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Opiate Pharmacology and Relief of Pain
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Opioids remain the mainstay of severe pain management in patients with cancer. The hallmark of
pain management is individualization of therapy. Although almost all clinically used drugs act
through mu opioid receptors, they display subtle but important differences pharmacologically.
Furthermore, not all patients respond equally well to all drugs. Evidence suggests that these
variable responses among patients have a biologic basis and are likely to involve both biased
agonism and the many mu opioid receptor subtypes that have been cloned.

J Clin Oncol 32:1655-1661. © 2014 by American Society of Clinical Oncology

Cancer pain remains a difficult problem, and its
management is an art. The hallmark of pain man-
agement in patients with cancer is the need to indi-
vidualize therapy because of the wide variability of
responses among patients to different pain medica-
tions and treatments.' > One patient may obtain ex-
cellent relief with one analgesic, but a different
patient may get better results with another. Doses of
a specific opioid needed to manage pain can also
vary markedly among patients. Although these clin-
ical observations are largely anecdotal, controlled
studies find that redheads, who contain a mutated
melanocortin 1 receptor, show increased pain toler-
ance and increased analgesic responses to opioids.
Similar results are also seen in mice with a nonfunc-
tional melanocortin 1 receptor.* Thus, genetics can
influence opioid sensitivity, a conclusion that has
been validated in other animal studies. The analgesic
activity of morphine varies markedly among a series
of mouse strains (Fig 1A), and different strains show
dramatic differences in the relative potency of opi-
oids. This is well illustrated by the CXBK mouse
strain that is insensitive to morphine while main-
taining a normal sensitivity toward other mu opioid
analgesics (Fig 1B).® Thus, the need to individual-
ize therapy has a biologic basis.”'°

Opioids are unique among analgesics in many
ways, but what makes them special is their ability to
selectively have an impact on the pain of nociceptive
stimuli without impairing more objective sensa-
tions, such as light touch, temperature, or position
sense. However, suffering includes non-nociceptive
factors, such as depression and anxiety. To patients,
these components may not be separable from noci-
ception itself. Thus, it is important for the physician

to distinguish among these various components and
recognize that opioids help only the nociceptive
component of the suffering, and other therapies
may be needed for the other aspects of suffering.
The opioids act through the activation of a pain
modulating system comprising the endogenous opi-
oid peptides (ie, enkephalins, dynorphins, and
B-endorphin) and their receptors.'® The need for a
pain modulating system is understandable. Pain
serves a valuable role, alerting us to injury. Yet, there
are circumstances when pain is detrimental, and the
presence of this system has survival advantages. In a
study of soldiers during World War II, Beecher''
found that the morphine requirements for wounded
soldiers were lower than those for patients undergo-
ing elective surgery back in the United States, imply-
ing that the stress of combat was able to turn down
the perception of pain. We now know that this in-
volves the activation of endogenous opioid systems.
The many descriptors for pain clearly illustrate
the complexity of nociceptive sensations: sharp,
dull, shooting, burning, aching, cramping, and so
on. Although pain has traditionally been classified as
somatic, visceral, or neuropathic, in the clinical set-
ting, it is most often a mixture of pain types and may
involve multiple mechanisms, perhaps explaining
the utility of combinations of different classes of
drugs.">'*'>'* For example, pain from bone me-
tastases can involve bradykinin, endothelins,
prostaglandins, proteases, and tyrosine kinase ac-
tivators."* The nonsteroidal anti-inflammatory
drugs are typically effective for inflammatory
pain, and the antidepressant/anticonvulsant
drugs are more commonly used for neuropathic
pain. Nonsteroidal anti-inflammatory drugs are
not as widely used in oncology as they are in the
general population because of bleeding issues that
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Fig 1. Genetic influence on opioid analgesia. (A) Groups of mice of the indicated
strains were tested with morphine (5 mg/kg subcutaneously) in the radiant heat
tailflick assay at peak effect. (B) Groups of CD-1 and CXBK mice were tested with
equianalgesic doses of the indicated opioid. M6G, morphine-6B-glucuronide.
Data adapted.®

can be more problematic in patients with cancer as a result of their
treatments and/or their disease. Opioids are effective against all
pain but not with the same potency/efficacy. Although they can be
used for neuropathic pain, higher doses are often required. From a
practical perspective, opioids have no ceiling effect on pain relief, a
clear distinction from the other classes of drugs that often have

