. Discovery efforts have been assisted by robust accessible

reference databases that classify and annotate genetic variations, as for exam-

ple, the single-nucleotide polymorphism (SNP) database/genomic structural

variation database, ClinVar, and Online Mendelian Inheritance in Man

(OMIM) database (Hoffman et al., 2016).

From an evolutionary point of view, these differences would behave as a

biological security because they function as a survival reserve, to the extent
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that they facilitate the adaptation of the species as a whole to a changing envi-

ronment. Thus, a specific genetic endowment of the individual (inherited

SNP in block or haplotype), modulated by physiological, pathological, or

environmental factors (epigenetics), could explain, in part or totally, the var-

iations in the drug action or the concentration reached on its place of action

(Vuilleumier, Stamer, & Landau, 2012).

Genes can affect pharmacodynamics based on variations in drug target

receptors and downstream signal, transduction pathways (i.e., the mu opi-

oid receptor (OPRM1), catechol-O-methyltransferase (COMT)). On the

other hand, other genes affect pharmacokinetics altering drug metabolism

and/or elimination (i.e., CYP450 family of enzymes, enzymes responsible

for glucuronidation, drug transporter proteins, and COX enzyme), mod-

ifying the relationship between drug dose and concentration at target

organ. In addition, the interaction of the drug with each category of pro-

teins can be affected by other medications or factors related with the patient

as physiological (sex, age, or pregnancy) or environmental (diet, exercise,

tobacco, or alcohol) (Kadiev et al., 2008; Kirchheiner et al., 2007).

PGx research could be used to: (a) explain the variability of the response

observed among participants in clinical studies, as well as unexpected adverse

events; (b) determine eligibility to participate in clinical trials (preselection)

in order to optimize the study design; (c) develop diagnostic tests linked to

the drug to identify patients with higher or lower probability of benefiting

from a treatment, or who may be at risk of suffering adverse events; (d) have

better understanding of the mechanism of action or the metabolism of new

and existing drugs, as well as of the mechanisms of disease and individual

doses (Hajj, Khabbaz, Laplanche, & Peoc’h, 2013). However, nowadays,

the interpretation and translation of these genetic results to the clinic is still

under discussion.

The following considerations should be taken in account: whether PGx

test results are actionable, the level of evidence needed for implementation

of PGx, the sources of information regarding the interpretation of PGx data,

and the need to move from local national clinical guidelines to international

ones. Clinical guidelines as structured and coded knowledge sources will

facilitate their adoption and implementation by reducing the amount of

expertise and effort required for transforming the knowledge into technical

specifications. Concerted efforts like an open active cooperation with indus-

try are required in order to facilitate translation and commercialization of

genetic testings (Peiró et al., 2016). In addition, payers need to be convinced

about the positive cost–benefit of PGx-guided healthcare, and professionals
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need to be trained and reassured on the availability and utility of genetic test-

ing, even more when 30% of the medicinal products centrally approved in

the Europe Union, since 1995, contain a genetic biomarker in their product

label (Ehmann et al., 2015; Friedman, Wong, & Blumenthal, 2010).

1.2 Individual Genetic Variability
The genetic information is encoded in the molecular structure of the

nucleic acids, which in turn, is formed by a sugar molecule, a phosphate

group that allows binding to other nucleotides, and a nitrogenous base.

Therefore, a nucleotide is the phosphate ester of a nucleoside. Depending

on the nature of the pentose, two types of nucleic acids are distinguished:

ribonucleic acid (RNA) that carries D-ribose and deoxyribonucleic acid

(DNA) containing 2-deoxy-D-ribose. The bases that are involved in the

formation of DNA are called adenine (A), cytosine (C), guanine (G), and

thymine (T). RNA contains the three first and uracil (U) instead of thy-

mine. The genetic information is contained in these nucleotide sequences

along a chain, as ATGCTAGTCTGTAAA.

Genetic polymorphism is the term for genes structural variations and

can be classified into five major classes: RFLP (restriction fragment length

polymorphism), VNTR (variable number of tandem repeat), STR (short

tandem repeat or microsatellite), SNP, and CNV (copy-number variation)

(Nakamura, 2009). A SNP is the most common altered gene form.

In humans, it is estimated that there are more than 10 million SNPs (i.e.,

1 in 300 base pairs on average) with an observed minor allele frequency of

�1% in the population. In a SNP, the change of a single nucleotide in the

genomic sequence gives rise to different alleles. They can be changed (sub-

stitution), removed (deletions), or added (insertion) to a polynucleotide

sequence (Baroy, Misceo, & Frengen, 2008). Remarkably, insertions and

deletions are also abundant in the human genome with sizes ranging from

single to several million base pairs (Mullaney, Mills, Pittard, & Devine,

2010). Usually, these variants are silent (synonymous, no change in amino

acid sequence or change in amino acid that does not affect the phenotype),

while others are missense (different amino acid) or nonsense (premature

stop codon) variants (nonsynonymous, they change an amino acid in the

protein encoded by the gene) being the main source of interindividual

genetic variability (Ng & Henikoff, 2006).

