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Abstract: Pain is a common symptom that can be complex to treat. Analgesic medications are
the mainstay treatment, but there is wide interindividual variability in analgesic response and
adverse effects. Pharmacogenomics is the study of inherited genetic traits that result in these
individual responses to drugs. This narrative review will attempt to cover the current under-
standing of the pharmacogenomics of pain, examining common genes affecting metabolism of
analgesic medications, their distribution throughout the body, and end organ effects.
Keywords: cytochrome P450, COMT, pharmacokinetics, pharmacodynamics, inherited traits

Introduction

Pain is the most common presenting physical symptom in medicine and accounts for a
substantial burden to the individual patient, health care, and society in general. Chronic
pain, often defined as pain lasting more than 12 weeks, is a major worldwide issue with a
prevalence of up to 34%.! Chronic pain is often difficult to manage, even for experienced
clinicians, and has a significant detrimental impact on the quality of life and level of
functioning for affected individuals.! The monetary cost of managing chronic pain is
immense, estimated at over US$600 billion in the US annually and over US$34 billion
annually in Australia.>® Despite this growing problem, the provision of specialized pain
services remains under-resourced. Even in first-world countries, less than 10% of people
with chronic noncancer pain gain access to care, despite the fact that current knowledge
might allow 80% to be treated effectively given adequate access to pain services.’ One
of the major arms of pain management is the use of medications, including opioids and
nonopioids. However, due to wide interindividual variability in therapeutic response
and adverse effects, it can be time consuming to find the right medication and dose for
individual patients, and occasionally hazardous for certain patients.

Pharmacogenomics is the study of the inherited genetic differences that result in
individual responses to drugs. There is increasing recognition that inherited differences
in drug targets and metabolism may have a marked influence on the heterogeneous
response to drug therapy, potentially even more so than clinical variables such as age
and organ function.*

Pharmacogenomics has the potential to improve pain management by predicting
the individual response to a specific analgesic before initiation of therapy and therefore
to streamline the way physicians prescribe medications to the individual. For instance,
a noninvasive saliva test may one day allow clinicians to determine if a particular
medication would be efficacious or have adverse effects, and provide guidance on
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individualized dosages.! Pharmacogenomics may also result
in improved drug development, testing, and registration,
reducing the time from chemical synthesis to introduction
into clinical practice, and therefore the overall cost of the
drug development process.’

With increases in our understanding of genetics-associated
drug responses and increased availability of cheaper genetic
testing, pharmacogenomics is becoming increasingly incor-
porated into clinical decision making. However, pharmacog-
enomics research in pain management has lagged behind
efforts in other areas of medicine. The reasons for this are
multiple. Pain and analgesia are complex, and their experience
is considered to be subjective and highly variable. This vari-
ability is influenced by many factors including differences in
the degree of pain stimulation and sensitivity, variation in pain
perception, psychological factors, sociocultural factors, prior
opioid use, age, sex, weight, and environmental influences.®
It can be challenging to identify the extent to which a drug
response is influenced solely due to genetic differences.

Despite the challenges, the pursuit of personalized medicine
is an understandably attractive goal, and one that has garnered
attention from both physicians and pharmaceutical industries
alike. The realm of pharmacogenomics is rapidly evolving,
with genetic variations identified at almost every stage of drug
kinetics and dynamics. As the human genome becomes more
readily accessible, so the quest for tailored prescription and new
drug targets continues to exponentially expand.

Materials and methods

The purpose of this narrative review article is to examine
the current range of genetic variants with regard to pain and
analgesia and to comment on the potential prospects for
personalized medicine. A literature search was conducted
using the National Library of Medicine database PubMed,

LR N3

using search terms “pharmacogenomics”, “genetic poly-

morphisms”, or “single nucleotide variants”, and combin-

CEINT3

ing with “pain management”,

EEINT3

analgesia”, “single gene

CEINNT3

pain disorder”, “pain genome wide association study”, or
“opioid metabolism”. Later, this was limited to articles spe-
cifically examining “CYP2D6”, “CYP2C9”, “cytochrome
P450”, “ABCB1”, “UGT”, “OPRM1”, “COX”, “OPRK1”,
“OPRD1”, “COMT”, or “serotonin plasma membrane
transport proteins”. Our focus was on English-language
articles relevant to the adult human population and without
restraint for the year of publication. Our initial search yielded
482 articles of which 104 were review articles. The abstracts
of all papers were reviewed and those that appeared to be

relevant were included for review. Any referenced articles

that appeared to be of relevance and not found within the
original search parameters were also reviewed.