1656 © 2014 by American Society of Clinical Oncology

limits on the intensity and nature of pain they can treat. However,
because opioid doses are escalated for pain relief, adverse effects
can become increasingly problematic and can prevent adequate
relief. Medically, the problems of sedation, constipation, respira-
tory depression, tolerance, and physical dependence need to be
continually monitored. It is also becoming important to recognize
the endocrine effects of opiates, since recent work has emphasized
the lowering of testosterone levels by opioids.'> Methadone may
also have an impact on glucose levels, particularly after intravenous
administration,'®'® and morphine’s effects on prolactin and
growth hormone have been known for many years.'> Opiate use
also has societal issues, particularly diversion, abuse, and addic-
tion, which require additional care in their use.

All patients chronically on opioids will develop physical depen-
dence, which is a physiological compensation for the chronic exposure
to the drug. As long as drug use is maintained, it is rarely an issue.
However, if patients stop taking the drug or if they are given an
antagonist or a mixed agonist-antagonist such as pentazocine, they
may demonstrate the classical signs of opioid withdrawal, ranging
from mild dysphoria to going cold turkey, depending on the dose and
duration of prior drug use. This is not the same as addiction, which
implies drug-seeking behavior in the absence of a medical indication.
All patients will develop physical dependence with chronic opioid
dosing, but few patients with cancer will become addicted. Neverthe-
less, all patients being considered for chronic opioid therapy should be
carefully screened and monitored for indications of misuse.

There are three major classes of opioids defined by their receptors: mu,
delta, and kappa. Mu receptors are selective for morphine, and most
traditional opiate analgesics act through these sites. Delta and kappa,
receptors are selective for the enkephalins and dynorphin, respec-
tively. Although highly selective delta and kappa, drugs have been
generated and extensively studied in preclinical models, none are
available clinically, where almost all the opiates used are mu. Although
there are some mixed agonists-antagonists with both mu and kappa
activity, such as pentazocine, their antagonist actions against mu re-
ceptors makes them difficult to use in a patient already being given an
opioid since they may precipitate withdrawal.

Opiates have a wide range of structures despite their common
affinity for mu opiate receptors. Morphine and codeine are natural
products of opium, as is thebaine, a precursor used in the synthesis of
several drugs, including oxycodone, naloxone, naltrexone, and bu-
prenorphine. Methadone, meperidine, and the fentanyl series are all
fully synthetic and are not dependent on opium. Although they are all
potent analgesics, not all patients respond equally well to each mu
opioid, presumably in large part because of genetic factors as shown in
preclinical studies (Fig 1B). In addition to variations in the relative
analgesic potency among patients, adverse effects also may differ.
There is no way to predict the optimal drug for a specific patient. The
choice is empirical, and several drugs may need to be tried before
finding the most appropriate one.

Structurally, the antagonists naloxone and naltexone are similar
to oxymorphone, differing only in the replacement of the N-methyl
group with an N-allyl 1 (naloxone) or N-methylcyclopropyl group
(naltrexone). Naloxone reverses opioid actions. Its onset of action
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following intravenous administration is rapid, often within less than 1
minute. However, care must be taken when using it to reverse the
longer-acting analgesics since naloxone has a relatively short duration
of action that requires repeated dosing to prevent the reappearance of
the overdose as the naloxone effects wear off. Both naloxone and
naltrexone are subject to a large first-pass effect, making their oral use
difficult. However, this feature of their metabolism has been used to
advantage by including a low dose with oral preparations of analgesics
to minimize abuse potential. When taken orally, the antagonists have
little effect because of their hepatic inactivation. However, if they are
injected, the antagonist dose is sufficient to precipitate withdrawal in
people who are dependent.