However, the great advantage of SNPs over other types of markers is the

possibility of analyzing them using large-scale automated methods. In 1986,

251Pharmacogenetics in Pain



the Department of Energy of the United States led the Human Genome Ini-

tiative and launched the Human Genome Project (http://www.genome.

gov) with the objective of developing tools capable of achieving the complete

sequence of the human genome. Since multiple large-scale SNP genotyping

platforms were developed around 2003, construction of an international

consortium for making a SNP database for three major populations had been

discussed and the International HapMap project was organized in 2003.The

International HapMap Project proposed to identify the most frequent SNPs

in the human genome in individuals from different ethnic groups. Genetic

linkage analysis, construction of the international SNP database, and develop-

ment of high-throughput SNP genotyping platforms, are used to perform

genome-wide association studies (GWAS), which have identified genes sus-

ceptible to common diseases or associated with drug responses (Dalca &

Brudno, 2010).

1.3 Genetic and Epigenetic Research
1.3.1 Genome-Wide Association Studies
GWAS have identified hundreds of genetic variants associated with com-

plex human diseases and traits scanning markers across the DNA. How-

ever, they rarely reported or even measured the experienced pain. This

might be due to the lack of reliable and cheap pain level measurement

tools, and, also, because of the fluctuations in the personal pain experience

that makes very hard to detect true average pain intensity in cross-sectional

studies (Peters et al., 2013). Most variants identified so far conferred rela-

tively small increments in risk and explained only a small proportion of

familial clustering, leading to question how the remaining “missing” her-

itability could be explained. However, most of the studies compared the

cooccurrence of the painful disease itself, and not the experienced pain

states. Induced pain under laboratory circumstances can provide slightly bet-

ter measurements of the heritability rate of pain vulnerability, which is esti-

mated among 22%–60% (Manolio et al., 2009). The rare exception of the

multilevel GWAS of chronic widespread pain resulted in the association of

rheumatic pain with 5p12.2 chromosomal region (Peters et al., 2013). These

results might facilitate other research to consider experienced pain as a target

for GWAS. In addition, novel therapies, including targeting of epigenetic

changes and gene therapy-based approaches, are further broadening future

options for pain (Pirmohamed, 2014).
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1.3.2 Epigenetic Modifications
Epigenetic modifications, such as DNA methylation and histone modifica-

tions (e.g., acetylation and phosphorylation), are known to cause stable gene

expression changes via chromatin remodeling. These mechanisms have a

role not only in the determination of developmental cell fates but also in

the physiological and pathological processes in the nervous system. There

is evidence that injury-induced changes in chromatin structure drive stable

changes in gene expression and neural function, which may cause symp-

toms, including allodynia, hyperalgesia, anxiety, and depression (Descalzi

et al., 2015).

Recent findings on epigenetic changes in the spinal cord and brain dur-

ing chronic pain may guide fundamental advances in new treatments. DNA

methylation is an epigenetic mechanism for long-term regulation of gene

expression. Alterations in DNA methylation, an enzymatic covalent mod-

ification of cytosine bases in the DNA, could serve as a “genomic” memory

of pain in the adult cortex mediating the long-term consequences of painful

experiences and embed them into the genome. Neuronal plasticity at the

neuroanatomical, functional, morphological, physiological, and molecular

levels has been demonstrated throughout the neuroaxis in response to per-

sistent pain, including in the adult prefrontal cortex (Kim & Kaang, 2017),

thereby contributing to the alterations in both, pain sensitivity and pharma-

cological efficacy in neuropathic pain (Ueda & Uchida, 2015).

At this point, it is important to understand that structural and functional

aspects are integrated into a “dynamic” model and it must be taken into

account that it is also possible to regulate the expression of genes without

changing their DNA sequence, because it may vary due to the function

of the RNA molecules themselves (noncoding RNA transcripts, micro-

RNAs), due to their interactions with DNA and/or proteins, or by alter-

ations in the chromatin.

2. PHARMACOGENETICS APPLIED TO THE TREATMENT
OF PAIN

A multitude of candidate genes related to different pain neurotrans-

mission pathways have been described. Most relevant are those that encode

for the OPRM1 gene which variants can give rise to a receptor three times

more active and to a request of higher doses of morphine; COMT gene,

which can decrease its enzymatic activity three to four times; cytochrome
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P450 complex especially in CYP2D6 and UDP-glucuronyl transferase

(enconded by the UGT2B7 gene) where SNPs are the general rule that

can lead to a loss of metabolic function and toxicity. The functional variants

of the cited genes are described associated with the WHO analgesic ladder

three-step approach (Světlı́k, Hronová, Bakhouche, Matoušková, & Slana�r,
2013) (Tables 1 and 2).

