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It has been appreciated for some time now that humans react differently to opioids. A
specific opioid such as morphine sulfate may have specific analgesic effects for certain
patients with postherpetic neuralgia whereas in other patients with postherpetic neural-
gia, it may provide quite different analgesic qualities. Also, in any one individual patient
a particular opioid may provide better analgesia than other opioids. Furthermore, these
differences are not unique to analgesia; they can also be seen with other opioid effects/
toxicities. Though many of the differences can be classified neatly into pharmacokinet-
ic and pharmacodynamic differences, there are certain differences which still remain in-
completely understood. Also, clinicians are not yet able to easily predict which patients
will respond well or poorly to various opioids. As research unravels the various genetics,
biochemical, and receptor interaction differences of opioids in humans, it is hoped that
easily obtainable, cost-effective testing will become available to aid clinicians in choos-
ing an optimal opioid analgesic for an individual patient, a process which is currently ac-
complished via health care provider judgment along with trial and error. In the future,
knowledge gained from databases on knockout rodents, pharmacogenetics, and gene
polymorphisms may impact on the ability of clinicians to predict patient responses to
doses of specific opioids in efforts to individualize optimal opioid analgesic therapy. It is
conceivable that eventually information of this type may translate into improved patient
care. In the future, armed with data of this type, clinicians may become quite adept at
tailoring appropriate opioid therapy as well as optimal opioid rotation strategies.

Key words: Opioids, pain, analgesic responsiveness, OPRM1 118G, muopioid recep-
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ach patient may respond differently to specific

different opioids. There still exists a need to

sort out the multiple explanations for some
of the variability encountered with the human
responses to opioids. The minimal effective analgesic
concentration of opioids required for satisfactory
analgesia may vary considerably among patients (1,
2). Many factors have been proposed to contribute to
these differences in opioid responsiveness including
environmental, psychological, and genetic. Emerging
research suggests that the allelic variants in the genes
involving the opioid (UGT2B7, OPRM1, and ABCBI1
genes) and nonopioid systems (COMT gene) may

affect the efficacy of morphine in humans. Evidence in
animals and humans is accumulating to suggest that
some drug-metabolizing enzymes and transporters
(including cytochrome P450 [CYP], uridine 5'-
diphosphate [UDP]-glucuronosyltransferases [UGT],
and adenosine triphosphate (ATP)-binding cassette
[ABC] transporters) may play a significant role in
opioid metabolism as well as influencing the flux of
opioids into and out of various sites of opioid target
sites (OTS) (Figs. 1 & 2). These processes appear to have
the potential to significantly affect interindividual
differences in opioid concentrations in the human
body and brain.
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Fig. 1. Variation in Opioid Responsiveness.
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Fig. 2. Schematic of some principle processes potentially
contributing to variations in opioid responsiveness.

SuPRASPINAL VARIABILITY OF OPIOID
AnAaLcEsic AcTIONS

Jones et al (3) compared opioid receptor binding
in patients with central post-stroke pain (CPSP) to age-
matched pain-free control subjects. The reductions
in opioid receptor binding within the medial system
were observed mainly in the dorsolateral (Brodman
area 10) and anterior cingulate (Brodman area 24 with
some extension into area 23) and insula cortices and
the thalamus. There were also reductions in the lateral
pain system within the inferior parietal cortex (Brod-
man area 40). These changes in binding could not be
accounted for by the cerebral lesions shown by CT or
MRI, which were outside the areas of reduced binding
and the human pain system (3). Jones and colleagues
(3) systematically demonstrated a reduction in opioid
receptor-binding capacity in neurons within the hu-