Opiates act in several places within the neuraxis.”*** Supraspinally,
several structures play a role in morphine analgesia, including the
locus ceruleus, nucleus raphe magnus, periaqueductal gray, medial
thalamus, and limbic structures. At the spinal level, opioid action
involves the dorsal horn where the receptors are both pre- and post-
synaptic. The presynaptic ones are associated with the nerves entering
the dorsal horn from the dorsal root ganglia and from descending
pathways. The dorsal root ganglia neurons also extend into the periph-
ery where the presynaptic receptors on the nerve modulate peripheral
opioid analgesia.

Given systemically, opioids act through all sites simultaneously
with the supraspinal systems being the most sensitive, which explains
why peripherally restricted antagonists such as methylnaltrexone can
be given to ameliorate constipation without having a major effect on
analgesic activity. Their regional interactions are important in under-
standing opioid action. Studies by Yeung and Rudy** clearly show
profound synergy when morphine is administered both spinally and
supraspinally, and microinjection studies demonstrate synergy
among the brainstem nuclei.”® Studies also reveal synergy between
spinal and peripheral sites and between spinal and systemic drug
(Table 1).>**” Small doses of spinal morphine dramatically potentiate
the activity of a systemic drug. This is relevant clinically. Intrathecal
and epidural opioids are widely used. Epidurally, the opioid diffuses
into the intrathecal space to produce concentrations at the spinal cord
far greater than would be seen with systemic administration. How-
ever, the epidural space has a dense network of veins (Batson’s plexus)

Table 1. Synergy Between Spinal and Systemic Morphine

Drug and Method of
Administration

Systemic Morphine EDgq Shift

Systemic morphine alone

Systemic morphine + 25 ng
intrathecal morphine™

3.1 mg/kg subcutaneously
0.5 mg/kg subcutaneously More than

six-fold

NOTE. The analgesic EDgq in the radiant heat tailflick assay of systemic
morphine given subcutaneously was determined in groups of CD-1 mice alone
and following an intrathecal injection of morphine (50 ng), a dose less than
10% of morphine’s intrathecal EDs,. Higher intrathecal morphine doses
shifted the systemic EDgy as much as 50-fold. Isobolographic analysis of the
doses reveal synergy between the intrathecal and the systemic routes. Data
adapted.?”

*Morphine intrathecal EDgg is 305 ng.

Www.jco.org

through which opioids and other drugs are absorbed, leading to sig-
nificant systemic blood levels of drug.*® Indeed, the serum level of
morphine (approximately 50 ng/mL) following epidural dosing (10
mg) is not very different from that seen after systemic administration
of the same morphine dose (approximately 80 ng/mL). Thus, epidural
morphine resembles the paradigm in which spinal morphine dramat-
ically potentiates systemic drug, thus shifting the dose-response curve
several-fold to the left.

All opioids produce tolerance with chronic dosing, and many patients
require dose escalation to accommodate their decreased sensitivity
toward the drugs. It is important to note that this is not addiction, and
physicians must assess patients carefully. One cannot simply assume
that the request for increasing doses of drug represents drug-seeking
behavior. Once the pain is controlled, highly tolerant patients with
cancer often can be maintained on a fixed opioid dose for long periods
of time, suggesting that tolerance is not a continually progressive
process. Rather, it is possible to achieve an equilibrium between toler-
ance and analgesic activity. Indeed, the need to escalate drug dose in
patients who have been stable on their opioid dose for prolonged
periods of time may be an early indication of progression of disease.”’

