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Opioids are broad-spectrum analgesics with potent pain-relieving qualities but also
with potential adverse effects related to both short-term and long-term therapy. Re-
searchers have attempted to alter existing opioid analgesics, utilize different routes/
formulations, or combine opioid analgesics with other compounds in efforts to im-
prove analgesia while minimizing adverse effects. Exogenous opioids, administered
in efforts to achieve analgesia, work by mimicking the actions of endogenous opi-
oids. Endogenous opioids and their receptors are located in the brain (supraspi-
nal areas), spinal cord, and periphery. Although opioids and opioid receptors in the
brain and spinal cord have received much attention over many years, peripheral en-
dogenous opioid analgesic systems have only been extensively studied during the
past decade. It has been known since 1990 that following injection into the rodent
hindpaw, p-Ala?, N-Me-Phe*, Gly*>-ol-enkephalin (DAMGO) [a muopioid receptor ag-
onist] probably exerts its antinociceptive effects locally, since the doses administered
are too low to have an effect in the central nervous system (CNS). This notion has
been supported by the observation that the quaternary compound morphine me-
thyliodide, which does not as readily cross the bloodbrain barrier and enter the CNS,
produced antinociception following intradermal administration into the hindpaw,
but not when the same dose was administered systemically (subcutaneously at a
distant site). With a growing appreciation of peripheral endogenous opioids, pe-
ripheral endogenous opioid receptors, and peripheral endogenous opioid analgesic
systems, investigators began growing hopeful that it may be possible to achieve ad-
equate analgesics while avoiding unwanted central untoward adverse effects (e.g.
respiratory depression, somnolence, addiction). Peripherally-acting opioids, which
capitalize on peripheral endogenous opioid analgesic systems, may be one poten-
tial future strategy which may be utilized in efforts to achieve potent analgesia with
minimal side effects.
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t has been well appreciated for many decades
that inflammatory mediators from inflammation
of peripheral tissues can lead to/promote pain,
however, it has only been in the past decade that
a gradual appreciation of the body’s peripheral
endogenous opioid analgesic system (PEOAS) has
begun.Thecrucialelementsofthissystemareleukocyte-
derived opioids which are secreted from leukocytes

accumulating at sites of peripheral inflammation.
Inflammation increases peripheral leukocyte-derived
opioids as well as peripheral opioid receptors.
Inflammation in the periphery leads to an increase in
the number/efficiency of opioid receptors on primary
afferent neurons. Attempts to mimic or augment this
peripheral analgesic system may potentially yield
analgesia without central untoward adverse effects
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(e.g. respiratory depression, somnolence, addiction).
The concept of peripheral opioid analgesia became
more accepted when in 1990 following injection
into the rodent hindpaw, D-Ala?, N-Me-Phe?*, Gly*>-ol-
enkephalin (DAMGO) (a muopioid receptor agonist)
was believed to exert its antinociceptive effects locally,
since the doses administered are too low to have an
effect in the central nervous system (CNS). This notion
has been supported by the observation that the
quaternary compound morphine methyliodide which
does not as readily cross the bloodbrain barrier and
enter the CNS, produced antinociception following
intradermal administration into the hindpaw, but not
when the same dose was administered systemically
(subcutaneously at a distant site).

Although peripheral opioid receptors are largely
expressed by primary sensory neurons (1), they are func-
tionally inactive under most basal conditions. However,
with tissue injury/inflammation, the action of bradyki-
nin on the B2 receptor improves efficiency of muopioid
receptor (MOR) coupling to Go. and promotes MOR sig-
naling (2).

There are multiple ways by which endogenous
opioids can gain access to peripheral sites of tissue in-
sult to activate peripheral MORs. Cannabinoid (CB) ag-
onists binding to peripheral CB(2) receptors results in
CB(2) activation, with subsequent stimulated release
of B endorphin from keratinocytes in the skin (3).

In addition to the beta-endorphin/mu-opioid re-
ceptor (system which has been identified in human
epidermis), Tominaga and colleagues (4) performed
reverse transcription-PCR and immunohistochemical
analyses on cultured ketatinocytes and normal skin
from humans. The analyses revealed that epidermal
kertinocytes express kappa-opioid receptor and its li-
gands, DynA (1-17) and DynA (1-8).

Moreover, another potential mechanism in
which peripherally-acting opioids (PAOs) may affect
nociception is via effects on o,-adrenergic receptor-
mediated- and/or A -Adenosine receptor-mediated
antinociception.