man nociceptive system in patients with CPSP. Jones et
al (3) suggested that these findings may explain why
certain patients with CPSP require high doses of syn-
thetic opiates to achieve optimum analgesia.
Maarrawi et al (4) used positron emission tomog-
raphy (PET) and ["'C]diprenorphine to compare the
in vivo distribution abnormalities of brain opioid re-
ceptors (OR) in patients with peripheral and central
post-stroke pain (CPSP), matched for intensity and du-
ration. In CPSP patients, interhemispheric comparison
demonstrated a significant decrease in opioid binding
in the posterior midbrain, medial thalamus, and the
insular, temporal, and prefrontal cortices contralat-
eral to the painful side. Peripheral neuropathic pain
(NP) patients did not show any lateralised decrease in
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opioid binding. Direct comparison between the cen-
tral and peripheral groups confirmed a significant
OR decrease in CPSP, contralateral to pain (4). While
the bilateral OR binding decrease in both CPSP and
peripheral NP groups may reflect endogenous opioid
release secondary to chronic pain, patients with the
more important and more significant lateralized OR
decrease (seen contralateral to pain) specific to CPSP
suggests opioid receptor loss or inactivation in recep-
tor-bearing neurons (4). Opioid binding decrease was
much more extensive than brain anatomical lesions,
and was not co-localized with them. Thus, metabolic
depression/inactivation (diaschisis) and/or degenera-
tion/loss of opioid receptor bearing neurons second-
ary to central post-stroke insult appears to be a plau-
sible explanation (4). Central and peripheral forms of
NP may differ in distribution of brain opioid system
changes and this in turn might underlie their different
sensitivity to opiates (4).

Narita et al (5) have provided data which indicate
that chronic pain has an anxiogenic effect in mice and
this phenomenon may be associated with changes in
opioidergic function in the amygdala.

Additionally, the muopioid receptor may couple
to voltage-dependent K* conductance in GABAergic
terminal through the PLA,/arachidonic acid/12-lipoxy-
genase cascade system (6), and thus, inhibitors of cy-
clooxygenase and/or 5-lipoxygenase may potentiate
opioid analgesia via inhibition of GABA-mediated
neurotransmission in rostral ventromedial medulla
neurons (7). This may be yet another factor which may
help explain the significant variability in human re-
sponses to opioids which may be seen.

de Cid et al (8) presented preliminary findings that
genetic variability in the brain derived neurotrophic
factor (BDNF) signaling pathways may correlate with
responses to opioid therapy. de Cid et al (8) analyzed
21 single nucleotide polymorphisms (SNPs). Carriers of
the CCGCCG haplotype had an increased risk of poor-
er response, even after adjusting for Cooperativeness
score (OR = 20.25 95% CI [1.46 — 280.50], P = 0.025).

Oertel et al (9) investigated the effects of differ-
ent alfentanil plasma concentration levels (O, 19.6 =
2.7,47.2 + 7.6, and 76.6 = 11.3 ng/ml) on pain-related
brain activation achieved by short pulses of gaseous
CO(2) delivered to the nasal mucosa, using functional
magnetic resonance imaging (fMRI) on a 3.0 T MRI
scanner in 16 non-carriers and 9 homozygous car-
riers of the muopioid receptor gene variant OPRM1
118A>G. Increasing opioid concentrations has differ-

ential effects in brain regions processing the sensory
and affective dimensions of pain (9). In brain regions
associated with the processing of the sensory inten-
sity of pain (primary and secondary somatosensory
cortices, posterior insular cortex), activation decreased
linearly in relation to alfentanil concentrations, which
was significantly less pronounced in OPRM1 118G car-
riers (9). In contrast, in brain regions known to process
the affective dimension of pain (parahippocampal gy-
rus, amygdala, anterior insula), pain-related activation
disappeared at the lowest alfentanil dose, without
genotype advance (9).

Furthermore, recently, support has emerged for
the theory that a cytochrome P-450 pathway may be
involved in supraspinal opioid analgesic signaling that
has come from the substance 4(5)- ((4-iodobenzyl) thi-
omethyl)-1H-imidazole (named CC12) which inhibits
some forms of cytochrome P-450 (unpublished obser-
vations Hough et al (10)) and possesses anti-analgesic
actions. CC12 was found to inhibit opioid, cannabi-
noid, and improgan antinociception (10).