Tolerance to all opioid actions does not develop at the same rate,
and adverse effects become increasingly problematic with dose esca-
lation as the therapeutic index decreases. In this situation, many phy-
sicians will switch the patient to a different opioid, an approach
termed “opioid rotation.” In opioid rotation, a patient is switched to a
second drug because of problematic adverse effects or inadequate pain
relief with the first drug.’>*' The effectiveness of the second drug is
most likely a result of incomplete cross-tolerance in which the degree
of tolerance to the second drug is less than that for the first. Although
the phenomenon has long been known clinically, we have only re-
cently gained insights into the mechanisms for incomplete cross-
tolerance, which likely involves differing activities at subtypes of mu
opioid receptors or biased agonism. The choice of the second drug is
empirical, and more than one drug may need to be tried. There are
several tables showing the relative potency of opioids. It is important
to note that these are equianalgesic tables, not conversion tables. The
values in these tables were determined in opiod-naive patients, and the
ratios in tolerant patients can vary dramatically. Thus, rotation must
be carefully carried out. In practice, the dose of the second drug is
typically calculated by using the equianalgesic chart and then reduced
by 50% to 75% to obtain the conversion dose to avoid overdose. The
emphasis is on safety. Thus, it is not uncommon to find that after the
reduction, the dose of the second drug must be carefully titrated
upward to achieve pain relief. Morphine-to-methadone conversions
are particularly difficult, and when making that conversion, the calcu-
lated dose should be decreased by 75%. Patients tolerant to morphine
are not as tolerant to methadone, meaning that methadone will be far
more potent in the morphine-tolerant patient than anticipated. Spe-
cial care also must be taken with methadone and other long-acting
drugs, since it may take days for a fixed dose of these drugs to achieve
steady-state levels. Escalating too rapidly can present serious prob-
lems, even overdose, and should be done over many days.

© 2014 by American Society of Clinical Oncology 1657
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Opioid pharmacology is unusual in that our clinical experience for a vast
array of analgesics preceded the discovery of their receptors and their
mechanisms of action. Indeed, clinical experience molded the direction of
basic research which, in turn, has provided insights into why the clinically
proven approaches used today are effective. The hallmark of pain man-
agement is individualization of care, taking into account the differing
pharmacology of mu opioids and various sensitivity of patients to the
drugs. In this era of evidence-based medicine, an understanding of the
clinical approaches and why they are effective is important.

The opiate receptor was first demonstrated in 1973 in receptor-
binding studies. The initial assumption of a single mu receptor soon
was challenged by detailed ligand-binding studies and the actions of
naloxonazine and naloxazone, antagonists that dissociated morphine
analgesia from respiratory depression, constipation, and most signs of
physical dependence.'®*** Evidence is accumulating that the com-
plexity of mu opioid pharmacology results from a combination of the
extensive splicing of the receptor and biased agonism.

The mu receptor is a member of the G-protein coupled receptor
(GPCR) family. This is a broad family of more than 300 receptors that
account for a large proportion of drugs currently used in medicine.
Structurally, they all contain seven-transmembrane (7-TM) domains
with an extracellular N-terminus and an intracellular C-terminus (Fig
2). Classically, once an agonist binds, the receptor activates a
G-protein, which dissociates into its & and its 8 and y subunits which,
in turn, signal through downstream transduction pathways to modu-
late enzyme activity, such as adenylyl cyclase, or ion channels. How-
ever, GPCRs can also signal through alternative pathways, such as
B-arrestin.’®~*° What makes these alternative pathways important is

that the relative activation of these pathways may differ from one drug
to another, with one drug activating primarily one pathway while
another drug activates a different pathway. Because the different path-
ways yield different pharmacologic responses, the pharmacologic pro-
file of drugs can vary even if they label a single receptor.'®*" This is
referred to as biased agonism.