PEeRIPHERAL OPIOID RECEPTORS AND
INFLAMMATION

Peripheral opioid receptors are synthesized in
the dorsal root ganglion (DRG) and intraaxonally
transported (as well as in some cases along with their
mRNA) to peripheral sensory nerve endings (5,6). Opi-
oid receptors belong to the family of 7 transmem-
brane domain G-protein coupled receptors and may

be involved in multiple processes as well as being in-
volved in regulatory processes (7). The binding of opi-
oid peptides (OPs) to opioid receptors (ORs) will cause
OR activation and coupling to inhibitory G-proteins
(G ) resulting in inhibition of high-voltage activated
calcium channels, tetrodotoxin-resistant sodium chan-
nels, and decreased levels of neuronal cyclic adenosine
monophosphate (8).

All the 3 opioid receptor subtypes (u, §, and x) be-
long to the superfamily of G-protein-coupled recep-
tors (GPCR) that mediate the actions of endogenously
produced opioid neuropeptides and exogenously ad-
ministrated opiate drugs (9).

The G-proteins exist as heterotrimers derived from
3 different primary classes of subunits: G, GB, and GY
(10). An opioid receptor is activated by agonist forc-
ing the GDP bound to be replaced to the a-subunit
by GTP, which then forces the dissociation of G and
Gy, subunits. The activated o- and y-subunits can each
mediate downstream effects providing a locus for the
2 entities to couple to multiple cellular effectors like
enzymes and ion channels (11).

Askari et al (12) showed that the carrageenan
administration increased G-protein subunits. A single
injection of morphine alone and in the presence of
inflammation produced the same upregulation of G
mMRNA. Thus, inflammation in the periphery did not in-
fluence the increase in the G, mRNA levels following
the administration of analgesic dose of morphine (12).
Acute treatments with the analgesic dose of morphine
alone were not able to change the expression levels
of GB (13). While administration of analgesic doses
of morphine 30 min before a carrageenan injection
markedly increased the GB mRNA levels (12). Voltage-
dependent calcium channels appear to be selectively
regulated by G, complexes to produce analgesia (14).
The GIRK channels have been the first effectors shown
to be regulated by GBv subunits (15). Askari et al (12)
have provided evidence for the involvement of the G,
subunit in the morphine analgesia. The G; mRNA lev-
els are upregulated in spinal cord when nociception is
fully established (12).

Askari and colleagues (12) suggested that the ex-
pression level of G-protein (Gy) genes following the
acute administration of morphine between animals
with and without inflammation may influence, at
least in part, some of the difference in the analgesic
responsiveness of these 2 groups (12).

Additionally, MOR agonists may inhibit transient
receptor potential vanilloid-1 (TRPV1)-mediated in-

5122

www.painphysicianjournal.com



Peripherally-acting Opioids

creases in intracellular calcium in a kidney cell line
(16) and may decrease capsaicin-induced TRPV1 cur-
rentsvia G, and the cyclicadenosine monophosphate
pathway in DRG cells from animal models of periph-
eral inflammation (17).

Opioid peptides binding to their receptors may
lead to attenuation of the excitability of nociceptors,
impaired propagation of action potentials, and inhi-
bition of the release of excitatory neurotransmitters
and proinflammatory neuropeptides (e.g. substance P,
calcitonin gene-related peptide) from nociceptor end-
ings which produce analgesia (8).

Inflammation in the periphery gives rise to in-
creased synthesis and axonal transport of opioid recep-
tors in DRG neurons with resultant MOR, upregulation
(with increases in MOR binding and immunoreactivity)
and enhanced MOR G-protein coupling (with increased
MOR agonist efficacy) at peripheral nerve terminals
(18-22). These effects may be related to neuronal elec-
trical activity, production of proinflammatory cytokines
(e.g. IL-1B, IL-6, TNFa), and nerve growth factor (NGF)
(21,23-25). Perhaps the major contributor to up-regu-
lation in the number and efficacy of sensory neuron
MORs is nerve growth factor (25). NGF is increased in
peripheral inflammation and acts on nociceptive neu-
rons via interaction with the tyrosine kinase receptors
TrkA and p75N™® (26). NGF is known to increase enkeph-
alin-binding sites in cell culture (27) and raise diprenor-
phine binding sites in isolated DRG (1).