SpPINAL VARIABILITY OF OPioiD ANALGESIC
AcTIONS

Many factors may influence the spinal analgesic
efficacy of opioids at opioid receptors in the dorsal
horn of the spinal cord. In addition to the state of ac-
tivity of the descending facilitative and descending in-
hibitory pathways, the activity of interneurons as well
as the pre-existing tone of GABAergic, noradrenergic,
serotonergic, and other neural pathways may play a
role. Also, the concentration and function of peptides
which have been associated with “anti-opioid” prop-
erties may potentially contribute to altered opioid
analgesia (e.g. Neuropeptide FF [NPFF], cholecystoki-
nin [CCK], melanocyte inhibiting factor [MIF]-related
peptides).

PEerRIPHERAL VARIABILITY OF OPIOID
AnAaLcEsic AcTIONS

Multiple factors may contribute to variations of
the peripheral analgesic efficacy of opioids at opioid
receptors in the periphery. Although it is uncertain
which factors are the most important, factors which
diminish the number or impede the journey of opioid-
containing leukocytes to the peripheral site of insult
may play a key role. Additionally, the pre-existing state
or tone of the kinin system, endocannabinoid system,
and keratinocytes may contribute in part to variations
seen in peripheral opioid analgesia.
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PHARMACOKINETIC VARIABILITY

Opioid Metabolizers (OMs)

Considerable evidence is accumulating to sug-
gest genetic variability between individuals and in
their ability to metabolize and respond to drugs. All
opioid drugs are substantially metabolized, mainly by
the cytochtome P450 system and to a lesser extent by
UDP-glucuronosyltransferases (UGTs), which are also
involved in secondary metabolic pathways. Codeine
may be ineffective as an analgesic in about 10% of the
Caucasian population due to genetic polymorphisms
in the enzyme CYP2D6 necessary to O-methylate co-
deine to morphine, the active metabolite. Other poly-
morphisms can lead to enhanced metabolism and thus
increased sensitivity to codeine’s effects (11). Genetic
variability in the expression or density of opioid recep-
tors, receptor affinity, or secondary messenger activa-
tion may explain the interindividual variation seen in
patients’ responses to morphine. Similarly, variability
in the expression of the enzymes responsible for the
metabolism of different opioids may contribute to
differences in dose requirements and toxicity. In the
future, pharmacogenetic mapping may allow us to
predict which opioid will be best suited to a particular
individual (12).

Approximately 5-10% of Caucasian populations
in Europe and North America lack the functional ac-
tion of the CYP2D6 enzyme due to inactive muta-
tions in both alleles of the CYP2D6 gene, and they are
poor metabolizers (PMs) of debrisoquine and numer-
ous other drugs (13,14). The CYP2D6 gene is highly
polymorphic, with 100 allelic variants identified (15).
Of these, *3-*8 are nonfunctional, *9, *10, and *41
have reduced function, and *1, *2, *35, and *41 can
be duplicated resulting in greatly increased expres-
sion of functional CYP2D6. There are large interethnic
differences in the frequencies of these variant alleles
(16). The allele frequency of CYP2D6*10 was found to
be 52.4% in a Chinese population (17). Patients were
categorized into 3 groups according to the CYP2D6
genotype: patients without CYP2D6*10 (group I, n
= 17), patients heterozygous for CYP2D6*10 (group
Il, n = 26), and patients homozygous for CYP2D6*10
(group Ill, n = 20) (17). The demographic data among
the 3 groups were comparable. The total consump-
tion of postoperative tramadol for 48 h in Chinese
patients recovering from major abdominal surgery in
group Il was significantly higher then that in groups
I and Il (17). Allele combinations determine CYP2D6
phenotype: 2 non-functional alleles = poor metabo-