History

The recognition of inherited responses to drugs dates back
to 510 BC, when Pythagoras noted that the ingestion of fava
beans resulted in a potentially fatal reaction in some, but not
all, individuals.’ His keen observation was later validated in
1957, when Browne identified that antimalarial drugs (that
were derived from fava beans) could precipitate hemolytic
anemia in susceptible individuals who had inherited the
X-linked glucose-6-phosphate deficiency.” Another notable
example of inheritable differences in drug effects was noted
in the 1950s, where the relationship between prolonged
muscle relaxation after suxamethonium administration was
linked to an inherited deficiency of plasma cholinesterase.*
This established a genetic cause for suxamethonium apnea,
allowing anesthetists to improve management for patients
with this potentially fatal condition.

In the late 1980s, the polymorphic human gene encoding
the drug metabolizing enzyme CYP2D6 was cloned and
characterized.® Since the sequencing of CYP2D6, genes
involved in many other pharmacogenetic traits have been
isolated, and their clinical importance have been more
clearly defined.

The Human Genome Project, which was first proposed in
1984, is the world’s largest collaborative biological project.*
The researchers involved set out to determine the sequence of
chemical base pairs that make up human DNA and to identify
and map every gene within the human genome from a physi-
cal and functional standpoint. Since this was accomplished in
2003, the study of the human genome and interest in relevant
fields such as pharmacogenomics has risen exponentially.®!°
As modern genome tests become increasingly accessible, we
may be able to unravel the polygenic components of pain
sensation and analgesic response mechanisms.

Studies involving pain genetics have identified many
variations that influence almost every stage of pharmacoki-
netics and pharmacodynamics of analgesic agents.

Genetics of drug metabolism

The cytochrome P450 (CYP) enzyme system is a group of
proteins responsible for drug metabolism whose biosyn-
thesis is controlled by a large superfamily of genes.!"? It is
involved in the metabolism of over 90% of current thera-
peutic drugs, including analgesic agents. There have been
57 CYP genes identified in humans thus far."* These genes
are all highly polymorphic, and this contributes to the vast
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interindividual differences in drug metabolism.® The genetic
variants involved in CYP2D6 and CYP2C9 production have
particular consequences in pain management.

CYP2Dé6

Located on chromosome 22ql13.1, the gene encoding the
enzyme CYP2D6 is one of the most widely investigated with
relation to genetic polymorphism.® It is responsible for the
metabolism of around one-quarter of all currently marketed
drugs, including common analgesics such as codeine, tra-
madol, and dihydrocodeine. Currently, more than 80 allelic
variants have been reported for CYP2D6.!* A combination of
polymorphisms, including single-nucleotide polymorphisms
(SNPs), duplications, insertion/deletions, and/or gene conver-
sions have been reported to affect CYP2D6 activity.!!

The phenotypic variation of CYP2D6 due to genetic poly-
morphism is well established. Depending on their CYP2D6
function, patients can be categorized into poor metaboliz-
ers, intermediate metabolizers, extensive metabolizers, or
ultrarapid metabolizers. The function is directly related to
the number of normal (wild-type) or abnormal alleles inher-
ited.'? The distribution of the CYP2D6 phenotypes varies by
ethnicity (Table 1), largely due to differences in inherited
SNPs.!316 For example, the CYP2D6*4, CYP2D6*10, and
CYP2D6*17 alleles have reduced activity and these alleles
are expressed in a higher proportion, resulting in a higher
incidence of poor metabolizer and intermediate metabolizer
phenotypes.®!°

