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Abstract: Background: Despite its various side effects, morphine has been widely used in clinics
for decades due to its powerful analgesic effect. Morphine tolerance is one of the major side effects,
hindering its long-term usage for pain therapy. Currently, the thorough cellular and molecular
mechanisms underlying morphine tolerance remain largely uncertain.

Methods: We searched the PubMed database with Medical subject headings (MeSH) including
‘morphine tolerance’, ‘cytokines’, ‘interleukin 1°, ‘interleukin 1 beta’, ‘interleukin 6°, ‘tumor necro-
sis factor alpha’, ‘interleukin 10°, ‘chemokines’. Manual searching was carried out by reviewing the
reference lists of relevant studies obtained from the primary search. The searches covered the period
from inception to November 1, 2017.
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Results: The expression levels of certain chemokines and pro-inflammatory cytokines were signifi-
DoI: cantly increased in animal models of morphine tolerance. Cytokines and cytokine receptor antago-
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nist showed potent effect of alleviating the development of morphine tolerance.

Conclusion: Cytokines play a fundamental role in the development of morphine tolerance. Thera-
peutics targeting cytokines may become alternative strategies for the management of morphine

tolerance.
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1. INTRODUCTION

Morphine produces powerful analgesic effect mainly
through acting on mu opioid receptors (MOR) [1]. It has
been widely used in clinics for the treatments of acute pain,
postoperative pain and moderate to severe chronic pain [2].
However, chronic usage of morphine unavoidably results in
various side effects including drug tolerance and depend-
ence, respiratory depression, nausea, vomiting and sedation,
which hinder its clinical application [3-5]. Several mecha-
nisms have been reported to underlie the development of
morphine tolerance, including desensitization and internaliza-
tion of opioid receptor [6, 7], heterodimers of G protein-
coupled receptors [8, 9], activation of adenosine 3',5'-
monophosphate (cAMP) pathway [10] and mitogen-
activated protein kinase (MAPK) pathway [11, 12] and so on.
However, the current therapies for the management of mor-
phine tolerance are still insufficient.

Cytokines are a broad and loose category of small hydro-
soluble proteins and peptides (5-140 kDa) produced by a
wide range of cells, including immune cells, endothelial
cells, and various stromal cells [13, 14]. Based on the nature
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of immune response, cytokines can be broadly classified into
three groups [14-16]: adaptive immunity which act on cells
related to adaptive immune response, such as common Yy
chain receptor ligands, common f chain (CD131) receptor
ligands; pro-inflammatory signaling which promote inflam-
mation, including interleukin 1 (IL-1), interleukin 6 (IL-6),
tumor necrosis factor alpha (TNF-a), efc.; anti-inflammatory
signaling which inhibit inflammation, including interleukin 4
(IL-4), interleukin 10 (IL-10), interleukin 13 (IL-13), etc.
Cytokines could also be divided into interleukins, tumor ne-
crosis factors, interferons, colony stimulating factors,
chemokines and others such as TGF-B [16, 17]. As the potent
and pivotal mediators in cell signaling, cytokines exert cru-
cial roles in inflammation, immune responses, hematopoie-
sis, and other critical physiologic processes [13]. It has been
reported that the analgesic effect of morphine could be af-
fected by abnormal expressions of pro-inflammatory cytokines,
chemokines, and anti-inflammatory cytokines induced by
chronic administration of morphine. Here we outline the
evidences that cytokines are related to the development of
morphine tolerance, providing hope for new medical treatments.

2. LITERATURE SEARCH

We searched the PubMed database for English language
publications only. Medical subject headings (MeSH) includ-
ing ‘morphine tolerance’, ‘cytokines’, ‘interleukin 1°, ‘inter-
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leukin 1 beta’, ‘interleukin 6°, ‘tumor necrosis factor alpha’,
‘interleukin 10°, ‘chemokines’ were cross-referenced in the
search, which was supplemented with a secondary manual
search of PubMed. Further manual searching was carried out
by reviewing the reference lists of relevant studies obtained
from the primary search. The searches covered the period
from inception to November 1, 2017.