The mu opioid receptor MOR-1 has been clone and crys-
tallized, and its structure has been established.*> The TM domains
form a circular structure with the opioid-binding pocket located deep
within the TM region of the protein. Following the cloning of MOR-1,
a vast array of splice variants were identified involving both 3" and 5’
splicing, with similar patterns seen across a wide range of species,
including humans, rats, and mice (Fig 2).'® Three major categories of
variants have been identified. Most are classical full-length variants
with all 7-TM domains in which 3’ splicing leads to changes in only the
tip of the intracellular tail. Because the remainder of these full-length
variants are the same, including all 7-TM domains, they have identical
binding pockets. However, the 3" splicing yields unique C-terminal
amino acid sequences for each. These differences are important be-
cause of the concept of biased agonism. There is a G-protein coupled
receptor kinase—induced phosphorylation “bar code” at the
C-terminus of GPCRs that regulates -arrestin functions.*® The 3’
splicing of MOR-1 leads to a wide range of potential phosphorylation
sites in the C-tail, the region displaying the bar code, thereby offering
the possibility of vastly differing levels of biased agonism among
the variants.

A second set of variants are truncated, containing only 6-TM
domains because of the absence of exon 1 and the first TM domain
that it encodes (Fig 2). These truncated 6-TM variants are pharmaco-
logically important and play a major role in the actions of several

144

E11 promoter E1 promoter

\1/11 12\1/11314 2315 —2 4 10
edcba

/

Exon

= x
—y, ~
Full-length 7TM variants .
Exon 1 promoter -
3’ splicing N
¢ All have unique sequences
e Lengths vary from 1-88 aa \/

* Mice have 24
e Humans have 12
* Rats have 13

Single 1TM variants
Exon 1 promoter
3’ splicing with unique sequences
* Mice have 5 with 1-127 aa after exon 1

Exon 11-associated 6TM variants
Exon 11 promoter
5’ splicing eliminates exon 1
* Exon 11 sequence is unique
- mouse 27 aa before exon 2
- human 24 aa before exon 2
3’ splicing unique sequences
* Mice have 5
e Humans have 3

* Humans have 4 with 1-90 aa after exon 1 — ¢ Rats have 2
* Rat have 2 with 1-127 aa after exon 1 .

6 7 8 9
Fig 2. Schematic of the opioid receptors.
The exon composition of the MOR-1 gene
*exon 11 (Oprm1; top) and its splice patterns (bottom)

are shown schematically. Intron distances
are not shown to scale. The full-length vari-
ants contain seven-transmembrane (7TM)
domains encoded by exons 1, 2, and 3, with
3’ splicing downstream of exon 3. The 6TM
domain receptor variants lack exon 1 but
— contain exon 11. Exon 11 does not traverse
the membrane and remains intracellular,
resulting in the loss of the first transmem-
brane domain. The single transmembrane
domain variants contain exon 1, with 3’
downstream splicing. aa, amino acid.

1658 © 2014 by American Society of Clinical Oncology

JOURNAL OF CLINICAL ONCOLOGY



Opiate Pharmacology and Relief of Pain

Table 2. MOR-1 Knockout Models and Mu Opioid Analgesia

Variable Exon 1 KO Exon 11 KO

Variant

Full length 7-TM Lost Retained

Truncated 6-TM Retained Lost

Truncated 1-TM Lost Retained
Analgesia

Morphine Lost Retained

Buprenorphine Lost Lost

IBNtxA Retained Lost

NOTE. Two MOR-1 knockout (KO) models have proven valuable in the
characterization of mu opioid analgesics. In one model, exon 1 is deleted
without having an impact on the expression of the exon 11-associated
six-transmembrane (6-TM) splice variants.*® The other knockout model has a
disruption in exon 11, eliminating all the 6-TM variants without affecting the
full-length variants.*®

Abbreviation: IBNtxA, 3-iodobenzoyl-63-naltrexamide.

established opioid analgesics, providing a target for new agents with
unique pharmacologic properties.