Mousa et al (25) found that during localized in-
flammatory pain endogenous NGF enhances the sus-
ceptibility to locally applied opioids by an up-regula-
tion in the number and efficacy of MORs in primary
afferent neurons. This is established in several ways: 1)
co-localization of muopioid receptor-immunoreactiv-
ity (MOR-ir) neurons in DRG with the sensory neuron
marker calcitonin gene-related peptide (CGRP) and
the majority of these co-expressing the NGF receptors
TrkA and p75N™; 2) increased NGF concentrations retro-
gradely transported within the sciatic nerve innervat-
ing Complete Freund’s Adjuvant (CFA) or NGF-treated
tissue; 3) up-regulation of MOR predominantly in TrkA
positive DRG ipsi, but not contralateral to intraplan-
tar (i.pl.) CFA or NGF and its prevention by disrup-
tion of the retrograde axonal transport; 4) enhanced
peripheral transport of MOR along the sciatic nerve
following CFA or NGF; 5) increased number of MOR-ir
sensory nerve endings within CFA or NGF-treated skin;
and 6) potentiation of dose-dependent antinocicep-

tive effects of i.pl. fentanyl following local CFA or NGF,
which are naloxone reversible (25). All these changes
are prevented by neutralization of local NGF with an
i.pl. NGF-specific antiserum (25).

Chen and colleagues found (28) that the consti-
tutively activated TrkA/phosphatidylinositol 3-kinase/
Akt (protein kinase B)/NF-«B survival cascade mediates
dor expression during nerve growth factor (NGF)-in-
duced differentiation of PC12h cells. Biochemical ex-
periments showed that constitutive phosphorylation
of Akt and IkBo correlates with NGF-induced dor ex-
pression. Overexpression of the transcriptional activa-
tor NF-kB/p65 increased dor promoter activity (28).
Overexpression of the NF-kB signaling super inhibitor
mutant IkBa (S32A/S36A) abolished the effect of p65
and blocked NGF-induced activation of NF-«xB signal-
ing, resulting in a significant reduction in dor promot-
er activity (28). Treatment with SN50, an NF-kxB-specific
nuclear translocation peptide inhibitor, inhibited the
translocation of NF-kB, resulting in a reduction of dor
MRNA (28). The gel shift assay supported the fact that
there exists an NF-kB-binding site on the dor promoter.
RNA interference experiments using NF-kB/p65 small
interfering RNA confirmed that NF-kB signaling is re-
quired for dor expression (28). Furthermore, Chen et
al (29) have shown that direct association of p65 with
the promoter is important in NGF-induced dor pro-
moter activity. In addition, tumor necrosis factor (TNF)
treatment activates MEKK3, which may activate NF-kB
(30), and conceivably may affect opioid receptors.

Additional effects from which may enhance opi-
oid efficacy in the periphery include an increase in the
number of nociceptor endings and disruption of the
perineural barrier which may facilitate access of opi-
oid peptides to their receptors (8,25,31).

Clark et al (32) concluded that acute morphine
administration of doses as low as 0.1 mg/kg reduces
peri-incisional cytokine expression. A reduction in
neutrophil infiltration does not fully explain this ef-
fect, and keratinocytes may be responsible for some
peri-incisional cytokine production (32).

In order to achieve effective peripheral endoge-
nous opioid analgesia, the body not only needs to have
adequate numbers of functional opioid receptors on
primary afferent neurons, but particularly important
is that opioid-containing leukocytes need to get out
of the circulating blood to the inflamed site, as well as
secrete adequate amounts of opioid peptides. Brack
et al (33) concluded that early inflammation is appar-

www.painphysicianjournal.com

S123



Pain Physician 2008; Opioid Special Issue: 11:5121-S132

ently not limited by the number of opioid-containing
leukocytes but by OR availability.

Ori0iDs PEPTIDES AND INFLAMMATION

Leukocyte Accumulation at the Site of Periph-
eral Inflammation

The process of leukocytes traveling to the inflamed
site involves a well-coordinated series of events. Ini-
tially, leukocytes traveling slower and closer to the
blood vessel wall begin a process known as “rolling,”
along the endothelial cell wall mediated largely via L-,
P-, and E-selectins.