3.  PRO-INFLAMMATORY CYTOKINES
MORPHINE TOLERANCE

AND

3.1. IL-1/IL-1p

IL-1 family consists of 11 members, including IL-1a, IL-
1B, IL-1ra, IL-18, IL-33, IL-36a, IL-36f, IL-36y, IL-36Ra,
IL-37 and IL-1Hy2 [15, 18], which are primarily produced
by immune cells such as macrophages and monocytes, as
well as non-immune cells such as activated fibroblasts and
endothelial cells [17-19]. IL-1f is one of the most important
members of IL-1 family. It could be produced and secreted
by multiple immune cells, such as macrophages, monocytes,
astrocytes, neurons and microglia [13, 20]. As a potent pro-
inflammatory cytokine, IL-1f is originally identified as an
endogenous pyrogen, which is involved in several features of
inflammation, such as the recruitment of white blood cells,
fever, acute phase protein release and the increase of perme-
ability of blood vessels [21, 22].

What matters is that IL-1p has been proved to be an
angiogenic agent involved in the mechanism of neuropathic
pain [13], as well as in the development and maintenance of
postoperative pain [23]. Furthermore, it has been demon-
strated that IL-1B was one of the first cytokines to be in-
volved in the development of morphine analgesic tolerance.
Genetic and pharmacological blockade of IL-1 or IL-1p sig-
naling could significantly prevent the development of toler-
ance following chronic morphine administration [24, 25].
Therefore, mice lacking IL-1p showed an enhancement of
morphine analgesia and prevention of morphine tolerance.
Additionally, those mutant strains of mice, such as mice with
transgenic over-expression of IL-1ra within the brain and
spinal cord (IL-1raTG), mice with targeted deletion of the
IL-1 type I receptor (IL-1rKO), and mice with targeted dele-
tion of the IL-1 receptor accessory protein (IL-1rAcPKO),
failed to develop mechanical or thermal pain behaviors fol-
lowing morphine tolerance, compared with their respective
WT controls [24], suggesting a crucial contribution of IL-1
signaling to morphine tolerance. Pharmacological studies
have, however, delineated the role of spinal IL-1p in the de-
velopment of morphine tolerance. Chronic intrathecal deliv-
ery of morphine and various IL-1 blockers (IL-1ra, a-
melanocyte-stimulating hormone, or IL-1 tripeptide antago-
nist) to rats/mice could enhance the acute morphine analge-
sia and suppress the development of analgesic tolerance [24-
26]. Conversely, morphine analgesia could be abolished by
administrating a neutral dose of IL-1B in mice. Either
chronic or acute exposure to morphine could upregulate the
expression of IL-1f in spinal glial cells and neurons [27-29].
IL-1B derived from the activated microglia after chronic
morphine exposure has recently been confirmed to be attrib-
uted to toll-like receptor 4 (TLR4) [30-32] and P2X4 recep-
tor (P2X4R) pathways. Because the activated TLR4 signal-
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ing has been proved to be responsible for morphine-induced
neuroinflammation [33, 34]. Thus, chronic morphine expo-
sure led to the activation of endocytosis of TLR4 in micro-
glia and P2X4R up-regulation, then finally inducing IL-1
release [35]. Therefore, the endocytosis of TLR4 contributes
to the microglia activation and IL-1f release following the
induction of morphine tolerance.

To sum up, genetic and pharmacological studies demon-
strated that IL-1/IL-1p is upregulated in activated glial cells
after chronic exposure to morphine. The activation of TLR4-
P2X4R pathway in microglia modulates the release of IL-1f3.
IL-1 blocker and IL-1 receptor antagonist can prolong and
enhance the analgesic effect of morphine and attenuate the
development of morphine tolerance, indicating a pivotal role
of IL-1 in morphine tolerance.

3.2. TNF-a

TNF-a is initially called cachectin and always be consid-
ered as a potent pro-inflammatory cytokine. It is expressed
by macrophages, monocytes, T cells, mast cells, NK cells,
keratinocytes, fibroblasts and neurons and glial cells [17,
36]. It could communicate with target cells via high-affinity
membrane receptors, which include tumor necrosis factor
receptor type 1 (TNFRI or p55) and type 2 (TNFR2 or p75)
[36, 37]. TNF-a could play a critical role in inflammation
and immune processes as well as in the process of nocicep-
tion [38].