The last set comprises variants that contain only a single TM
domain (Fig 2). Although these variants do not bind opioids directly,
they help modulate opioid analgesia by increasing expression of the
full-length 7-TM variants through a chaperone-like action.*”

The various MOR-1 knockout models have provided important
insights into mu opioid action.'® Two models in particular have
proven valuable. One MOR-1 knockout targeting exon 1 still ex-
presses the 6-TM truncated variants.*® Conversely, an exon 11
knockout mouse lacks these 6-TM variants without appreciable
changes in the levels of the full-length variants.*® These two knock-
out models reveal several different profiles of activity (Table 2).
Morphine is the prototype of the group that is totally dependent on
the full-length variants but unaffected by loss of the 6-TM variants.
Disruption of exon 1 eliminates all the full-length variants and
morphine activity. Buprenorphine is an example of the second
group, which depends on both the full-length and the truncated
6TM variants. Loss of either set of variants lowers buprenorphine
activity. Heroin and morphine-6B-glucuronide (M6G) also fall
within this group. The potency of both heroin and M6G are slightly
reduced in the exon 1 knockout, but higher doses still elicit a full
analgesic response, unlike morphine which is totally inactive (Fig
3). Unlike morphine, the potency of heroin and M6G are signifi-
cantly reduced in the exon 11 knockout mouse.

The third group may be the most interesting. The experimental
drug 3-iodobenzoyl-6B-naltrexamide (IBNtxA) provides a window
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morphine, heroin, and the morphine me-
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into their possibilities.”® Unlike morphine, IBNtxA actions are unaf-
fected by the loss of the full-length MOR-1 splice variants or delta or
kappa, receptors, butloss of the exon 11 variants eliminates its activity.
IBNtxA is a potent analgesic with an unusual pharmacologic profile.
Like traditional opioids, it is quite potent, with an activity potency
10-fold greater than that of morphine.”>>' However, IBNtxA is active
in neuropathic/inflammatory pain models, which is unusual for opi-
oids.' This is particularly important in cancer pain since much of it is
neuropathic in nature. Its adverse effect profile is intriguing. IBNtxA
shows no respiratory depression, and it does not produce physical
dependence with chronic administration. Its inhibition of GI transit, a
measure of constipation, is quite limited and it displays no reward
behavior in the conditioned place preference paradigm, raising the
possibility that it may be possible to dissociate abuse liability from
analgesia. Targeting these 6-TM variants may yield important new
analgesics in the future.

In conclusion, opiates are effective in the management of cancer
pain. However, their use is not always straightforward because of
differences in their overall effectiveness and in the adverse effects
among patients. Treatment needs to be individualized for each pa-
tient. The variability in response to the opioids among patients has not
always been appreciated. Too often, clinicians will conclude that opi-
oids are ineffective after trying a single agent or will misinterpret a
request for additional medication from a patient who is not respond-
ing at doses normally effective for other patients. Many of these differ-
ences are biologically based, as shown by the preclinical studies, and
we cannot predict which patient will respond best to which drug or
dose. Recognizing the need to try different drugs and to escalate dose
to effectiveness goes a long way toward improving patient care.

The molecular mechanisms of opioid action are complex, but
they offer insights into why many of the approaches used in pain

medicine are effective, such as trying more than one drug to enhance
efficacy and minimize adverse effects and by using opioid rotation
when faced with mounting problematic tolerance. The recognition of
biased agonism helps explain how two drugs working through a single
receptor can elicit different pharmacologic profiles. The identification
of multiple splice variants expands these possibilities exponentially
since each variant is subject to biased agonism. There have been few
new opioids in recent years. The discovery of the truncated variants
provides a new target for potent analgesics lacking many of the prob-
lematic adverse effects seen with current drugs. Several available opi-
oids appear to work, in part, through this target, including
buprenorphine, butorphanol, nalbuphine, and levorphanol, support-
ing the potential of this approach. The future holds much promise in
the effective management of cancer pain.
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