Leukocytes are then attracted to the portion of the
blood vessel wall by the inflammatory sites activated
by chemokines (which are released from endothelial
and inflammatory cells) and presented on the endothe-
lium. This leads to up-regulation and increased avidity
of integrins which mediate the next step of adhesion,
the firm adhesion of leukocytes to endothelial cells
via intercellular adhesion molecule-1 (ICAM-1). ICAM-
1 expressed on vascular endothelium is up-regulated
with inflammation and also recruits immunocytes con-
taining opioids to promote local control of inflamma-
tory pain (34). Leukocytes then transmigrate through
the endothelium via diapedesis which is mediated pre-
dominatly by the platelet-endothelial cell adhesion
molecule-1 (PECAM-1) (35). However, Machelska et al
(36) showed that swim stress produced potent opioid-
mediated antinociception in inflamed tissue, unaf-
fected by bkockade of PECAM-1. Blockade of L- and
P-selectins by fucoidin, or of alpha(4) and beta(2) by
monoclonal antibodies, completely abolished periph-
eral stress-induced antinociception (36). This coincided
with a 40% decrease in the migration of opioid-con-
taining leukocytes to inflamed tissue. Machelska and
colleagues (36) suggested that selectins and integrins
alpha(4) and beta(2), but not PECAM-1, are important
molecules involved in stress-induced opioid-mediated
antinociception in inflammation and they cautioned
the use of anti-inflammatory treatments applying an-
tiselectin, anti-alpha(4) and anti-beta(2) strategies,
because they may impair intrinsic pain inhibition; al-
though strategies which may boost the functions of
selectins and inegrin alpha(4) and beta(2) may aug-
ment analgesia. L-selectin, integrins 32, and CXCR2 are
co-expressed by opioid-containing leukocytes (36-38)
and adhesion molecules (e.g. P- and E-selectins, ICAM-
1, PECAM-1) are up-regulated on endothelium in in-

flamed paw tissue (34,36-39). Expression of CXC1 and
CXCL 2/3 mRNAs and proteins significantly increase
during inflammation (38,40).

Pretreatment of rats with a selectin blocker (fu-
coidin), selective antibodies against ICAM-1, integrins
o4 andf2, or against chemokines CXCL1 and CXCL2/3
significantly diminishes the number of opioid-contain-
ing immune cells which accumulate in inflamed tissue
(34,36,38,39), and thus, results in inhibition of endog-
enous peripheral opioid analgesia (41).

Neurokinins (e.g., substance P) also contribute
to peripheral leukocyte recruitment in inflammation.
Leukocyte recruitment appears to involve chemotaxis
through NK, receptors on leukocytes (42). Rittner et
al (42) treated rats intraperitoneally and intrathecally
with peripherally restricted (SR140333) or bloodbrain
barrier-penetrating (L-733,060) NK, receptor antago-
nists and were evaluated for paw pressure thresholds,
numbers of infiltrating opioid-containing leukocytes
and leukocyte subpopulations, expression of adhe-
sion molecules, NK, receptors, and chemokines 24
— 48 hours after complete Freund adjuvant-induced
hind paw inflammation (42). Systemic and peripher-
ally selective, but not intrathecal, NK, receptor block-
ade reduced stress-induced antinociception (control:
177 £ 9 g, L-733,060: 117 + 8 g, and control: 166 + 30
g, SR140333: 89 + 3 g; both p < 0.05, t test) without
affecting baseline hyperalgesia (42). In parallel, local
recruitment of opioid-containing leukocytes was de-
creased (L-733,060 and SR140333: 56.0 + 4.3 and 59.1
+7.9% of control; both p < 0.05, t test) (42). NK, recep-
tors were expressed on peripheral neurons, infiltrating
leukocytes and endothelial cells. Peripheral NK, recep-
tor blockade did not alter endothelial expression of
intercellular adhesion molecule-1 or local chemokine
and cytokine production, but decreased polymorpho-
nuclear cell and macrophage recruitment (42). Rittner
and colleagues (42) concluded that endogenous in-
hibition of inflammatory pain is dependent on NK,
receptor-mediated recruitment of opioid-containing
leukocytes (Fig. 1).

Leukocyte Secretion of Opioid Peptides
Immune cells possess everything needed to pro-
duce opioid peptides (e.g. proopiomelanocortin
[POMC] processing into functional B-endorphin) (43).
Multiple mediators which are enhanced with inflam-
mation may facilitate OP release from leukocytes in a
receptor selective and calcium-dependent fashion in-
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Fig. 1. Peripheral endogenous opioid analgesia system.

cluding corticotrophin-releasing factor (CRF), interleu-
kin-1B (IL-1 B) (44-47), and chemokines (e.g. CXCL2/3)
(48).