2.1 WHO Analgesic Ladder First Step: Nonopioid Analgesics
Nonopioid analgesics such as analgesics and nonsteroidal antiinflammatory

drugs (NSAIDs) are very accessible drugs (5.5% of total prescriptions). All

of them exert their effect through the inhibition of the COX enzyme

blocking the activation of peripheral nerve fibers and decreasing the num-

ber of impulses that reach the central nervous system. Its metabolism occurs

mainly in the liver especially by conjugation with glucuronic acid and oxi-

dation through CYP450. Only CYP2C9 gene has more than 33 variants

capable of modifying NSAIDs pharmacology such as diclofenac, ibupro-

fen, naproxen, tenoxicam, piroxicam, or celecoxib (Stamer, Zhang, &

Stuber, 2010).

2.1.1 NSAIDs as COX Inhibitors: Balancing Benefit/Risk
The COX inhibitors are used very commonly in noncancer pain. However,

they are often proved to be ineffective in severe pain, as well as, they present

dangerous cardiorenal and gastrointestinal long-term side effects even

more in elderly, at higher doses, and with long-term use. Following rec-

ommendations of the United States Food and Drug Administration (FDA),

“NSAIDs should be administered at the lowest effective dose for the

shortest duration consistent with individual treatment goals” (Enthoven,

Roelofs, Deyo, Tulder, & Koes, 2016; Fine, 2013).

COX is a product of the enzyme responsible for the synthesis of prostaglan-

dins (prostaglandin-endoperoxide synthase gene, PTGS). SNPs on this enzyme

have been associated with lower response to the antiplatelet effect of acetyl-

salicylic acid (�842G, PTGS1 gene) and at a lower risk of suffering severe

oncological pain (837C, rs5275,PTGS2 gene).However, its expression is very

variable (�36% to+300%) after surgery (Wyatt, Pettit, &Harirforoosh, 2012).

In relation to its metabolism, UDP-Glucuronosyltransferase enzyme as

UGT1A6*2/2 associated a faster conjugation of acetylsalicylic acid modifying

its antiaggregant effect (Chen et al., 2007). Other NSAIDs, such as ibuprofen,

naproxen, tenoxicam, and celecoxib, suffered a reduction of up to 70% in their

clearance in carriers CYP2C9*3 (rs1057910), in some cases together with
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Table 1 Pharmacogenetics Applied to the Drugs Most Used in Pain Treatment
Drug Gene and Genetic Variability Patients/Design Clinical Effect

AAS PTGS1, �842G n¼101 (♀25 ♂76) patients scheduled

for percutaneous coronary intervention.

Observational study. Prospective

Less response to antiaggregant effect

(100mg/d)

PTGS2, 837T n¼667 non-Hispanic whites with lung

cancer. Cases and controls study

n¼1149 targets with lung cancer.

Observational study. Retrospective

Lower risk of severe pain

UGT1A6*2/2 n¼28 healthy volunteers. Observational

study. Prospective

Modification of the antiaggregant effect

(650mg/d)

NSAID CYP2C9*2
CYP2C9*3 (rs1057910)

CYP2C8*3
(rs10509681, rs11572080)

n¼335 (♀182 ♂153) healthy Spanish

volunteers

n¼134 patients with hemorrhages and

177 without adverse effects. Transversal

study

Decreased clearance (ibuprofen,

tenoxicam, celecoxib) and increased risk of

bleeding, peptic ulcer, and kidney

disorders

CYP2C9*1,*2,*3
CYP2C8*1,*3

n¼35 (♀11 ♂24) healthy Brazilian

volunteers

Decreased clearance of piroxicam and

increased COX1 inhibition

CYP2C8*3,*4 n¼142 healthy white Spanish volunteers Changes in renal elimination

HLA-DQA1*0102 n¼41 patients with liver injury and 176

without injury. Cases and controls study

Increased risk of severe hepatotoxicity

Tramadol

Codeı́ne

CYP2D6 n¼300 patients after abdominal surgery

n¼250 Korean patients with gonarthrosis.

Prospective observational studies

n¼13 cases after adenotonsillectomy

Less analgesia in slow metabolizers and

greater toxicity in ultrarapid metabolizers

Continued



Table 1 Pharmacogenetics Applied to the Drugs Most Used in Pain Treatment—cont’d
Drug Gene and Genetic Variability Patients/Design Clinical Effect

Opioids OPRM1, A118G (rs1799971) n¼80 ♀ programmed for hysterectomy.

Observational study

n¼167 healthy volunteers, experimental

pain

Lower dose of morphine and fewer

analgesic rescues

OPRM1, �172G (rs6912029),

–1510G (rs12205732)

n¼183 ♂ with dependence on opioids

of Arab origin. Observational study

Worst response to detoxification treatment

OPRD1, 80T (rs1042114) n¼735 (♀443 ♂292) healthy American

volunteers of European origin (50%),

African (23%), Hispanic (11%), or

Asian (14%)

Less sensitivity to pain

OPRD1 (rs678849) n¼643 patients with dependence on

North American opioids of European

origin (88%), African (12%).