A growing body of literatures demonstrated that inhibi-
tion of TNF-a signaling could suppress the development of
morphine tolerance in morphine-tolerant rats. The study of
the role of TNF-a in morphine tolerance has been aided by a
number of tools available to pharmacologically and geneti-
cally interfere with TNF-a signaling. These include TNF-a
biological antagonist etanercept, HSV vectors expressing
p55 TNF soluble receptor, and lentiviral vector expressing a
dominant-negative TNF peptide. Intrathecal treatment with
etanercept could partially restore the analgesia effect of mor-
phine, as well as inhibit spinal proinflammatory cytokines
expression and neuroinflammation in the microglia [39, 40].
Moreover, etanercept also could inhibit the downregulated
glutamate transporters (GLT-1 and GLAST) and upregulated
AMPA receptor and NMDA receptor subunits (GIluR1/
GluR2 and NR1/NR2A) in morphine-tolerant rats [40, 41].
Those suggested that etanercept may be a novel therapy for
morphine tolerance by suppressing spinal neuroinflammation
and attenuation of the glutamatergic transmission. Subcuta-
neous inoculation of HSV vectors over-expressing of
TNFR1 in the hind paw of rats could enhance the acute mor-
phine analgesia and alleviate the development of morphine
tolerance [42]. It has been recently demonstrated that TLR4-
mediated neuroinflammation in the periaqueductal gray
(PAG) drives tolerance. Moreover, PAG delivery of lentivi-
ral vector expressing a dominant-negative TNF peptide
eliminate morphine tolerance, suggesting that TNF-a signal-
ing was responsible for TLR4-mediated morphine tolerance
[43]. However, Fukagawa et al. [44] recently found that mi-
croglial activation involved in morphine tolerance is not me-
diated by TLR4. They used TLR4 mutation and deletion
mice respectively to explore the relationship between TLR4
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and morphine tolerance. Compared to wild-type mice, muta-
tion or deletion of the TLR4 gene did not significantly affect
the development of morphine tolerance. Besides, their data
indicated that microglial activation has nothing to do with
TLR4 after morphine treatment.

Indeed, the expression of TNF-a in the spinal cord is
normal under physiological condition, while it is signifi-
cantly increased in activated microglias and astrocytes in-
duced by chronic morphine administration [39, 45, 46].
Meanwhile, previous study also showed that TNF-a was
barely colocalized with microglia marker OX42 and only
merged with astrocyte marker GFAP [47]. It has been re-
ported that the release of TNF-a in activated microglial cells
is mediated by MOR-PKCe-Akt-ERK1/2 signaling pathway
in the development of morphine tolerance [28]. Calcitonin
gene-related peptide (CGRP) has been already indicated to
be involved in the mechanism of morphine tolerance. The
increased expression of CGRP induced by chronic morphine
exposure could lead to ERK-dependent up-regulation of
TNF-a in spinal astrocyte [46]. Therefore, it could be ac-
cepted that TNF-o expression is upregulated in activated
microglia mediated by MOR-PKCe-Akt-ERK1/2 signaling
pathway and in astrocyte mediated by CGRP-ERK pathway
after chronic morphine exposure, in addition, inhibiting
TNF-a signaling might be an effective strategy for the treat-
ment of morphine tolerance.

3.3.1L-6

IL-6, which was first named B-stimulatory factor 2, is
produced by monocytes, macrophages, hepatocytes, eosino-
phils as well as glial cells [19, 48]. The production of IL-6
can be induced by TNF-o and IL-1 [17]. Like TNF-o and IL-
1B, IL-6 has been reported to be involved in morphine toler-
ance. High level of spinal IL-6 produced by activated glial
cells could be detected in the morphine-tolerant rats [29].
Additionally, the CGRP family member adrenomedullin
(AM) has been verified to increase proinflammatory cytoki-
nes (IL-1P, IL-6 and TNF-a)) expression and activate micro-
glia and astrocytes in the spinal dorsal horn, thus contribut-
ing to the development of morphine tolerance [45, 49-51].
Moreover, using small interfering RNA (siRNA) to knock
down the expression of AM in cultured dorsal root ganglion
(DRG) could inhibit morphine-induced increase in IL-1p and
IL-6 syntheses [45]. In addition, previous study further illu-
minated the exact mechanisms of CGRP contributing to mor-
phine tolerance [46]. The up-regulation of IL-6 induced by
morphine could be inhibited by blocking p38 activity in
microglia. Moreover, CGRP has been confirmed to be re-
lated to the development of morphine tolerance by differen-
tially modulating p38-dependent up-regulation of IL-6 in
spinal microglia. These results suggested that CGRP-p38
signaling pathway in microglia mediated the synthesis and
release of IL-6, finally resulting in morphine tolerance. In
another study, repeated intrathecal injection of melanocortin
4 receptor (MC4R) antagonist (HS014) could down-regulate
the expression of IL-6 and inhibit the activated astrocyte in
morphine tolerant rats [52], suggesting that MC4R might be
responsible for the development of morphine tolerance via
increasing the expression of IL-6. Additionally, the activa-
tion of PKCe, Akt and MAPK signaling pathway might be
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involve in the increase of IL-6 released by activated murine
microglial cells in the development of morphine tolerance
[28].