lizer (PM) status; at least 1 reduced functional allele
= intermediate metabolizer (IM) status; at least 1
functional allele = extensive metabolizer (EM) status;
multiple copies of a functional allele and/or allele with
promoter mutation (18) = ultrarapid metabolizer
(UM) status. CYP2D6 activity is highly variable in EMs
and distributed with differences as much as 10,000-
fold among individuals (19). CYP2D6 also catalyzes the
conversion of dihydrocodeine, hydrocodone, oxyco-
done, and tramadol to dihydromorphine, hydromor-
phone, oxymorphone, and tramadol metabolite M1,
respectively (20-23). The metabolic clearance of 10 mg
hydrocodone to hydromorphone was 8 times faster in
EMs (28 = 10.3 ml h-1 kg-1) than in PMs (3.4 + 2.4 ml
h-1kg-1). Furthermore, pretreatment with quinidine,
a selective CYP2D6 inhibitor, in the EMs reduced their
clearance to levels similar to those in PMs (5.0 + 3.6
ml h-1 kg-1), and the maximal plasma concentration
for hydromorphone was 5 times higher in EMs than in
PMs or in EMs pretreated with quinidine (20). Genetic
causes may also trigger or modify drug interactions,
which in turn can alter the clinical response to opioid
therapy. Due to inhibition of CYP2D6, paroxetine in-
creases the steady-state plasma concentrations of (R)-
methadone in extensive but not in poor metabolizers
of debrisoquine/sparteine (24). In addition to CYP2D6,
CYP2B6, 2C19, 3A4, and 3A5 isoforms also are involved
in opioid metabolism.

The differences in codeine metabolism between
EMs and PMs have been shown to have an impact on
patient-controlled analgesia such that a PM received
more frequent codeine dosing before leaving the
study because of inadequate analgesia compared with
the EM group (25). In a study in palliative care patients
who were switched from morphine to oxycodone for
delirium, the single PM in the group of 12 required
the highest dose of oxycodone, had the poorest pain
control, and required the greatest number of doses of
rescue opioid (26).

In a trial of tramadol in 241 EMs and 30 PMs for
postoperative analgesia, it was reported that 47% of
PMs versus 22% of EMs were non-responders; 43% of
PMs versus 22% of EMs needed rescue medication;
and a 1.4-fold higher loading dose was used in PMs
versus EMs (27). Polymorphisms in drug-metabolizing
enzymes and drug transporters contribute to wide
and inheritable variability in drug pharmacokinetics,
response, and toxicity. One of the less well-studied hu-
man cytochrome P450 enzymes is (CYP)2B6, a homo-
logue of the rodent phenobarbital-inducuble CYP2B
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enzymes (28). Contrary to the model polymorphisms
of CYP2D6 and CYP2C19, which were discovered by
adverse drug reactions, pharmacogenetic study of
CYP2B6 was initiated by reverse genetics approaches
and subsequent functional and clinical studies (28).
The CYP2B6 gene is also highly polymorphic, with at
least 50 allelic variants identified (15). The *8, *11,
*12, and *14-*16 variants are associated with either
lower CYP2B6 expression or activity (29). Similar to
CYP2D6, there are ethnic differences in the frequency
of the variant alleles (30). In contrast to CYP2D6, the
functional effects of other variants in vivo are not as
well characterized and require further investigation
especially across ethnic populations (31).

Although CYP2B6 influences (S)-methadone plas-
ma levels, given that (R)-methadone is the significant
isomer contributing to the muagonist effects of this
drug, a major influence of CYP2B6 geneotype on re-
sponse to treatment is unlikely and has not been shown
in this study. Lower plasma levels of methadone in
nonresponders, suggesting a higher clearance, higher
peak-to-trough ratios, and a shorter elimination half-
life, are in agreement with the usual clinical measures
taken for such patients, which are to increase metha-
done dosages and to split the daily dose into multiple
divided dosages (32). However, since (S)-methadone
may possess activity as an n-methyl-d-aspartate antag-
onist, the analgesic effects from altered levels of (S)-
methadone secondary to differing CYP2B6 function
for human neuropathic pain may not be completely
trivial.

Furthermore, the patient’s CYP2B6 status could
have other implications. Eap et al (33) performed
whole-cell patch-clamp experiments using cells ex-
pressing hERG and showed that (S)-methadone
blocked the hERG current 3.5-fold more potently than
(R)-methadone (ICses [half-maximal inhibitory concen-
trations] at 37°C: 2 and 7y M). As CYP2B6 slow me-
tabolizer (SM) status results in a reduced ability to me-
tabolize (S)-methadone, electrocardiograms, CYP2B6
genotypes, and (R)- and (S)-methadone plasma con-
centrations were obtained for 179 patients receiving
(R,S)-methadone (33). The mean heart-rate-corrected
QT (QTc) was higher in CYP2B6 SMs (*6/*6 genotype;
439125 ms; n = 11) than in extensive metabolizers
(non *6/*6; 421 + 25 ms; n = 168; P = 0.017). CYP2B6
SM status was associated with an increased risk of pro-
longed QTc (odds ratio = 4.5, 95% confidence interval
=1.2-17.7;, P=0.03) (33).