Observational study

Better response to treatment with

methadone, worse with buprenorphine

OPRK1, 36G (rs1051660) n¼176 subjects (106 whites from

Eastern countries with heroin

dependence and 70 healthy volunteers)

Estudio de casos y controles

Greater vulnerability dependency

behaviors

CYP3A4*1G
CYP3A5*1/*3
CYP3A5*3/*3

n¼203 ♀ programmed for total

hysterectomy. Abdominal or

myomectomy. Observational study.

Prospective

n¼25 cases analyzed (22 whites, 1

African-American, and 2 Americans)

Lower dose requirement and possible

predictive factor for fentanyl toxicity



UGT2B7, 802C>T (rs7439366)

–840G
n¼20 patients with sickle cell disease.

Transversal study

Increased conjugation for buprenorphine

and minor with morphine

ABCB1, 3435C (rs1045642) n¼33 healthy volunteers, experimental

pain

n¼228 oncological patients.

Observational study

Lower dose required

ABCB1, 2677A (rs2032582),

3435T (rs1045642)

Variable risk of nausea and vomiting,

increased with morphine and minor with

oxycodone

ABCB1, 1236T (rs1128503),

2677T (rs2032582), 3435T

(rs1045642)

Increased risk of miosis with loperamide

and respiratory depression with fentanyl

COMT (rs6269A>G,

rs4633T>C, rs4818C>G,

rs4680G>A)

n¼202 ♀ healthy volunteers,

experimental pain (85% of European or

American origin, 15% African, Asian, or

Hispanic)

Phenotypes of sensitivity to pain

COMT (rs4633T, rs4680G,

rs165722C)

n¼2294 oncological patients.

Observational study. Retrospective

Protective factor nausea and vomiting

GCH1, haplotipo n¼251 (♀109 ♂142) oncological

patients. Observational study.

Retrospective

Less sensitivity to pain and later onset of

cancer pain treatment

DRD2, 1174 C

1192C

n¼194 whites (85 patients with opioid

dependence and 99 healthy volunteers).

Cases and controls study

Greater doses of methadone and fewer

responders to. Detoxification treatment

with methadone



Table 2 Pharmacogenetics Applied to the Metabolism of Drugs: Substrate, Inducers, and Inhibitors Drugs Metabolized by Cytochrome P450
CYP 1A2 2B6 2C9 2C19 2D6 3A4

Substrates Acetaminophen Bupropion Celecoxib Diazepam Codeine Alprazolam

Melatonin Methadone Piroxicam Carisoprodol Tramadol Midazolam

Caffeine Phenobarbital Ibuprofen Rifampin Oxycodone Methadone

Tobacco Warfarin Hydrocodone Fentanyl

St. John’s Wort Buprenorphine

Rifampin Phenobarbital

Inducers Cannabinoid Rifampin Gingko Dexamethasone Rifampin

Oxcarbazepine Ritonavir Prednisone Butalbital

Carbamazepine

Phenobarbital

Inhibitors Ciprofloxacin Paroxetine Fluoxetine Fluoxetine Duloxetine Clarithromycin

Caffeine Venlafaxine Fluconazole Paroxetine Erythromycin

Grapefruit Fluoxetine Grapefruit

Goldenseal Indinavir

Bupropion Ritonavir



CYP22C8*3 (rs10509681 and rs11572080), and in a way independent

to CYP2C9*2 (rs1799853) whose isolated presence is able to reduce it

up to 96% (Tracy et al., 2002). This led to a greater risk of gastric and renal

toxicity. Similarly, piroxicam has been associated with worse clearance

and greater COX1 inhibition in CYP2C9*1/*2 or CYP2C9*1/*3, and
diclofenac in native subjects CYP2C8*1 (Martı́nez et al., 2005). However,

these effects are not similar for other NSAIDs.

2.2 WHO Analgesic Ladder Second Step: Tramadol and
Codeine

In this step, we incorporate weak opioid analgesics such as tramadol, the

most prescribed for moderate pain intensity, and codeine, one of the most

used in pediatrics in countries like Canada. Both are OPRM1 agonists,

being tramadol, in addition, capable of inhibiting the reuptake of noradren-

aline and serotonin. Its bioactivation is carried out, above all, through

CYP2D6. Thus, decreases in CYP2D6 activity may lead to reduced con-

version of prodrugs into their more active metabolites, causing inadequate

analgesia and the need for increased opioid medication. Conversely,

increased CYP2D6 activity can lead to elevated levels of active metabolites

in the blood, increasing the risk of adverse outcomes (such as an overdose)

(Kirchheiner et al., 2007; Paar, Poche, Gerloff, & Dengler, 1997). This

cytochrome has about 80 described variants that are grouped into four phe-

notypes according to their metabolizing activity (De Gregori et al., 2001):

(i) slow (individuals poor metabolizers, PM, very diminished enzymatic

activity) that require 30% more tramadol, (ii) intermediate (intermediate

metabolizers), (iii) rapid (extensive metabolizers), or (iv) ultrarapid (ultra-

rapid metabolizers, UM), when presenting multiple copies of the functional

gene, that may increase the risk of toxicity due to drowsiness, confusion, or

respiratory depression (Crews et al., 2012).