Knowledge of a patient’s CYP2D6 phenotype can guide
appropriate analgesic dosage and reduce the number of adverse
reactions (Table 2).' There are many case reports citing
examples where failure to recognize these phenotypes resulted
in life-threatening adverse reactions.!”* Many of these cases
involved the administration of codeine to ultrarapid metabo-
lizers, who subsequently experienced respiratory or central
nervous system depression. The pediatric population is known
to be particularly susceptible.'” A recent case report documented

Table | Incidence of the CYP2D6 enzyme phenotypes among
different ethnic populations

Phenotype Caucasian, % Ethiopian/ Asian, % Hispanic, %
Nigerian, %

Poor 3-10 1.8-8.1 0-1.2 2.2-6.6

metabolizer

Intermediate  1-2 N/A 51 N/A

metabolizer

Ultrarapid 0.84.3 29 0.9 1.7

metabolizer

Abbreviation: N/A, not available.

Table 2 The effects on metabolism and the potential clinical
consequences of CYP2Dé6 variable phenotypes

Phenotype Effect Potential consequences
Poor Slower drug Slower conversion to active
metabolizer metabolism metabolites.
Increased risk of drug interactions
and adverse events.
Ultrarapid Faster drug Increased rate of drug elimination.
metabolizer metabolism Potentially lower drug efficacy.

respiratory depression in a pediatric ultrarapid metabolizer
following the administration of tramadol, despite tramadol
only being a partial opioid.'® In a study of dose adjustment of
nortriptyline, a drug commonly prescribed in the management
of chronic pain, it was calculated that the therapeutic dose for
a CYP2D6 poor metabolizer would be tenfold less than for an
ultrarapid metabolizer to achieve the same plasma levels."

CYP2C9

Many nonsteroidal anti-inflammatory drugs (NSAIDs) are
metabolized by the cytochrome CYP2C9. The gene coding
for CYP2C9 is highly polymorphic, with over 50 variants
identified.?® Two frequent allelic variants, CYP2C9*2 and
CYP2C9*3, are found in poor metabolizers. The incidence
of poor metabolizers is highest in the Caucasian population
(Table 3).2122

CYP2C9 polymorphism may play a significant role in
NSAID toxicity. Poor metabolizers have reduced CYP2C9
activity compared to wild-type, resulting in reduced NSAID
clearance, increased area under the plasma drug concentration—
time curve, and possibly an increased risk of adverse effects,
although this is controversial.* Case reports of patients treated
with celecoxib showed that CYP2C9*3 homozygous patients
had seven to ten times lower apparent clearance compared
to patients with wild-type CYP2C9.24» A number of studies
have also demonstrated a higher frequency of CYP2C9*2 and
CYP2C9*3 in individuals who present with gastrointestinal
bleeding following NSAID therapy.?>%

Cytochrome drug interactions

Many drugs increase or decrease the activity of CYP
isoenzymes, resulting in clinically significant drug—drug
interactions (Table 4).2” For example, apart from NSAID

Table 3 Allele frequencies of CYP2C9 polymorphism

African- Black- Asian, % Caucasian, %
American, % African, %
CYP2C9*2 2.9 0-4.3 0-0.1 8-19
CYP2C9*3 2.0 0-2.3 1.1-3.6 3.3-16.2
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Table 4 Medicines used in pain management as substrates of CYP

2D6 3A4

2C9

2B6 2C19

Codeine Fentanyl

Tramadol Buprenorphine
Oxycodone

Hydrocodone

Amitriptyline

Nortriptyline

Venlafaxine

Ibuprofen
Celecoxib

Methadone Amitriptyline

Ketamine

Note: Data extracted from Indiana University Drug Interaction (http://medicine.iupui.edu/clinpharm/DDIs/ClinicalTable.aspx) and Genelex web site (Oesterheld ).

