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Abstract

Resolvins, including D and E series resolvins, are endogenous lipid mediators generated during
the resolution phase of acute inflammation from the omega-3 polyunsaturated fatty acids,
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). Resolvins are known to have
potent anti-inflammatory and pro-resolution actions in several animal models of inflammation.
Recent findings also demonstrate that resolvin E1 and resolvin D1 can each potently dampen
inflammatory and postoperative pain. This review focuses on the mechanisms by which resolvins
act on their receptors in immune cells and neurons to normalize exaggerated pain, via regulating
inflammatory mediators, transient receptor potential (TRP) ion channels, and spinal cord synaptic
transmission. Resolvins may offer novel therapeutic approaches for preventing and treating pain
conditions associated with inflammation.

Introduction

Tissue injury results in inflammation and inflammatory pain, such as pain associated with
arthritis, temporomandibular (TMJ) joint disorder, lower back injury, and surgery.
Inflammatory and postoperative pains are typically characterized by heat and mechanical
hyperalgesia, increased response to noxious heat and mechanical stimuli, and mechanical
allodynia in which a nociceptive response occurs to normally innocuous mechanical
stimulus such as light touch. It is generally believed that inflammatory and postoperative
pain can manifest as an expression of neuronal plasticity characterized by peripheral
sensitization of primary sensory neurons in the dorsal root ganglion (DRG) and trigeminal
ganglion 4-6 and central sensitization of spinal dorsal horn and cortical neurons 1.8,
Although neuropathic pain after nerve injury and certain surgical procedures, such as
amputation and thoracotomy 2, also engages the mechanisms of peripheral and central
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sensitization, this review focuses on the mechanisms and potential treatments of tissue-
injury-induced inflammatory pain and postoperative pain.

Peripheral sensitization is induced by inflammatory mediators released after tissue insults,
such as bradykinin, prostaglandins, H*, nerve growth factors (NGF), pro-inflammatory
cytokines [such as tumor necrosis factor-alpha (TNF-a), interleukin-1p(IL-1p8), and
interleukin-6 (IL-6)] and proinflammatory chemokines [such as chemokine CC-motif ligand
(CCL2)]10%-13, Notably, the peripheral terminals of nociceptor express the receptors for all
these inflammatory mediators!4. Activation of these receptors causes hyperactivity of key
transduction molecules, such as transient receptor potential subtype V1 (TRPV1) and Al
(TRPA1) and conduction molecules such as sodium channels Nav1.7/1.8/1.9. As a result,
the sensitivity and excitability of nociceptors are increased, via activation of protein kinases,
such as protein kinase A (PKA), protein kinase C (PKC), and mitogen-activated protein
kinases (MAPKs)2:6:13-17,

Tissue injury-triggered hyperactivity of nociceptors will lead to increased release of
neurotransmitters (e.g., glutamate) and neuromodulators [eg. substance P and brain-derived
neurotrophic factor (BDNF)] from nociceptor central terminals in the spinal cord, causing
hyperactivity of postsynaptic dorsal horn neurons (i.e. central sensitization)8. Activation of
NMDA receptors plays an essential role in the induction and maintenance of central
sensitization 18-20, Central sensitization is important for maintaining persistent pain and
generating secondary pain outside the initial injury site /820, Phosphorylation of
extracellular signal-regulated kinase (pERK), a MAPK family member, in dorsal horn
neurons is nociceptive-specific and serves as a marker for central sensitization 21:22,
Accordingly, pERK plays a critical role in the induction and maintenance of central
sensitization by increasing NMDA receptor activity, inhibiting Kv4.2 potassium channel
activity, and inducing AMPA receptor trafficking and transcription of pronociceptive
genes 192123 Recent progress also points to an important role of glial cells, such as
microglia and astrocytes, in the spinal cord and brain for the genesis of central sensitization
linked to the development of inflammatory and postoperative pain 24-32, Tissue injury
produces TNF-a and IL-1f in spinal microglia and astrocytes to drive central sensitization
by increasing excitation and decreasing inhibition in dorsal horn neurons 33-3%, In addition,
descending facilitation from the cortex and brain stem also facilitates persistent pain states
after tissue injury 36:37_In this review, we discuss how novel pro-resolving lipid mediators,
namely resolvins, can reduce tissue injury-induced inflammatory and postoperative pain, as
well as tissue injury-induced peripheral and central sensitization.