Injections of CRF and IL-1f into inflamed rodent
paws yield analgesia which is reversible by CRF, IL-1(,
and opioid receptor antagonists (38,44,49,50). In an
animal model of tonic pain, that is, Complete Freuds
Adjuvant (CFA) hindpaw inflammation, Mousa et al
(51) systematically investigated CRF’s ability to modu-
late inflammatory pain at 3 levels of pain transmission
(brain, spinal cord, and periphery) by algesiometry
following the intracerebroventricular, intrathecal,
and intraplantar application of low, systemically inac-
tive doses of CRF. At each level, CRF elicits potent an-
tinociceptive effects, which are dose dependent and
antagonized by local, but not systemic CRF receptor
antagonist alpha-helical CRF indicating CRF receptor
specificity (51). Local administration of CRF together
with the opioid receptor antagonist naloxone dose-

dependently reversed CRF’s antinociceptive effects at
each of these three levels of pain transmission (51).
Injections of norepinephrine into inflamed tissue also
yields analgesia which is reversible by a1-, 02-, and (32-
adrenergic receptor antagonists as well as MOR and
DOR-antagonists and antibody directed against p-en-
dorphin (47). However, perhaps the most predomi-
nant contributor promoting leukocytes, not only to
accumulate but also to secrete opioid peptides, may
be chemokines.

Rittner et al showed (52) that B-endorphin (END)
and Met-enkephalin (ENK) were colocalized with the
primary (azurophil) granule markers CD63 and myelo-
peroxidase (MPO) within PMN. END and ENK release
triggered by a CXCR1/2 ligand in vitro was dependent
on the presence of cytochalasin B (CyB) and on p38
MAPK, but not on p42/44 MAPK. In addition, translo-
cation of END and ENK containing primary granules to
submembranous regions of the cell was abolished by
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the p38 MAPK inhibitor SB203580 (52). In vivo CXCL2/3
reduced pain in rats with CFA-induced hindpaw in-
flammation. This effect was attenuated by intraplan-
tar (i.pl.) antibodies against END and ENK and by i.pl.
p38 MAPK inhibitor treatment. Rittner and colleagues
(52) concluded that their findings indicate that END
and ENK are contained in primary granules of PMN,
and that CXCR1/2 ligands induce p38-dependent
translocation and release of these opioid peptides to
inhibit inflammatory pain.

Chemokines

Chemokines (chemotaxic cytokines) are a family
of small proteins which play a prominent role in the
trafficking of immune cells and in the orchestration
of inflammatory responses (53). It has been suggested
that the chemokine monocyte chemoattractant pro-
tein-1(MCP-1/CCL2) and its receptor (CCR2) may play
an important role in the genesis of neuropathic pain
as MCP-1 and CCR2 are not normally expressed in the
DRG (54). However, the expression of both of these
molecules increases in DRG neurons in association
with nerve injury, and application of MCP-1 to CCR2
expressing neurons strongly depolarizes them (54,55).
Furthermore, CCR2 knockout mice show impaired de-
velopment and maintenance of neuropathic pain (56).
The results of Jung et al (53) suggest that MCP-1 and
CCR2 are up-regulated by sensory neurons following
peripheral nerve injury, and might participate in neu-
ral signal processing which contributes to sustained
excitability of primary afferent neurons.

Garcia-Ramallo et al (57) suggested chemokines
synthesized by resident immune cells serve as a ma-
jor mechanism for leukocyte recruitment during local
inflammation.

In the early phase of inflammation, polymorphonu-
clear cells (PMNs) are the major source of opioids. Their
recruitment is governed by ligands at the chemokine
receptor CXCR2. Rittner et al (48) examined whether
chemokines can also induce opioid peptide secretion
from PMN and thus inhibit inflammatory pain. In rats
with hindpaw inflammation, intraplantar injection of
CXCL2/3, but not of the CXCR4 ligand CXCL12, elicited
naloxone-reversible (i.e., opioid receptor mediated) me-
chanical and thermal analgesia, which was abolished by
systemic PMN depletion (48). Both CXCR1/2 and CXCR4
ligands induced PMN chemotaxis, but only CXCR1/2
ligands triggered opioid release from human and rat
PMN in vitro (48). This release was unaltered by extra-
cellular Ca?* chelation, was mimicked by thapsigargin,