Cytochrome P-450 (CYP) Metabolism Reference Table [http://genelex.com/clinical-guidance/cytochrome-p450-drug-interactions-table/]).

metabolism, CYP2C9 is also heavily involved in the metabo-
lism of warfarin. Allelic variants may slow metabolism
and prolong its action, resulting in a compounded effect
on bleeding risk when prescribed with NSAIDs. Patients
with the CYP2C9*2 or CYP2C9*3 genotypes taking both
NSAIDs and warfarin have been shown to have significantly
elevated prothrombin time, compared to patients with the
wild-type variant.?®

P-glycoprotein transporter ABCBI

The P-glycoprotein transporter ABCB1 is an ATP-dependent
efflux transporter present in a variety of human tissues,
including the gastrointestinal tract, kidney, liver, and brain. It
is involved in the transport of a broad range of drug substrates
and influences their plasma levels. It is coded by the highly
polymorphic ABCBI gene, which has 38 identified SNPs.?

One P-glycoprotein substrate is the prototypical opioid
analgesic morphine. The effects of morphine are mediated by
p-opioid receptors located in the brainstem and particularly
in the medulla. P-glycoproteins in brain capillary endothelial
cells act as outward transporters for morphine across the
blood—brain barrier, thereby influencing cerebrospinal fluid
(CSF) morphine concentrations.*

The C3435T (rs1045642) allelic variant of ABCBI
reduces P-glycoprotein transporter function, resulting in
increased CSF morphine concentrations.*' This variant has
been associated with significant differences in interindividual
pain relief achieved by morphine in 145 cancer patients.”
Another study found that individuals with C3435T and
G2677T/A variant alleles reported an increased antinocicep-
tive effect from oxycodone.*?

The respiratory depressive effects of morphine are also
thought to be mediated by central nervous system -opioid
receptors. The C3435T variant has been associated with
increased respiratory depressive effects of fentanyl in Korean
and Turkish adult patients.>*** A recent study involving

American pediatric patients showed a significant asso-
ciation between ABCBI1 61 (rs9282564) polymorphism and
postoperative respiratory depression, but not with the C3435T
variant.® A contradictory result was noted in a separate study,
which showed patients with variant alleles had a lower fre-
quency of adverse drug reactions, such as nausea and itching.
Patients with combined wild-type genotype of 3435CC and
2677GG had significantly more adverse reactions. A possible
explanation is the studied adverse reactions are affected by
plasma opioid concentrations rather than CSF concentrations
which appear to be associated with respiratory depression.*?

Uridine diphosphate
glucuronosyltransferase

Uridine diphosphate glucuronosyltransferase (UGT) encom-
passes a group of phase Il enzymes that are widely distributed
throughout the human body and are involved in glucuronida-
tion conjugation reactions. Morphine is primarily metabolized
by UGT2B?7 in the liver into two metabolites: morphine-3-
glucuronide (M3G) and morphine-6-glucuronide (M6G).>
M3G is the major metabolite (90%) but does not confer an
analgesic effect and may cause stimulatory effects such as
allodynia, myoclonus, and seizure. The minor metabolite M6G
(10%) is a potent analgesic, but has poor permeability through
the blood—brain barrier. When administered intravenously, it
has a slower onset but longer duration of action compared to
morphine, and has lower rates of adverse effects.”’

A number of UGT polymorphisms have been investi-
gated. One small trial involving neonates investigated the
UGT2B7 900G>A SNP. The 900A allele is thought to
confer greater UGT activity over the wild-type 900G allele.
The investigators found that 900A carriers had relatively
lower plasma morphine levels and higher M3G:morphine
metabolic ratios, compared to wild-type.*® These results
suggest that patients with wild-type 900G/G have lower
morphine glucuronidation rates and possibly respond better
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to morphine with lower adverse effects. Another trial,
involving 37 Japanese cancer patients and investigating the
802C>T SNP, found that patients with T allele had a lower
frequency of nausea.*

Genetics of pharmacodynamics

Cyclooxygenase | and 2
Prostaglandin-endoperoxide synthase 1 and 2 (PTGSI1 and
PTGS2) are separate genes which encode cyclooxygenase 1
(COX)-1 and COX-2."" Genetic variation in either of these
enzymes can cause altered pharmacodynamic responses to
NSAIDs.