In summary, directly or indirectly inhibiting the expres-
sion of IL-6 in activated microglial cells and astrocytes
might be an alternative approach to manage morphine toler-
ance.

4. CHEMOKINES AND MORPHINE TOLERANCE

Chemokines are a family of small proteins (8-14 kDa)
characterized by the presence of three to four conserved cys-
teine residues [53-55]. Based on the sequence of the N-
terminal cysteine residues, chemokines are classified into
four groups: CC chemokines, CXC chemokines, XC
chemokines and CX3C chemokines [56-58]. There are ap-
proximately over 20 chemokine receptors. While some
chemokines share the same receptors, certain chemokines
can bind to more than one chemokine receptor. It is worth
noting that several chemokines have unknown receptors,
including CCL18, CXCL14, CXCL15 and CXCL17 [59-62].
Chemokines have been reported to be involved in the re-
cruitment of leukocytes to the site of inflammation. Emerg-
ing evidence has demonstrated that chemokines are also re-
sponsible for other functions such as fever, modulation of the
immune response and inflammatory pain, as well as mor-
phine tolerance [19, 55, 63, 64].

CX3CLI, also known as fractalkine, is claimed to modu-
late the development of morphine tolerance and mechanical
allodynia and thermal hyperalgesia [25]. Co-administration
of morphine with neutralizing antibody against the CX3CL]1
receptor (CX3CR1) could enhance the acute morphine anal-
gesia and attenuate the development of drug tolerance, hy-
peralgesia, and allodynia [19]. However, our study found
that the expressions of spinal CX3CL1/CX3CR1 were not
significantly changed in morphine-tolerant rats. Exogenous
CX3CL1 and CX3CRI1 inhibitor both could not inhibit the
development of morphine tolerance. Additionally, a microar-
ray profiling further confirmed that CX3CL1/CX3CR1 were
not up-regulated in morphine-tolerant rats [65]. Therefore,
on one hand, we think that this discrepancy might be due to
the different experimental protocols including the evaluation
of pain threshold. On the other hand, we speculate that the
spinal CX3CR1 expressed in neuron may bind to MOR to
form into the heterodimer, which at least partly contribute to
morphine analgesia or tolerance. In another study, the inter-
action between CX3CL1/ CX3CR1 and MOR, delta opioid
receptors (DOR) or kappa opioid receptors (KOR) in PAG
was explored. Pretreatment with CX3CLI1 into PAG before
injection of DAMGO, DPDPE or dynorphin could signifi-
cantly abolish the analgesia effect of opioids respectively
[66], suggesting that the antinociception effect of mu, delta
and kappa opioid agonists could be reduced by activating
CX3CRI in PAG.

Monocyte chemoattractant protein (MCP-1), known as
the chemokine (C-C motif) ligand 2 (CCL2), has been dem-
onstrated to play a key role in morphine antinociceptive tol-
erance. Indeed, the expression of MCP-1 is very low in spi-
nal cord under physiological condition, while it could be
significantly up-regulated after chronic morphine administra-
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tion. Intrathecal injection of MCP-1 neutralizing antibody
could suppress the activated spinal microglial cells as well as
the development of morphine tolerance [67, 68]. Interest-
ingly, the cellular location of MCP-1 could be various under
different conditions. Most studies show MCP-1 was mainly
colocalized with small-to-medium-diameter neurons in DRG
under physiological condition and several chronic pain con-
ditions [69-71]. Additionally, the expression of MCP-1 has
also been found in spinal astrocytes and some fibers after
spinal nerve ligation, while the increased spinal MCP-1 in-
duced by chronic morphine administration was verified to be
colocalized with neurons, but not astrocytes and microglia
[67]. These suggested that spinal neuronal MCP-1 plays a
critical role in microglial activation and morphine antinoci-
ceptive tolerance, which makes MCP-1 becomes a potential
target for the management of morphine tolerance.