In contrast to the enzymes leading to various ac-
tive or inactive opioid metabolites, other enzymes act
to conjugate opioids/opioid metabolites in order to
make them water-soluble, thereby facilitating their
elimination. UGT2B7 is the predominant enzyme that
catalyzes morphine glucuronidation (34), and multi-
ple single nucleotide polymorphisms in the promoter
region of UGT2B7 have been reported which are of
unknown significance (35). The UDP-glucuronosyl-
transferase (UGT) 2B7 gene encodes for UGT2B7, the
primary hepatic enzyme responsible for glucuronida-
tion of morphine, which results in the formation of
2 major metabolites: morphine-6-glucuronide (M6G)
and morphine-3-glucuronide (M3G) (34). Functional
allelic variants of UGT2B7 may affect hepatic clear-
ance of morphine by altering its enzymatic activity.

Genetic variation in the transcription factor he-
patic nuclear factor 1 o (HNF-1o) may result in up to
10-fold variability in the expression of uridine diphos-
phateglucuronosyl transferase 2B7 (UGT2B7) mRNA in
human liver biopsies (36,37).

Presence of the UDP-glucuronosyltransferase
UGT2B7-840G allele is associated with significantly
reduced glucuronidation of morphine and thus con-
tributes to the variability in hepatic clearance of mor-
phine in sickle cell disease (38,39).

Opioid Transporter (OTs)

Drug transporters are important structural pro-
teins that can influence the absorption, distribution,
and elimination of opioids (31). In the gastrointestinal
tract and hepatocytes, they have the ability to influ-
ence the bioavailability of orally administered opioids
by restricting or facilitating intestinal absorption and
facilitating presystemic biliary elimination (40,41). In
particular, transporter expression at the blood-brain
barrier has the potential to significantly influence the
clinical efficacy and safety of opioids, whose major
site of action lies within the central nervous system
(CNS) (31).

Both efflux and uptake carrier systems have been
implicated in the transport of opioids (drugs and pep-
tides), with multiple transporters often functioning in
concert to facilitate the efficient transfer of substrates
across biological membranes. The 2 major families of
drug transporters of relevance to opioid pharmacoki-
netics are the ATP binding cassette (ABC) superfamily
of efflux transporters, and the solute carrier (SLC) su-
perfamily of influx transporters (31).

www.painphysicianjournal.com
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The ABC superfamily of efflux transporters con-
sists of nearly 50 known human members divided into
7 sub-families. The most characterized of the ABC
transporters is the ABCB1 (MDR1, P-glycoprotein (P-
gp)) efflux transporter which functions at capillary en-
dothelial cells of the bloodbrain barrier and blood-ce-
rebrospinal fluid barrier (with the ABCC family being
less well studied) (42). Opioid induced analgesia is in-
creased and prolonged in mice lacking P glycoprotein
(43). Morphine, methadone, loperamide, and fentanyl
have all been confirmed as P-gp substrates (44-49).
The ABCBT1 gene encoding P-gp is highly polymorphic,
with over 100 SNPs previously identified. The most
investigated of the common ABCBT1 genetic polymor-
phisms is the non-synonymous exon 26 SNP, C3435T,
which is observed with a frequency of 50 — 60% in
Caucasians, 40 — 50% in Asians, and 10 — 30% in Af-
ricans (50-53). did find a significant relationship be-
tween 3435 genotype and the extent of loperamide
miotic effects following P-gp inhibition by quinidine.
There is also evidence that the brain distribution of
morphine, which is transported by P-gp with less effi-
ciency than loperamide, may be affected by 3435 gen-
otype (54). Pharmacokinetic modelling of morphine in
plasma and cerebrospinal fluid revealed a significant
association between the homozygous mutant geno-
type and increased morphine cerebrospinal fluid con-
centrations (54).