Lee et al noted that certain SNPs are associated with
altered expression of the PTGS2 transcript.*’ In particular,
a G — C polymorphism in the promoter region of the gene
is associated with lower PTGS2 expression in individuals
compared to those who inherit the homozygous major allele
(G/G). Subjects with homozygous major allele reported
lower pain intensities with rofecoxib treatment for 48 hours
following surgery, compared to G/C or C/C subjects. This
was not seen in those treated with ibuprofen. However, sub-
jects with G/C or C/C genotypes reported decreased pain
intensity with ibuprofen treatment at 48 hours following
surgery, compared to G/G patients. This was not seen in
subjects treated with rofecoxib. This is presumably because
G/G patients have increased PTGS2 and increased COX-2
expression and therefore have an improved response to a
COX-2 selective agent. On the other hand, patients who are
heterozygous or homozygous for the minor allele (G/C or
C/C genotype) may have reduced COX-2 expression and
therefore experience greater benefit from a nonselective
NSAID such as ibuprofen.

lL-opioid receptor

The gene encoding for the [-opioid receptor is known as
OPRMI1. A number of SNPs have been described in OPRM1,
and the most well characterized of these is A118G.** The A —
G nucleotide substitution is thought to result in higher binding
affinity of beta-endorphins to the p-opioid receptor.!!

Liu and Wang reported a prevalence of 31.3% of the
AA (wild-type) genotype, 58.3% of the AG genotype, and
10.4% of the GG genotype.*! It has been suggested that the
G allele for OPRM1 may provide some protection against
pain. One study found that the minor allele (G) was more
likely to be present in a control group of opioid-naive patients
compared to patients with chronic pain treated with opioids.**
Another trial found that fentanyl requirements after cosmetic

orofacial surgery were significantly reduced in patients
carrying the OPRM1 minor allele variant.®

In the obstetric population, women with an A118G SNP,
regardless of whether they are homozygous or heterozygous,
have been demonstrated to have higher pressure pain thresh-
olds than women with the wild-type allele.** Another trial in
the obstetric population found that women with the G variant
were more responsive to intrathecal fentanyl.*

Other studies indicate that patients carrying the GG
allele required higher opioid doses to achieve adequate pain
relief.*47 One trial examined the L-opioid receptor genotypes
of'207 cancer patients who had been treated with a stable dose
of morphine over a period of at least 3 days. The investigators
found that OPRM1 AA patients required an average morphine
dose of 112 mg over 24 hours, whilst the AG group required
an average dose of 132 mg and the GG group required an
average of 216 mg over the same time period.*” Although
these data appear to contradict earlier studies,*** a possible
explanation is that fentanyl has a higher binding affinity
(threefold) compared to morphine and beta-endorphins for
the [-opioid receptor. An increase in the binding affinity of
beta-endorphins for the receptor may provide greater com-
petition for morphine, thus resulting in higher doses required
to displace beta-endorphin from the -opioid receptor. At the
very least, it suggests that people with A118G variant have
different responses to opioids compared to those with the
wild-type allele.

K-opioid receptor and d-opioid receptor
The genes OPRK1 and OPRDI1 encode the k-opioid and
d-opioid receptor, respectively. Variations in OPRK1 and
OPRDI1 expression have been associated with dependence
and addiction to various substances, including alcohol,
opioids, heroin, and cocaine.*®* Other allelic variations
such as the 36G>T substitution have been associated with
increased postoperative and chronic pain.'?

Catechol-O-methyl transferase

The catechol-O-methyl transferase (COMT) enzyme is respon-
sible for the breakdown of biologically active catecholamines,
such as dopamine, noradrenaline, and adrenaline. These are
involved in numerous physiological processes, including
the modulation of pain. Several polymorphisms have been
identified within the COMT gene. The most widely studied
variant is 158Met, where a G to A nucleotide substitution at
codon 158 results in an amino acid change from valine to
methionine.!" Trials have demonstrated patients with Met/
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Met genotype have lower morphine requirements than those
with a Val/Val expression.***3! An interesting trial in children
postadenotonsillectomy demonstrated that the presence of any
number of COMT SNPs, including 158Met, was associated
with a threefold greater likelihood of analgesic intervention
compared to children who were homozygotes for major
alleles.” Children with SNPs were also more likely to have
increased pain postoperatively using the Face, Legs, Activity,
Cry, Consolability (FLACC) score.