CXCLI12, also known as stromal cell-derived factor-1
(SDF-1), belongs to CXC chemokine family. Most studies
show that pretreatment with chemokines CXCL12 into PAG
can attenuate the analgesic effect of morphine or selective
DOR agonist DPDPE via activating CXCL12 receptor
(CXCR4) [72, 73]. Moreover, it has been verified that the
activation of Src family-kinases (SFK) induced by CXCR4
might be involved in the regulation of morphine analgesic
effect [74]. CXCL12 could induce SFK phosphorylation in
DRG and spinal cord via activating CXCR4 [74, 75]. Pre-
treatment with CXCR4 antagonist could abrogate those acti-
vation and restore the antinociceptive effect of morphine. it
is confirmed that phosphorylated-SFK (p-SFK) was ex-
pressed in astrocyte in the DRG and in spinal microglial cells
[74]. Interestingly, p-SFK and CXCR4 both were found in
MOR- and DOR-immunoreactive neurons in DRG and spi-
nal cord. Intrathecal injection of specific SFK inhibitor PP2
could significantly abolish the inhibition of morphine anal-
gesic effect induced by CXCL12/CXCR4 signaling [74],
suggesting that SFK signaling pathway might be a novel
target for the management of CXCL12-induced loss of acute
morphine analgesia. However, whether SFK signaling path-
way involved in morphine tolerance after chronic morphine
administration is still not clear. Recently, CXCL12/CXCR4
pathway has been reported to be involved in the mechanism
of morphine tolerance [76]. It is proved that CXCL12 was
significantly increased in cerebrospinal fluid (CSF) of
opioid-tolerant patients and in spinal cord of morphine-
tolerant rats. Additionally, intrathecal infusion of CXCL12
neutralizing antibody or CXCR4 antagonist AMD 3100 both
could maintain the analgesic effects of morphine, indicating
that CXCL12/CXCR4 signaling might be a potential thera-
peutic target for morphine tolerance.

CXCLI1, also known as growth-related oncogene [GRO]
or keratinocyte-derived chemokine, belongs to CXC
chemokine family. A clinical study investigated the CSF
samples from 30 opioid tolerant cancer patients and 10 naive
control subjects revealed that the expression of CXCL1 is
obviously increased in CSF of opioid tolerant cancer pa-
tients, while the level of CSF CXCL10 , CCL2 , and
CX3CL1 are not significantly different between opioid-
tolerant patients and naive controls [77]. Besides the expres-
sion of spinal CXCL1 mRNA has also been reported to be
drastically up-regulated in morphine tolerant rats [77]. Fur-
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thermore, Intrathecal injection of CXCLI1 could significantly
alleviate the antinociceptive effect of morphine and promote
the development of morphine tolerance. Interestingly, co-
injection of CXCL1-neutralizing antibody (CXCL1-Ab) or
CXCR2 antagonist -antileukine hexapeptide could partially
restore the antinociceptive effect of morphine and inhibit the
development of morphine tolerance. Those results suggested
that inhibiting CXCL1/CXCR?2 signal pathway might effec-
tively attenuate the development of opioid tolerance.