Tramadol is metabolized through CYP2D6 and its analgesic effect

may change according to polymorphisms (Chidambaran, Sadhasivam, &

Mahmoud, 2017; Matic, de Wildt, Tibboel, & van Schaik, 2017) with a

lower degree of analgesia in PM with acute postoperative pain and an

increase in nausea and vomiting in osteoarthritis (Kim, Choi, Kang, &

Bae, 2010). Also, SNPs inCYP2D6 lead to the inability to convert codeine

to morphine, thus making codeine ineffective as an analgesic but in UM

cases, high concentrations of morphine can be observed inducing major

adverse events. In fact, the FDA warned of cases of severe respiratory

depression and death in children with UMphenotype after adenoidectomy

or tonsillectomy (Racoosin, Roberson, Pacanowski, & Nielsen, 2013).
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2.3 WHO Analgesic Ladder Third Step: Opioid Analgesics
Opioids with their central mechanisms of action are controversial drugs in

noncancer pain treatment. Apart from the most-discussed abuse potential

and the tolerance developed after chronic administration are also limiting

the usage of opioids against pain (Furlan et al., 2010).

Opioids modulate nociception by stimulatingOPRM1, the major mole-

cular gate for opioid analgesia (Kieffer & Gaveriaux-Ruff, 2002). Several

other strategies have been developed to try to reduce opioids adverse effects,

such as using agonists of other opioid receptors (Vanderah, 2010) or periph-

eral mu antagonists (Webster & Belfer, 2016). However, the former ones

produce a limited analgesia (Riviere, 2004) and the latter ones need to be

coprescribed with opioids and prevent constipation. Recently, using a dif-

ferent strategy, it has been demonstrated that the K+ channel TREK-1 is

a crucial contributor of morphine-induced analgesia in mice, while it is

not involved in morphine-induced constipation, respiratory depression,

and/or dependence. These observations suggest that TREK-1 channel,

acting downstream from the mu receptor, might have strong analgesic

effects without opioids-like adverse effects (Rodrigues et al., 2014).

2.3.1 Pharmacodynamics
Some candidate genes are implied either directly (opioid receptors) or indi-

rectly into the opioid transduction pathways when signal is transmitted to a

variety of effectors (e.g., adenylate cyclase or calcium and potassium ion

channels named Kir3.2, KCNJ6).

2.3.1.1 Opioid Receptors
Opioid receptors belong to the family of G protein-coupled receptors

(GPCRs). There are three types of classical receptors: mu, kappa, and

delta. They share a high degree of homology containing an extracellular

N-terminus domain, seven-transmembrane domains, and an intracellular

C-terminus domain. Most variations are found in the N-terminal domain

and the extracellular loops. Splice variations of opioid receptor mRNA

have been shown to produce receptor subtypes that may be of functional

importance (Dietis, Rowbotham, & Lambert, 2011).

OPRM1 gene represents the first line candidate for evaluating the role of

polymorphisms in the clinical effects of morphine. Studies inmice established

that this receptor is essential for morphine analgesia, physical dependence,

and reward (Lancaster, Linden, & Heerey, 2012). More than 100 SNPs are
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localized in the C-terminal (Shabalina et al., 2009). The most common poly-

morphismA118AG (rs1799971, A118G), leading to an asparagine to aspartate

substitution at amino acid 40 (Asn40Asp), with an allelic frequency varying

from 2% to 50% according to ethnic groups, has been extensively studied

(Brunton, Chabner, & Knollman, 2011). This polymorphism is responsible

for the loss of a putativeN-linked glycosylation site in theN-terminal domain

and is associatedwithmodified response to opiates. Indeed, the variant protein

exhibits three-times greater binding affinity for the endopeptide β-endorphin,
whereas binding to substances such as morphine, methadone, and naloxone

is unaffected in vitro (Chou, Wang, et al., 2006, Chou, Yang, et al., 2006;

Kreek, Bart, Lilly, LaForge, &Nielsen, 2005). Furthermore, this variant pre-

sents reduced analgesic response to alfentanil andmorphine-6-glucuronide

(Romberg et al., 2005; Skarke, Darimont, Schmidt, Geisslinger, & Lotsch,

2003), requiring higher doses of morphine for pain relief or associating a

decreased OPRM1 expression in both mRNA expression and translation

into a functional protein (Bond et al., 1998). Also, lower mRNA expres-

sion in human brain tissue and in transfected cells was found in 118AG-

allele carriers (Zhang, Wang, Johnson, Papp, & Sadee, 2005).