There are numerous SNPs observed in the ABCB1
gene, with significant linkage disequilibrium reported
across the ABCB1 gene (55,56). Thus, consideration of
the effect of ABCB1 haplotypes, in place of individual
SNPs, is more likely to accurately predict P-gp expres-
sion and function (57). Investigation of haplotypes
formed by the 2677 and 3435 SNPs revealed that sub-
jects carrying the ABCB1 haplotype G2677/T3435 had
significantly higher plasma loperamide concentrations
than non-carriers (53).

Genetic variation in the multidrug-resistance
gene MDR-1 (which encodes for P-glycoprotein, a
membrane-bound drug transporter that regulates
transfer of opioids across the bloodbrain barrier by
actively pumping opioids out of the CNS) may account
for the genetic variability in P-glycoprotein activity
(37,58). The mutation resulting in the G2677T/A geno-
type of P-glycoprotein has been demonstrated to alter
drug levels (59) and drug-induced side effects (60).

Campa et al (61) hypothesized that patients hav-
ing both good efflux pump functionality (ABCB1/
MDR1 homozygous C/C) and a defective morphine re-

ceptor (OPRM1 homozygous G/G) would be the worst
responders to pain relief treatment. By contrast, pa-
tients with an ineffective efflux pump (ABCB1/MDR1
homozygous T/T) and a functional receptor (OPRM1
homozygous A/A) were expected to be the best re-
sponders (61). Pain relief variability was significantly
(p < 0.0001) associated with both polymorphisms (61).
Combining the extreme genotypes of both genes, the
association between patient polymorphism and pain
relief improved (p < 0.00001), allowing the detection
of 3 groups: strong responders, responders, and non-
responders, with sensitivity close to 100% and specific-
ity more than 70% (61).

Additionally, methadone is a substrate for the P-
glycoprotein transporter, encoded by the ABCBT gene,
which regulates CNS exposure. In a retrospective study,
Coller and colleagues (62) found that ABCBT genetic
variability appeared to influence daily methadone
dose requirements, such that subjects carrying 2 cop-
ies of the wild-type haplotype required higher doses
compared with those with 1 copy and those with no
copies (98.3 + 10.4, 58.6 + 20.9, and 55.4 + 26.1 mg/d,
respectively; p =.029) (62).

The organic anion transporting polypeptide fam-
ily consists of 9 human isoforms, of which 2 SLCO1A2
(organic anion transporting polypeptide 1A2) and SL-
CO1B3 (organic anion transporting polypeptide 1B3
organic anion transporting polypeptide-8) have been
implicated in opioid transport (31). The role of genetic
polymorphisms in transporters of the ABCC and SLCO
families on opioid actions is unclear (31).

PHARMAcODYNAMIC VARIABILITY

Opioid Receptors (ORs)

Mu, kappa, and delta opioid receptors (encoded
by the OPRM1, OPRK1, and OPRD1 genes, respectively)
may all have polymorphisms. Several polymorphic vari-
ants of the human OPRM1 gene have been described
(63-66), including variants that alter amino acid se-
quence of the receptor as well as properties of recep-
tor function, studied using in vitro expression systems
(65,67-69). There is evidence to suggest that muopioid
receptor mutations may contribute to inter-individual
variability of the clinical effects of opioids (70).

Splice variants of the mu opioid receptor (MOR-
1A, MOR-1B, MOR-1C, etc.) have been identified as
well as other variants involving alternative splicing at
the 3’ end or the 5’ end of the mRNA (71). The variants
may utilize a different promoter and possess differ-
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ent characteristics/locations/functions. Some variants
may respond to morphine but not to morphine-6-
glucuronide (M6G) and vice versa (71). MOR-1 mRNA,
the major MOR transcript, possesses a long 3" untrans-
lated region (3'UTR) in both mouse and human spe-
cies (72). The sequence of the MOR-1 3’UTR, especially
that of its 3’ end region, is conserved between mice
and humans (72). The CXBK mouse strain, known as
a MOR-deficient strain, possesses a decreased amount
of MOR-1 mRNA containing an abnormally long MOR-
1 3’UTR with a long nucleotide insertion (72). This in-
sert might disrupt the stability of the MOR-1 mRNA or
might reduce the transcription of the MOR-1 mRNA
by separating the transcription factor-binding motifs
in the 3’ non-coding region of the MOR gene, thereby
decreasing MOR-1 mRNA expression and attenuating
morphine-induced analgesia in CXBK mice (72).