In addition, our previous study has demonstrated that the
expression of CXCL10 was increased by a single morphine
administration in spinal neuron and the analgesic effect of
morphine could be enhanced by blocking spinal
CXCL10/CXCR3 signaling in bone cancer pain rats [78].
Recently, our lab found that CXCL10/CXCR3 signaling also
contributes to morphine tolerance in PAG by neuron-
microglia interaction. Repeated morphine administration
could up-regulate the expressions of CXCR3 and CXCL10
in PAG. CXCR3 was proved to express in neuron ,while
CXCL10 was found in microglia [79]. CXCL11, which
shares the same receptor CXCR3 with CXCL10 (IP-10) and
CXCL9 (Mig), exhibits higher affinity to CXCR3 and
greater efficacy in activating the receptor than other two
ligands [80, 81]. We have found that the expression of spinal
CXCL11 was upregulated in the development of morphine
tolerance in cancer-induced bone pain (CIBP) rats and nor-
mal rats. Administration of CXCL11 neutralizing antibody
could significantly attenuate the development of morphine
tolerance and inhibit the activation of astrocytes. Besides,
CXCL11 was confirmed to express in astrocytes and neurons
in spinal cord [82]. Thus, those findings may have signifi-
cant therapeutic implications in inhibiting the development
of morphine tolerance. Moreover, our microarray profiling
results further verified that CXCL10, CXCL11, CXCL12
and CCL2 were upregulated in spinal cord after chronic
morphine administration, indicating the potential contribu-
tion of chemokines to the development of morphine toler-
ance [65].

5. ANTI-INFLAMMATORY CYTOKINES
MORPHINE TOLERANCE

AND

The anti-inflammatory cytokines are a series of im-
munoregulatory molecules which could be responsible for
the proinflammatory cytokine response. IL-10 is an 18-kDa
non-glycosylated peptide secreted by numerous cell types
including monocytes, macrophage, activated lymphocytes
and mast cells [19, 20]. As the first described anti-
inflammatory cytokine, IL-10 is vital to the regulation of
immune responses. Similar to interferon receptors, IL-10
receptor (IL-10R) belongs to the class II cytokine receptor
family [21, 83]. When IL-10 specifically binds to IL-10R,
Janus kinase/signal transducer and activator of transcription
(JAK/STAT) signaling pathway could be activated which
results in the anti-inflammatory effect [84]. Previous study
has demonstrated that IL-10 could inhibit the production of
pro-inflammatory cytokines, such as TNF-a, IL-18, and IL-
6, and stimulate the endogenic expression of anti-
inflammatory cytokines [22, 85, 86]. In addition, IL-10 could
enhance the proliferation of mastocytes and hinder the pro-
duction of IFN-y from natural killer cells. Several cytokines,
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such as IL-4, IL-13, and IFN-y, could suppress the expres-
sion of IL-10, and be inhibited by its own auto-regulation
[87-89].

Previous studies which aimed to explore the relationship
between anti-inflammatory cytokines and morphine toler-
ance mainly focus on IL-10. Morphine could suppress the
host innate and adaptive immune response [90, 91]. The ef-
fects of morphine on anti-inflammatory cytokines related to
immune response are complex, which depends on the pat-
terns of morphine administration. The in vivo and in vitro
experiments have confirmed that the extent of inhibiting IL-
10 expression is related to the dosage of morphine [92, 93].
Interestingly, the inhibition of IL-10 expression induced by
acute morphine treatment could be abolished by chronic
morphine administration [92, 93]. Besides, it is confirmed
that spinal IL-10 expression could be down-regulated in
chronic morphine-treated rats [94]. Moreover, up-regulating
IL-10 expression by intrathecal infusion of adenoviral vector
encoding for IL-10 ( AD-IL10 ) or administration of recom-
binant rat IL-10 (rrIL-10) could significantly maintain the
antinociceptive effect of morphine after repeated injection,
as well as attenuate the development of morphine tolerance
[25, 95]. The increased expressions of spinal pro-inflammatory
cytokine TNF-o, IL-18, and IL-6 in chronic morphine-
treated rats were also markedly inhibited by rrIL-10 [95].
Several studies have reported that some drugs such as
amitriptyline, naloxone, and gabapentin can attenuate the
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development of morphine tolerance by increasing the ex-
pression of IL-10 [94-97]. The effects of these drugs on the
morphine-tolerant rats could be abolished by anti-IL-10 anti-
body [94-96]. And for amitriptyline, its effect to maintain
morphine’s analgesia could be inhibited by p38 MAPK in-
hibitor. Both anti-IL-10 antibody and p38 MAPK inhibitor
could down-regulate the expressions of p38 MAPK and
heme oxygenase-1 (HO-1) [96]. Taken together, it is sug-
gested that amitriptyline could restore the anti-nociceptive
and anti-inflammation effects of morphine by up-regulating
the production of IL-10 via p38 MAPK-HO-1 signaling
pathway, which provided a novel target for alleviating mor-
phine tolerance.