Psychology and pain

The biopsychosocial model is a widely utilized treatment
approach, particularly in patients with chronic pain.
Psychological factors are intrinsically linked with the
perception of pain as well as the ability to cope and response
to different treatment modalities. A recent study published
by Kuhnen et al looked at correlation between personality
factors and the presence of the S-HTTLPR short and long
allele.”® They compared the homozygous long allele (LL) and
short allele (SS) with the heterozygous (SL). Their results
showed that patients with SL and SS genotypes demonstrated
more neurotic behavior, levels of anxiety, and self-doubt and
were more prone to negative emotions. The inability to cope
with negative emotions has been shown to correlate with
exacerbated pain sensitivity and emotional magnification of

pain or “catastrophizing”.!?

Serotonergic system

The serotonergic (SHT) system is involved in the modulation
of depression. Serotonin is a monoamine neurotransmitter that
has been known to act synergistically with analgesic agents
to reduce pain. Furthermore, it is well known that depression
and anxiety have a significant impact on the chronic pain
experience and functional capability.* A recent study of the
SHTR2A gene in patients undergoing lower back surgery
found significantly higher depression scores with postopera-
tive pain in patients who were carrying at least one A allele
of the SHTR2A 1438A/G.>> Women with certain alleles
(SHTR1A-G and SHTR2A-A) were also found to have lower
levels of postoperative functioning and higher Beck Depres-
sion Inventory scores.*® Another trial found a significant dif-
ference in the analgesic effect between individuals with low
expression of the serotonin transporter (SHTT) compared to
those who were homozygous for high transporter expression.>®
Patients with chronic pain are at risk of developing depression
and many will respond to antidepressant therapy and psycho-
logical support. Knowledge of an increased genetic tendency
toward depression may encourage a clinician to involve a

psychologist or psychiatrist earlier and promote more effec-
tive management of their pain.

Other potential drug targets

There are promising areas of research under way which may
one day be incorporated into pain management. Single-gene
pain disorders have been identified which can offer interesting
insights.’” There is ongoing research into hereditary condi-
tions of pain insensitivity or lack of pain sensation that has
exciting potential for perioperative pain management.’%
Black mamba venom has been shown to completely abolish
pain by targeting acid-sensing ion channels and may offer
new potential targets for future analgesic agents.*

Genome-wide association studies

A genome-wide association study or whole-genome associa-
tion study is an examination of the many common genetic
variants in different individuals to determine whether a
variant (usually an SNP) is associated with a particular trait.
To date, there have been no genome-wide association studies
in the field of pain medicine.

Future directions and challenges
Successful pain management requires the provision of anal-
gesia without excessive adverse effects. Clinicians who treat
pain have noted that the response to medications, particularly
opioids, can vary in the clinical setting by as much as
40-fold."> Pharmacogenomics may help to explain some of
the variability in response and provide guidance as to the most
effective analgesic medication and the optimal dosage.
Despite the exciting possibilities pharmacogenomics
has to offer, there are many hurdles to overcome before it
becomes part of routine clinical practice. Although there is
an increasing body of evidence that suggests genetic variation
plays a role in the development of pain and response to
analgesia, our understanding remains limited, and there is
a lack of high-quality trials and genome-wide association
studies.®*” The overall effects of analgesic medications are
not monogenic, but are influenced by multiple genes affect-
ing multiple pathways of drug metabolism, distribution, and
end organ effects.* We have also yet to establish whether
patient outcomes will improve due to genotyping prior to
commencement of drug therapy.’ Cost-effectiveness also
needs to be considered. At this stage, screening for genomic
variants remains expensive and difficult to access.
Currently, personalized medicine is not feasible as a
routine part of pain management. The incorporation of phar-
macogenomics into other areas of clinical medicine has been
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proven to be effective, and there is increasing evidence to
support its use. Unfortunately, though there is great potential
for the use of pharmacogenetics to untangle the complexities
of pain management, there is need for further research, such
as genome-wide association studies. The hope is that one day
it will enable pain physicians to streamline their prescribing
patterns, allowing them to select the right drug, at the right
dose, for the right patient.
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