and was blocked by inhibitors of the inositol 1,4,5-tri-
phosphate receptor (IP,) and by intracellular Ca** chela-
tion, indicating that it required Ca? from intracellular
but not extracellular sources (48). Furthermore, release
was partially reduced by phosphoinositol-3-kinase
(PI3K) inhibitors. Adoptive transfer of allogenic PMN
into PMN-depleted rats reconstituted CXCL2/3-induced
analgesia, which was inhibited by prior ex vivo chela-
tion of intracellular Ca?. These findings demonstrate
that, beyond cell recruitment, CXCR2 ligands induce
Ca?-regulated opioid release from PMN and thereby
inhibit inflammatory pain in vivo (48).

Although the analgesic effect of a single dose of
exogenous CXCL2/3 only lasts 10 min, endogenous
CXCR1/2 ligands are continuously produced during
inflammation (48). Therefore, it is conceivable that
endogenous CXCR1/2 ligands might constantly stimu-
late infiltrating PMN to release opioid peptides. Data
obtained in postoperative patients that have shown
a role of immune cell-derived endogenous opioid
peptides in pain control. It has previously shown that
coinjection of CFA and CXCL2/3 does not enhance hy-
peralgesia and that local CXCL2/3 injection into nonin-
flamed tissue elicits PMN recruitment without hyperal-
gesia. Thus, additional chemokine application should
not worsen pain and PMN-specific chemokines might
be useful for treatment of pain states when PMN are
predominant (e.g., in acute inflammation or postop-
eratively) (48).

OTHER LEUKOCYTES SECRETED OPIOID
PEPTIDES

Opioid Peptides Other than Endorphins, En-
kephalins and Dynorphins May Be Involved in
the PEOAS
Endomorphins

Endomorphin (EM-1 and EM-2) are tetrapeptides
located within the mammalian central nervous system
and immune tissues, with high affinity and specific-
ity for muopioid receptors (58). Most of the literature
has focused on the analgesic properties of EM-1 and
EM-2 in animal models of neuropathic or neurogenic
pain, but there is persuasive evidence emerging that
EMs can also exert potent anti-inflammatory effects in
both acute and chronic peripheral inflammation (58).

Endomorphin-1 (EM-1) (Tyr-Pro-Trp-Phe-NH,) and
endomorphin-2 (EM-2) (Tyr-Pro-Trp-Phe-NH,)) are 2
endogenous opioid peptides, initially characterized
by Zadina et al (59), with high affinity and selectivity
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for the muopioid receptor. EM-1 exhibits selectivity of
4,000- and 15,000-fold for the muopioid receptor over
the 8- and k-opioid receptors respectively (59). Endor-
morphin-1 is widely and densely distributed through-
out the brain and upper brainstem and endomor-
phin-2 is more prevalent in the spinal cord and lower
brainstem. Endomorphins have also been detected in
significant levels in immune cells of inflamed subcuta-
neous tissue (60).

The upregulation of MOR and of its endogenous
ligands endomorphin-1 and endomorphin-2 in im-
munocytes suggests a potential involvement of these
opioid peptides in the peripheral regulation of inflam-
matory pain (60). Labuz et al (61) examined peripheral
antinociception elicited by exogenously applied EM-1
containing leukocytes to stress- and corticotrophin-
releasing factor (CRF)-induced antinociception by ap-
plying behavioral (paw pressure) testing, radioligand
binding, immunohistochemistry, and flow cytometry
in rats with unilateral hindpaw inflammation induced
with Freund’s Adjuvant. EMs injected directly into
both hindpaws produced antinociception exclusively
in inflamed paws (61). Leukocyte-depleting serum de-
creased the number of immigrating opioid-containing
immune cells and attenuated swim stress- and CRF-in-
duced antinociception in inflamed paws. Both forms
of antinociception were strongly attenuated by anti-
beta-endorphin and to a lesser degree by anti-EM-1
and anti-EM-2 antibodies injected into inflamed paws.
Labuz and colleagues (61) concluded that exogenous-
ly applied and immune cell-derived EMs alleviate pro-
longed inflammatory pain through selective activa-
tion of peripheral opioid receptors. Exogenous EM-2
in addition to mureceptors also activated peripheral
delta-receptors, which does not involve actions via
other opioid peptides (61).