The largest genetic association study in pain was the European Pharma-

cogenetic Opioid Study (EPOS, n¼2.294), which included 112 SNPs of

25 genes, the most analyzed being A118G (rs1799971,OPRM1 gene). This

variant increases its affinity for endogenous opioids, with a decrease in pain

perception and lower cortical response to the painful stimulus. The homo-

zygous 118-G allele subjects required lower doses of morphine and a lower

number of analgesic rescues (Klepstad et al., 2011). However, a significant

association between genetic profile, opioid dose, and analgesia could not

be shown.

In addition, there is a large number of studies according to the gender or

origin of the population in relation to the sensitivity to experimental painful

stimuli (Hastie et al., 2012), opioid-dependence behaviors (Mistry, Bawor,

Desai, Marsh, & Samaan, 2014), or to response to opioids deprescription

(AL-Eitan, Jaradat, Su, Tay, & Hulse, 2012). However, further pharmaco-

genetic studies in larger cohorts of patients are needed to confirm these

findings.

2.3.1.2 Opioid Transduction Pathways
β-Arrestin 2 is an intracellular protein that is integral to mu receptor inacti-

vation and internalization (Zhang, Xiong, Lin, Ma, & Yu, 2009). On bind-

ing, opioid receptor agonists differentially trigger receptor phosphorylation
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and recruitment of β-arrestin. Knockout studies have shown that mice lac-

king β-arrestin 2 (ARRB2) gene exhibit prolonged analgesia with morphine

lower doses and variants have been associated with overall response to opioid

switching (Branford, Droney, & Ross, 2012).

2.3.2 Pharmacokinetics
Some genes are implicated in cellular transport and metabolism of the mole-

cules, which aims to convert lipophilic compounds intomore readily excreted

hydrophilic products (mainly cytochromeCYP2D6,CYP3A4, andCYP2B6;

and UGT2B7) (Table 2 and Fig. 1).

2.3.2.1 Opioid Metabolism
(a) Phase 1 opioid metabolism

Cytochrome P450 2D6 (CYP2D6) gene: CYP2D6 is highly polymor-

phic and expression of different variants results in several phenotypes.

The prevalence of variant alleles exhibits considerable interethnic

differences in CYP distribution: as PM present in 2% in Asians,

6%–10% Caucasians, and >10% African or UM most frequent in

the Middle East and North Africa (Rajman, Knapp, Morgan, &

Masimirembwa, 2017).

Concomitant use of CYP inhibitors (e.g., paroxetine, fluoxetine,

and bupropion) or inducers (e.g., carbamazepine, phenobarbital, and

phenytoin) could counteract the clinical effect or trigger side effects

of analgesics in the same manner as genetically determined differences

in CYP2D6-mediated metabolism of many opioids (Table 2).

Moreover, combination treatment with drugs that inhibit or induce

P-glycoprotein (ABCB1), a blood–brain barrier efflux transporter,

may alter the amount (dose) of opioids distributed to the brain.

At the pharmacodynamic level, it is crucial to be aware of the

potential risk of interaction causing serotonergic syndrome when

combining opioids and antidepressants inhibiting serotonin reup-

take (Solhaug & Molden, 2017).

Drug–Gene CYP Interactions: Many of the common medicines used

in pain and adjuvant medications, such as antidepressants are metab-

olized through the CYP450 system and can significantly inhibit the

activity and, therefore, influence the effect of opioids. Verbeurgt,

Mamiya, and Oesterheld (2015) looked at a sample of 1143 patients,

where the total number of medications prescribed ranged from 1

to 44, with a mean of 8.4 and a median of 7 medications with a drug
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interaction (�drug, –gene, or drug–gene) between 12% and 31% of

the patients (Agarwal, Udoji, & Trescot, 2017).

Cytochrome P450 3A (CYP3A4) gene: The CYP3A4 enzyme is local-

ized in the liver and small intestine and, thus, contributes to first-pass

34% CYP3A4,5

4% CYP2E1

19% CYP2D6

8% CYP2C18,19

16% CYP2C8,9

3% CYP2B6
2.5% CYP2A6

8% CYP1A2

2.5% CYP1A1

36% CYP3A

14% CYP2E1

2% CYP2D6

3% CYP2C19

17% CYP2C9

5.5% CYP2C8

2.5% CYP2B6
8% CYP2A6

12% CYP1A2

Fig. 1 Pharmacogenetics applied to the metabolism of drugs: proportion of drugs
metabolized by cytochrome P450 and abundance in the liver. Adapted from
Rendic, S., & Di Carlo, F. J. (1997). Human cytochrome P450 enzymes: A status report sum-
marizing their reactions, substrates, inducers, and inhibitors. Drug Metabolism Reviews,
29(1–2), 413–580.
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and systemic metabolism of opiates regulating the excretion of fen-

tanyl, methadone, and buprenorphine. PM patients who are taking

oralCYP3A4 inhibitors (e.g., grapefruit juice, verapamil, diltiazem,

clarithromycin) have higher risk of elevated blood levels and sub-

sequent toxicity (Liukas, Hagelberg, Kuusniemi, Neuvonen, &

Olkkola, 2011). Asian CYP3A4*1G women required lower doses

of fentanyl after total abdominal hysterectomy or myomectomy.