As a potent immune-regulatory cytokine, IL-10 exhibits
critical impact on modulating inflammation and directing
adaptive immune response [98]. Spinal MOR, which has
been proved to be involved in the development of morphine
tolerance, is related to the regulation of serum anti-
inflammatory cytokine IL-10 in adjuvant arthritis (AA) mor-
phine-tolerant rats [99]. The expressions of spinal MOR and
serum IL-10 were both increased in AA morphine-tolerant
rats. The development of morphine tolerance in AA rats oc-
curred markedly later than control group. Additionally, daily
administration of anti-IL-10 antibody could significantly
enhance the thermal hyperalgesia, decrease the spinal MOR
expression and accelerate the development of morphine tol-
erance in AA rats [99]. These results suggested that the up-

Table 1. Cytokines alteration in morphine tolerance.
Cytokine/chemokine Sites Cell Type Changes in Morphine Tolerance Refs.
IL-1/IL-1B spinal cord microglia, astrocytes 1 [56,73,87]
lumbosacral CSF (rats) 1 [36, 40]
DRG NR I [96]
TNF-a spinal cord microglia, astrocytes 1 [73,87]
PAG NR i [25]
1L-6 spinal cord microglia, astrocytes 1 [73,87]
DRG NR I [96]
CX3CL1/ fractalkine spinal cord neuron, glial cell — [63]
PAG NR NR [11]
CSF(human) — [48]
CCL2/MCP-1 spinal cord neuron 1 [100]
CSF(human) — [48]
CXCL1/GRO spinal cord NR 1 [48]
CSF(human) 1 [48]
CXCL10 spinal cord neuron 1 [94]
CSF(human) — [48]
PAG microglia 1 [86]
CXCL11 spinal cord astrocytes, neuron 1 [34]
CXCL12/ SDF-1 spinal cord NR 1 [49]
CSF(human) 1 [48]
PAG NR NR [77]
DRG neuron 1 [92]
1L-10 spinal cord NR 1 [5,40,51]
serum | [95]

1 increase; | decrease; — no signifcant change; CSF: cerebrospinal fluid; DRG: dorsal root ganglion; NR: not report; PAG: periaqueductal gray.
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Chronic exposure to morphine

Activated Astrocyte

— > Cytokines <«———
(IL-1, IL-6, TNF-q, etc.)

}

Hyperexcitability of dorsal horn neurons

Activated Microglia

4

}

4

Morphine Tolerance

Fig. (1). Schematic representation of the possible mechanisms by which cytokines mediate morphine tolerance. After chronic exposure
to morphine, the glial cells in the spinal cord are activated, leading to release of proinflammatory cytokines such as IL-1p, IL-6, and TNFa,
etc. These proinflammatory cytokines contribute to the hyperexcitability of dorsal horn neurons, which may account for the development of
morphine tolerance. Activation of CXCR4, TLR4, MC4R, AMR and CGRPR in the spinal astrocyte have been shown to induce production
of proinflammatory cytokines. Similarly, several receptors in the spinal microglia also play an important role in the release of proinflamma-
tory cytokines. AMR: adrenomedullin receptor; Akt: protein kinase B; CGRPR: Calcitonin gene-related peptide receptor; CXCR4: C-X-C
chemokine receptor type 4; ERK: extracellular signal-regulated kinases; IL-1: interleukin 1; IL-6: interleukin 6; MC4R: melanocortin 4 re-
ceptor; MOR: mu opioid receptor; P2X4R: P2X4 receptor; PKCe: Protein kinase C &; TLR4: toll-like receptor 4; TNFR: tumor necrosis fac-

tor receptor; TNF-a: tumor necrosis factor alpha.

regulation of serum IL-10 might inhibit the development of
morphine tolerance via modulating spinal MOR expression
in AA rats.