Investigators have identified more than 100 poly-
morphisms in the human MOR gene (Oprm), with some
variants exhibiting altered binding affinities to differ-
ent opioids (37,73,74). The best-known polymorphism
in the Oprm is the A118G nucleotide substitution,
which codes for the amino acid change of asparagine
to aspartic acid. It is unclear whether genetic variation
in various polymorphisms contributes to variation in
the effects of different opioids.

The A118G variant of the human mu opioid re-
ceptor gene (OPRMT) is in the coding region of the
first exon and is the single nucleotide polymorphism
(SNP) with the highest overall allelic frequency of any
OPRMT1 coding region variant reported, although its
heterozygosity varies widely across populations; from
1% to 2% frequencies of the minor (118G) allele re-
ported in African Americans to up to 50% in Japanese
(65,75-79). This SNP (a nucleotide substitution at po-
sition 118 [A118G]) encodes an amino acid substitu-
tion of asparagine to aspartic acid at position 40 in
the extracellular amino-terminus which removes 1 of 5
potential N-glycosylation sites of the receptor. The sin-
gle nucelotide polymorphism A118G alters functional
properties of the human mu opioid receptor (80).

Subjects carrying 1 or 2 copies of the variant G
allele were found to have a reduced response to mor-
phine treatment and a reduced analgesic response to
alfentanil (81-83) and morphine-6-glucuronide (84).
Chou et al (85,86) studied patients who underwent
total knee arthroplasty and abdominal total hyster-
ectomy, and they observed that G/G homozygotes
have a poorer response to morphine for postoperative
pain control than A/A homozygotes or heterozygotes.

Klepstad et al (87) showed that cancer patients homo-
zygous for the G allele required higher doses of mor-
phine to relieve pain.

Lotsch and colleagues (88) investigated the cen-
tral nervous effects of levomethadone by means of
measuring pupil size in a random sample of 51 healthy
volunteers for 9 hours after oral administration of
0.075 mg/kg levomethadone. Loétsch et al (88) con-
cluded among polymorphisms in OPRM1, ABCB1, and
CYP genes previously associated with functional con-
sequences in a different context, the most important
pharmacogentic factor modulating the short-term ef-
fects of levomethadone is the polymorphism (OPRM1
118A > G) affecting muopioid receptors (88).

Ross and colleagues (2005) (89) compared “opi-
oid switchers” who did not tolerate morphine with
“controls” who responded to morphine; their study
revealed significant differences in the genotype of the
signal transducer and activator of the transcription 6
(STAT-6) gene between “switchers” and “controls.”
STAT-6 recognition sites may exist in the Oprm gene.
STAT-6 may interact with Oprm, altering Oprm expres-
sion and affecting different opioid responses (89).

Another phenomenon which may contribute to
the clinical variability of opioids is that of opioid re-
ceptor heterodimerization. Opioid receptors belong
to the G-protein-coupled receptor (GPCR) superfamily.
GPCRs can form homo- (2 identical protomer partners)
and hetero- (2 different protomer partners) dimers.
An important discovery has been the observation that
a pair of interacting GPCRs can have distinct pharma-
cological properties (90). Hence, dimerization could
be seen as a way for an organism to increase the func-
tional variety of GPCRs (90). It is likely that repertoires
of heterodimers in different tissues are unique and
that a specific dimer pair could represent a target po-
tentially found in fewer tissues (90).