This effect could be greater if CYP3A5*1/*3 or CYP3A5*3/*3
is also presented as a possible predictor of severe fentanyl toxicity.

Cytochrome P450 2B6 (CYP2B6) gene: CYP2B6 gene is a major iso-

form implied in methadone metabolism and clearance. However,

although its activity is highly variable among individuals, and no

clear correlation between a genotype and a phenotype has yet been

established (Li et al., 2015).

(b) Phase 2 metabolism

UGT2B7 gene: UGT2B7 insures the glucuronidation of morphine

to morphine-6-glucuronide and morphine-3-glucuronide metab-

olites (Campa, Gioia, Tomei, Poli, & Barale, 2008). Even though,

morphine-3-glucuronide has little affinity for opioid receptors, it

may contribute to the excitatory effects of morphine (Trescot,

Datta, Lee, &Hansen, 2008). In the case of morphine, some variants

of UGT2B7 (homozygous 802T) could interfere in the production

of their metabolites, induce a lower conjugation (�840G) but that

can be 10 times higher for buprenorphine (802T, rs7439366) (Jin,

Gock, Jannetto, Jentzen, & Wong, 2005; Zhang et al., 2011).

Multidrug resistance gene: P-glycoprotein 1 also known as multidrug

resistance protein 1 (MRP1 or ABCB1) is an important protein

of the cell membrane involved in multidrug resistance. It is res-

ponsible for decreased drug accumulation in multidrug-resistant

cells and also functions as a transporter in the blood–brain barrier

(Hodges et al., 2011). It is associated with higher brain concentra-

tion of opioids (methadone, morphine), lower dose requirement

(allele 3435C, rs1045642), variable risk of nausea/vomiting (alleles

2677A, rs2032582, 3435T), increased risk of miosis, respiratory

depression with fentanyl (homozygotes 1236T, rs1128503, 2677T,

rs2032582, and 3435T), and in children with toxicity after tonsil-

lectomy (allele G, rs9282564) (Sadhasivam et al., 2015). Also, there

has been noted to be an association between ABCB1 and OPRM1

gene polymorphisms related to morphine pain relief (Sia, Sng, Lim,

Law, & Tan, 2010).
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2.3.2.2 Modifying Systems Genes
(a) Catechol-O-methyltransferase (COMT): The involvement of catechol-

amines in pain modulation is known from both clinical and experimen-

tal studies. COMT is a key modulator of dopaminergic and adrenergic

neurotransmission, and, as a consequence, in the reward signaling

response to opioids. The C472G>A SNP (rs4680, Val158Met) causes

a valine to methionine substitution at codon 158 of the enzyme. The

Met allele leads to an enzyme that is up to four times less active than the

Val allele (Niemi & Breivik, 2002). Research also indicates thatCOMT

and OPRM1 variants synergistically interact, affecting analgesia. Both

genes have additional functional variants that may further shape anal-

gesic effects. Thus, combined COMT Met/Met in Val158Met and

OPRM1 A/A in A118G polymorphisms required less morphine; how-

ever, differences were not significant (De Gregori et al., 2013; Matic

et al., 2014). Moreover, COMT haplotypes are associated with great

differences in enzymatic activity that may predict analgesia induced

by beta blockers in patients with chronic musculoskeletal pain. Thus,

variants may influence analgesia independently or in combination

(Webster & Belfer, 2016).

(b) Potassium channel: This channel allows a greater flow of potassium into

the cell than out of it. These proteins modulate physiological processes,

including neuronal activity, through GPCR stimulation and it has been

shown to participate in the modulation of analgesic on postsynaptic

transmission and miosis under opioids (Rhodin et al., 2013). Several

SNPs have been related to opioid response (postoperative analgesia,

required dose) but negative findings have been published as well

(Matic et al., 2017).

(c) Serotonin transporter: Preliminary work in pain research is now emerg-

ing, with published studies that examine genotypic influence serotonin

transporter (5HTT) gene polymorphisms on opioid analgesia in healthy

volunteers, in response to antidepressants (Jimenez & Galinkin, 2015)

and also in the severity of depressive symptoms in adults with chronic

pain (Hooten, Townsend, & Sletten, 2017). Future research is

warranted in order to characterize these moderating effects.