Li et al (62) used various nociceptive tests to show
that EM-1 produced dose-dependent, naloxone-re-
versible analgesia after intraperitoneal administra-
tion in rats. Peripherally administered endomorphins
are generally regarded as acting peripherally because
of their rapid enzymatic degradation and low perme-
ation through the bloodbrain barrier, very little EM
actually reaches the central nervous system. Further-
more, the peak analgesic effect appeared later in the
time course and was less pronounced than analgesia
induced by intracerebroventricular or intrathecal EM
(62).

Cardillo et al (63) described a novel endomorphin-
1 analogue (Tyr-L-B-Pro-Trp-Phe-NHZ; [Endo1-B-Pro])

more resistant to enzymatic hydrolysis than endomor-
phin-1 that acts as a popioid receptor agonist. Spampi-
nato et al (64) report that Endo1-f-Pro, s.c. injected in
the mouse is an effective antinociceptive agent in the
tail flick (ED,,=9.2 mg/kg) and acetic acid-induced ab-
dominal constriction (ED,=1.2 mg/kg) tests.

Endo1-B-Pro may act, preferentially, through cen-
tral and peripheral p,opioid receptors to produce an-
tinociception and to inhibit gastrointestinal transit.
Endo1-B-Pro is among the first endomorphin-1 ana-
logues showing antinociceptive activity after systemic
administration.

Opri0iDs: CENTRAL VERSUS PERIPHERAL
ANALGESIA

Opioid effects are mediated by central and pe-
ripheral opioid receptors. Labuz and colleagues (65)
examined the relative contribution of each receptor
population to antinociception elicited by systemically
administered centrally penetrating opioids, and by lop-
eramide (a peripherally restricted opioid). Nociception
(abdominal writhes) was induced by intraperitoneally
(i.p.) injected 0.6% acetic acid in mice (65). Labuz et
al (65) analyzed opioid receptor expression in perito-
neum by immunohistochemistry, antinociception after
i.p. injected agonists at mu (morphine, loperamide)-,
delta (SNC80)- and kappa (U50488)-receptors, and its
reversibility by subcutaneously (s.c.) administered cen-
trally penetrating antagonists B-funaltrexamine (mu),
naltrindole (delta), and nor-binaltorphimine (kappa),
and by the peripherally restricted antagonist nalox-
one methiodide (NLXM). NLXM was also injected in-
tracerebroventricularly (i.c.v.) before i.p. loperamide.
Mu, kappa, and, to a lesser degree, deltareceptors
were expressed on peripheral nerve terminals in the
peritoneum. The anatomical distribution of the opioid
receptor staining was very similar to the staining for
calcitonin gene-related peptide, a marker of sensory
neurons. Morphine, U50488, and, to a lesser degree,
SNC80, blocked acetic and acid induced writhes. These
effects were reversed by p-funaltrexamine, nor-binal-
torphimine, and naltrindole, respectively. NLXM (s.c.)
reversed antinociceptive effects of morphine, SNC80,
and U50488 by 57%, 80%, and 47%, respectively
(65). Loperamide (0.05 mg/kg)-induced antinocicep-
tion was reversed by s.c. B-funaltrexamine and NLXM.
Loperamide (0.1 mg/kg)-induced antinociception was
completely blocked by s.c. B-funaltrexamine but was
only attenuated (by 50%) by s.c. or i.c.v. NLXM (65).
Labuz et al (65) concluded that systemically adminis-
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tered centrally penetrating mu, delta, and kappaago-
nists produced a substantial part of antinociception
through peripheral opioid receptors. Higher dose lop-
eramide-induced antinociception involved also central
opioid receptors (65).

CLinicAL PeERIPHERAL OPI0ID ANALGESIA

Opioid receptors were detected, quantified, and
characterized in homogenates from capsule/synovium
and periosteum using radioligand binding assays (66).
Receptor binding of the nonselective opioid [3H] nal-
oxone to tissue homogenates was stereospecific and
saturable, showing similar characteristics to that of
brain tissue, although with lower binding capacities
(66). The neuronal occurrence of 4 different enkepha-
lins was demonstrated by immunohistochemistry in
synovium, bone marrow, periosteum, and juxta-artic-
ular bone, whereas no neuronal dynorphin immuno-
reactivity was detected (66). Double-staining studies
disclosed that enkephalins coexisted with substance P
in primary afferent fibers (66).