In the opioid receptor family, 8 opioid receptors
have been shown to interact with both x and p opi-
oid receptors to form heterodimers, and this leads
to altered pharmacological properties (91, 92). In
the case of interactions between x and & receptors,
the resultant k-3 heterodimers were found to have
greatly reduced affinities for highly selective x or &
receptor ligands (91). Studies with p-3 heterodimers
also demonstrated decreased binding affinity to selec-
tive synthetic agonists (93). Moreover, potentiation of
a popioid receptor agonist binding by a § antagonist
observed in vitro leads to increased antinociceptive re-
sponses using a classical analgesia test (94).
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GPCRs are natural allosteric proteins. The presence
of GCPRs in dimeric or oligomer complexes enables al-
losteric interactions between the protomer partners
within the dimer. In the case of mu-delta heterodi-
mers, presence of a muopioid receptor agonists leads
to a normal/expected response that would be further
potentiated if a delta opioid receptor agonist were co-
administered with a muopioid receptor agonist (e.g.
an exaggerated inositol triphosphate (IP3)-induced in-
tracellular release of calcium).

MoLEcuLES IN OPIOID SIGNALING
PaTHwayvs (Oprioip SicnALERS [0Ss])

Studies using gene knockout mice have suggested
that a number of receptors, channels, transporters,
neurotransmitters, and signal transduction molecules
are implicated in the analgesic and adverse effects of
opioids, especially morphine (95). Girk2 gene (Kcnj6)
knockout and Girk3 gene (Kcnj9) knockout mice dis-
play hyperalgesia and reduced analgesic efficacy of
morphine (96). Weaver mutant mice, which harbor a
point mutation in the Girk2 pore domain, also exhibit
decreased morphine-induced analgesia (97). These
data suggest that Girk2 and Girk3 subunits may be
largely responsible for morphine-induced analgesia.
R-type voltage-dependent calcium channel (Cav2.3)
gene (Cacnale) knockout mice also exhibit altered an-
algesia and tolerance induced by morphine (95,98).

Mice with gene knockout of the «:2A adrenergicre-
ceptor, muscarinic acetylcholine receptor 1, dopamine
receptor 2, histamine receptors H1 and H2, prolactin
releasing peptide receptor, norepinephrine transport-
er, arachidonate 12-lipooxygenase, B2arrestin, and
phospholipase CB3, in addition to melanocortin-1 re-
ceptor spontaneous mutant mice, show enhanced an-
algesia induced by opioids (95). In contrast, adenosine
A1 receptor, cholecystokinin B receptor, nociceptin re-
ceptor, dopamine, dopamine p-hydroxylase, adenylate
cyclase 5, tamalin, phospholipase CB1, interleukin 6,

and Lmx1p deficient mice exhibit reduced opioid-in-
duced analgesia (95).

Catechol-O-methyl transferase (COMT) is the en-
zyme which metabolizes dopamine, epinephrine, and
norepinephrine to methoxytyramine, metanephrine,
and normetanephrine, respectively. The A472G (Val-
158Met, rs4680) SNP is the most common SNP in the
COMT gene. The regional p opioid system response
to pain is diminished in healthy volunteers with the
Met/Met genotype compared to those with the Val/
Met genotype (99). Caucasian cancer patients with the
Val/Val genotype require more morphine (155 + 160
mg/h) compared to Val/Met (117 + 100 mg/h) and Met/
Met genotypes (95 = 99 mg/h) (100). Similarly, carriers
of the Val/Val and Val/Met genotype require 63% and
23%, respectively, higher doses of morphine compared
to carriers of the Met/Met genotype (101).

Ross et al (2005) (89) found a significant differ-
ence in genotype and allelic frequency for the T8622C
polymorphism in the -arrestin-2 gene, which encodes
for B — arrestin (an intracellular protein involved in
regulating MOR phosphorylation, desensitization,
and internalization); this variation is of unclear clinical
significance.

SUMMARY

It has been clinically acknowledged for many
years that there exists significant variability in opioid
responsiveness. The multiple factors which may be in-
volved in this variability continue to be elucidated. As
this knowledge matures along with a greater under-
standing of the specific importance of each of these
factors in terms of their effects on opioid-induced
analgesia for humans in pain, it is hoped that clini-
cians may be better equipped to choose the optimal
opioid and opioid dose to tailor analgesic regimens
or to make informed decisions regarding opioid rota-
tion strategies in efforts to achieve the best individual
patient outcomes.
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