2.3.3 Genetic Modulation of Nociception
It is well known that nociceptivemechanisms are complex. Tissue injury, for

example, induces the release of large numbers of proinflammatorymediators,

such as substance P, that activate receptors in the cell membrane of the pri-

mary afferent and permeabilize it for calcium and sodium. Other mediators,
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such as serotonin, the peptide related to the calcitonin (CGRP) gene, or

histamine, are able to increase the activity of adenylate cyclase and thus

increase intracellular cAMPwhich further depolarizes the neuronalmembrane

and activates a large population of voltage-dependent ionotropic channels

that increase their excitability and painful sensation. In addition, pain inten-

sity can vary depending on the nociceptive pathway, leading to its inhibition

(OPRM1, transient receptor potential caption channel subfamily V member 1,

guanosine triphosphate cyclohydrolase 1 (GCH1)) or its activation (fatty acid

amide hydrolase, COMT; ADRB adrenergic receptor B2, B3).

In a subanalysis of the EPOS study conducted with 1579 patients who

presented nausea and vomiting, the presence of three SNPs (rs4633T,

rs4680G, rs165722C) was found to be a protective factor. A haplotype with

15 SNPs of the GTP-cyclohydrolase (GCH1) gene has also been configured

where there is a phenotype of lower sensitivity to pain and some variants are

associated with a later onset of the opioids treatment in oncological pain

(n¼251). In relation to dopamine receptors, variants in the DRD2 gene

have been associated with a need for higher opioids doses (1174-C allele)

and a higher rate of nonresponders to methadone detoxification in Cauca-

sians (1192-C allele) (Doehring et al., 2009).

2.4 Research, Ethics, and Legislation in Pharmacogenetics
The PGx would make possible to improve the classic therapeutic scheme

based on the “trial–error” method by incorporating the genetic profile of

the individual for choosing and optimizing the treatment. This point is rel-

evant since obtaining samples for DNA has become a key component of

clinical development. Its clinical implementation is an aspect of high social,

ethical, and legal impact, forcing health authorities to take regulatory actions

and being a field of research for programs of pharmacovigilance, pharmaceu-

tical companies, research groups, and networks (http://who.int/genomics/

elsi/en).

Regulatory authorities may require that PGx information accompany

applications for new drug approvals and its incorporation into drug labeling

(http://www.fda.gov/cder/genomics). In fact, the pharmacogenetics and

pharmacogenomics knowledge base, (PharmGKB project, http://www.

pharmgkb.org) describes a series of “very important pharmacogenes” that

correspond to genes with a relevance associated with safety or therapeutic

efficacy (Table 2).
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Due to the bioethical and sensitive nature of the genetic information,

PGx studies require an informed and express consent of the patient or legal

representative, separate, and express declaration of anonymization of biolog-

ical samples, right to the information derived from them, to which respect

you will not to be informed, the custody of the genetic data and genetic

counseling, among others. A significant number of guidelines and regulatory

documents have been published, which are available at: http://www.i-pwg.

org. The Universal Declaration on the Human Genome establishes its spe-

cial protection has been published in line with current legislation (Organic

Law 15/1999, Biomedical. Research Law, 2007; Declaration of Helsinki,

2013). All provides guidance as to how these tasks can be achieved.

3. CONCLUSION

Each person carries his or her own genetic imprint for the risk of more

severe or more chronic pain, pain perception, and response to analgesics.

Ideally, PGx studies aim to aid in the selection and dosing of an optimal drug

therapy for a specific patient. However, patients are very commonly pre-

scribed several medications for multiple comorbidities and genetics can only

partially explain the variability in patient responses to analgesic drugs. Now-

adays, the studies reviewed show that there is little evidence to determine the

contribution of genetic factors to the variability in the patient’s response to

analgesic treatment. Probably because the response to drugs is a complex pro-

cess involving a large number of proteins encoded by several genes, whose

expressionmay also be the result of mechanisms independent of DNA (DNA

methylation, histone modification in chromatin, or microRNAs).

For this, it is necessary to promote research, to train experts in the clinical

application of these techniques, and to prescribing physicians, in the mean-

ing and limitations of the PGx application. Also, it will be necessary to dem-

onstrate that the findings in a specific population group can be extrapolated

to others, defining the percentage of people who would benefit from the

genetic test. All this without forgetting that PGx information should be just

another element of judgment to try to predict the response to a drug in a

patient with pain. Concerted efforts, open and active cooperation with

industry, are required in order to facilitate translation and commercializa-

tion, avoiding to stuck PGx biomarkers in the discovery phase. Addition-

ally, the knowledge and acceptance of new approaches to determine drug
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targets by clinicians, regulators, patients, and the public will be important in

determining future success.

The future of PGx in pain management depends on a united group of

professionals from governments, academia, private industry, and caregivers

turning PGx information in standard of care for pain physicians (Table 2).
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