CONCLUSION

In this review, we discussed the relationship between
cytokines and morphine tolerance. Accumulated evidences
have indicated that certain chemokines and pro-
inflammatory cytokines are up-regulated, while the expres-
sion of anti-inflammatory cytokines are decreased in various
sites (such as spinal cord, DRG and PAG, etc.) under mor-
phine-tolerant states (Table 1). Additionally, most studies
paid more attention to study the mechanisms between cyto-
kines and morphine tolerance in spinal cord (Fig. 1). The
inhibition of the analgesic effect of morphine by chemokines
and pro-inflammatory cytokines may due to directly affect-
ing the activation of MOR or indirectly offsetting morphine
analgesia by inducing hyperalgesia. heterologous desensiti-
zation and internalization/endocytosis is rapid between MOR
and inflammatory substances via shared G-protein-coupled
systems [73] or other secondary messenger systems within
neurons and glia, such as MAP kinases and calcium [28, 46].

glutamatergic signal transmission was proved to be involved
in morphine tolerance, while inflammatory substances re-
leased by glial cells after chronic morphine treatment can
activate glutamatergic transmission to mediate neuroplastic
changes [100-102]. Other substances released by activated
glial cells also contribute to analgesic tolerance in diverse
exaggerated pain states (e.g., NO, ATP, excitatory amino
acids, prostaglandins, dynorphin) [103-105]. Meanwhile, the
anti-inflammatory cytokines, such as IL-10, exert its impact
on morphine analgesia via inhibiting the production of pro-
inflammatory cytokines, and then suppress the activation of
glial cells, thus contributing to the consolidation of morphine
tolerance. Interestingly, amitriptyline, naloxone, and gabap-
entin have been confirmed to attenuate morphine tolerance
through increasing the expression of anti-inflammatory cyto-
kine IL-10 and decreasing the level of pro-inflammatory
cytokines in spinal cord. Novel treatment options that may
modulate morphine tolerance are summarized in Table 2. It
is promising to investigate the effects of these drugs for the
management of morphine tolerance in the future. However,
further studies investigating the detailed mechanisms of how
cytokines affect the development of morphine tolerance are
warranted.
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Table2. Novel treatment options that may modulate morphine tolerance.
Compound Mechanisms of Action Status Potential Uses Refs.
IL-1ra; A-melanocyte- IL-1 receptor antagonist and IL- Prolong and enhance the analgesic effect [24-26]
stimulating hormone; IL- 1 blockers of morphine; Attenuate the development
1 tripeptide antagonist of morphine tolerance
Etanercept TNF-a receptor antagonist Approved for rheumatoid Restore the analgesic effect of morphine; [39-41]
arthritis, plaque psoriasis, Attenuate the development of morphine
ankylosing spondylitis tolerance; Anti-neuroinflammatory
Cytokine synthesis in- Prevent proinflammatory cyto- p38 MAPK PKCe-Akt- Anti-neuroinflammatory; Attenuate the [28, 46]
hibitors kine production ERK development of morphine tolerance
AM22-52 Selective AM1 receptor antago- Antinociceptive; Anti-neuroinflammatory; [45, 49-51,
nist Improve the analgesic potency of mor- 106, 107]
phine; May reverse the development of
morphine tolerance
Anmitriptyline Tricyclic antidepressant Approved for major de- Anti-neuroinflammatory; Antineuropathic; [96, 108-
pressive disorder, anxiety Neuroprotection; Preserve the analgesic 114]
disorder, migraine, fi- effect of morphine; May attenuate the
bromyalgia, postherpetic development of morphine tolerance
neuralgia
Naloxone Opioid receptors antagonist Used to block the effects of Anti-neuroinflammatory; Enhance the [95, 115-
opioids, especially in over- | analgesic effect of morphine; May attenu- 120]
dose ate the development of morphine tolerance
Gabapentin Derivative of GABA, a anticon- Used to treat epilepsy, Anti-neuroinflammatory; Antineuropathic; [94, 97,
vulsant and analgesic drug neuropathic pain, hot Neuroprotection; Enhance the analgesic 121-125]
flashes, and restless leg effect of morphine; May attenuate the
syndrome development of morphine tolerance
Gene therapies Upregulate anti-inflammatory Analgesic; antineuropathic; Neuroprotec- [24, 25,42,
cytokine (IL-10) production; tive; May prevent the development of 45]
Downregulate proinflammatory morphine tolerance
cytokine production

Abbreviations: AM: adrenomedullin; Akt: protein kinase B; ERK: extracellular signal-regulated kinases; GABA: Gamma-aminobutyric acid; IL-1ra: interleukin 1 receptor antago-
nist; IL-10: interleukin 10; MAPK: Mitogen-activated protein kinase; PKCe: Protein kinase C &; TNF-a: Tumor necrosis factor alpha.
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