Mousa and colleagues (67) concluded that paral-
lel to the severity of inflammation, B-endorphin and
Met-enkephalin in immune cells and their opioid re-
ceptors (e.g. MORs, DORs) on intra-articular sensory
nerve terminals are more abundant in patients with
rheumatoid arthritis than in those with joint trauma
and osteoarthrisits.

Forty separate randomized, controlled studies
have examined the effects of intra-articular opioids on
pain following knee surgery. Thirty-six of these studies
were examined in detail by Kalso et al (68) as part of
a systematic review (69). In general, a small amount of
morphine administered into a sequestered site with
a known local inflammatory process produces more
analgesia (greater magnitude of pain relief or lon-
ger duration of pain relief) than a similar amount of
morphine (or its equivalent) administered systemically
(69). This is consistent with the observation that opioid
receptors become expressed on peripheral afferent
nerve terminals in the presence of inflammation (70)
and the observation in multiple animal experiments
and clinical studies that peripheral opioids are more
effective in the presence of inflammation (71).

Likar et al (72) demonstrated analgesic efficacy of
opioid injected into the knees of patients with osteo-
arthritis not undergoing surgery. Clinically, in the ab-
sence of inflammation or with injection into a site that
does not limit systemic redistribution there appears to

be little or no selective peripheral analgesic effects of
opioids (69).

PERIPHERALLY-ACTING OPIOIDS

Opioid analgesics with restricted access to the cen-
tral nervous system peripherally-acting opioids (PAOs)
may possess improved safety over opioids currently
used in clinical practice (73).

Obara et al (74) demonstrated peripheral anti-
nociception of uopioid receptor agonists, morphine,
DAMGO, endomorphin-1, and endomorphin-2 in
neuropathic pain elicited by sciatic nerve ligation. All
these agonists were more effective in alleviating al-
lodynia after their i.pl., than after s.c. administration.
Their antinociceptive effects appear to be mediated
by local peripheral opioid receptors since the periph-
erally selective opioid receptor antagonist, naloxone
methiodide, blocked the analgesia. Thus, this is in line
with most of the studies reporting morphine effects
after peripheral administration (75-77).

Recently, 6-amino acid-substituted derivatives of
14-O-methyloxymorphone were described as popioid
receptor agonists with restricted penetration to the
central nervous system (78,79). Published pharmaco-
logical data from Furst et al (80) demonstrated that
such derivatives produce long-lasting antinociception
in acute inflammatory pain after subcutaneous (s.c.)
administration, being more potent than morphine.
It was also shown that morphine, a centrally acting
uopioid agonist, exerts its analgesic effects by both
central and peripheral mechanisms, while the new
opioids interact primarily with peripheral opioid re-
ceptors. Obara et al (73) assessed the antinociceptive
effects of the 6-amino acid conjugates (glycine and
phenylalanine), a- or B-orientated, 14-O-methyloxy-
morphone (Fig. 2) in rat models of inflammatory pain
(induced by local intraplantar [i.pl.] formalin injection)
and neuropathic pain (produced by ligation of the sci-
atic nerve) after local, i.pl. administration directly into
the injured hindpaw and compared their antinocicep-
tive effects to morphine.

Intraplantar administration of morphine and the
6-amino acid derivatives produced dose-dependent re-
duction of formalin-induced flinching of the inflamed
paw, without significant effect on the paw edema
(73). Local intraplantar (i.pl.) administration of the
new derivatives in rats with neuropathic pain induced
by sciatic nerve ligation produced antiallodynic and
antihyperalgesic effects; however, the antinociceptive
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Fig. 2. Peripheral-acting opioids. From Obara et al, 2007 (73).

activity was lower than that observed in inflammatory
pain (73). In both models, the 6-amino acid derivatives
and morphine at doses that produced analgesia after
i.pl. administration were systemically (s.c.) much less
active indicating that the antinociceptive action is due
to a local effect (73). Moreover, the local opioid an-
tinociceptive effects were significantly attenuated by
naloxone methiodide, a peripherally acting opioid re-

ceptor antagonist, demonstrating that the effect was
mediated by peripheral opioid receptors (73). Obara
et al (73) suggested their data indicate that the pe-
ripherally restricted 6-amino acid conjugates of 14-O-
methyloxymorphone elicit antinociception after local
administration, being more potent in inflammatory
than in neuropathic pain.
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