Resolution of inflammation and pain

Although we know a lot about how inflammatory pain is initiated by pro-inflammatory
mediators, we know little as to how inflammatory pain is resolved. What is often overlooked
is that tissue injury not only produces pro-inflammatory mediators but also generates novel
local mediators that are both anti-inflammatory and pro-resolving, resulting in spontaneous
or self-limited recovery of acute inflammation and acute pain. Resolution of acute
inflammation, once thought to be a passive process, has now been shown to involve a
homeostatic recruitment of active biochemical programs that enable inflamed tissues to
return to the pre-inflammatory states 38. Accumulating evidence indicates that anti-
inflammation and pro-resolution are distinct mechanisms for the control of inflammation3°.
The actions of pro-resolution mediators are in sharp contrast to those of the current and
widely used anti-inflammatory therapeutics such as inhibitors of cyclooxygenase-2
(COX-2), which, ironically, disrupt endogenous resolution mechanisms3840, Phagocytosis
of macrophages is a cardinal step toward the resolution of inflammation, since such a
process allows for the removal of apoptotic cells, cell debris, and pathogens.
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COX-2 inhibitors reduce the production of key local lipid mediators, leading to deficits in
inflammation resolution 38:40-44 |t was found in an early study using a rat inflammation
model (pleurisy) that the COX-2 inhibitor NS-398 reduced inflammation at 2 hours but
enhanced inflammation at 48 hours 40. Therefore, it was proposed that COX-2 is
proinflammatory during the early phase of acute inflammation, dominated by
polymorphonuclear leucocytes, but promoted inflammatory resolution in the later phase,
dominated by mononuclear cells 4042, Indeed, COX-2 is required for the biosynthesis of
pro-resolving mediators such as lipoxins and resolvins in the resolution phase of
inflammation 38, Thus, the net effect of a COX-2 inhibitor on pain is a balance between its
anti-inflammatory/antinociceptive actions and anti-resolving/pronociceptive actions.
Although COX-2 inhibitors may still produce transient anti-hyperalgesic effects in some
chronic inflammation/pain conditions, they may also prolong the duration of pain after
treatment by disrupting endogenous resolution circuits.

While reduction of cell recruitment (influx) to the inflammation site reflects an anti-
inflammation action, increase in cell exit (efflux) could demonstrate a pro-resolution action.
Notably, resolvins at very low concentrations (pico- to hano-molar range) can markedly
promote phagocytic activity of macrophages 384445, |t is believed that disruption of acute
resolution processing will lead to uncontrolled inflammation that has been implicated in the
pathogenesis of many chronic diseases 38. Similarly, a failure in resolution of acute
inflammation may also lead to transition from acute pain to chronic pain. Unresolved
inflammation will lead to chronic inflammation, which has been largely ignored in the pain
research field, in part, due to its low intensity and local nature and lack of signs in
circulating blood. This chronic inflammation should also include neuroinflammation in the
peripheral nervous system (PNS) and central nervous system (CNS) involving activation of
glial cells (e.g., microglia, astrocytes, and satellite glia). Chronic ongoing inflammation
should play an important role in maintaining neural plasticity and chronic pain.

It is also important to point out that chronic pain is not just an extension of acute pain, but
rather is the result of ongoing changes in pain processing, namely neuroplasticity. Targeting
the transition phase from acute to chronic pain — for instance, by dampening acute
inflammation - is likely to be important in preventing the development of chronic pain.
However, reducing inflammation in the chronic phase per se may not be sufficient to treat
chronic pain. Novel therapies for chronic pain should also directly target neural plasticity in
both the PNS and CNS.

and resolution of inflammation

Resolvins, such as resolvin D1 (RvD1), aspirin-triggered resolvin D1 (AT-RvD1), and
resolving E1 (RVEL), represent a new family of pro-resolution mediators that are
biosynthesized from the omega-3 fatty acids docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA) 46 (Fig. 1). Resolvins were originally isolated in exudates
formed in the resolution phase of acute inflammation in both rodents and humans 43:46:47.
Protectins, another class of endogenous molecules that include neuroprotectin D1, were also
isolated from resolving inflammatory exudes [46]. These compounds will not be discussed
further here, but they also exhibit many beneficial actions in the retina and brain (reviewed
in [58]).

EPA and DHA are enzymatically converted to RvE1 and RvD1/AT-RvD1 in a multi-step
reaction that proceeds through a transcellular biosynthetic route during endothelial/
neutrophil cell-cell interactions 4348, The biosynthesis of the resolvins has recently been
reviewed in detail*?. Briefly, RVE1 (5S,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-
eicosapentaenoic acid) requires several enzymes such as COX-2 or cytochrome P450, and 5-
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lipoxygenase (5-LOX) for its biosynthesis from EPA%0 (Fig. 1). Notably, aspirin initiates the
biosynthetic pathway via acetylating COX-2, which may partly explain the mechanisms
underlying the beneficial effects of low-dose aspirin in inflammation-associated chronic
diseases °1°2, By comparison, RvD1 (7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-
docosahexaenoic acid) utilizes 15-LOX and 5-LOX for its biosynthesis from DHA 33 (Fig.
1). It is important to point out that consumed (digested) fish oil (DHA and EPA) will not
automatically be metabolized to resolvins under normal conditions, partly because the
biosynthetic enzymes have low expression levels in most tissues in the non-injured states
(Box-1). These enzymes are strongly induced by acute inflammation. For example, COX-2
and LOX-15 are induced not only at the site of peripheral inflammation, but also at the
levels of the DRG and spinal cord >4-56, Of note, COX-2 is also constitutively expressed in
the nervous system (including spinal cord and retina), as in the vasculature 57:58,

Box 1
Outstanding questions

»  What is the relationship of dietary EPA and DHA to local resolvin production in
humans and in regulating pain? Resolvins of the D- and E-series are
biosynthesized from essential n-3 polyunsaturated acids during the resolution of
acute inflammatory responses by inflammatory exudates (ref [38]), thus, tissue
levels of EPA and DHA are key determinates in the timely resolution and
operation of the local effector immune response. What are the minimal dietary
requirements for n-3 in humans that are needed to evoke endogenous resolvin
biosynthesis and the timely resolution of inflammation and pain?

» Canresolvins be used to treat other persistent pain conditions, such as
neuropathic pain and cancer pain, in addition to inflammatory and postoperative
pain? An initial study has demonstrated anti-hyperalgesic effects of RvVEL in
early-phase neuropathic pain ([71], Fig. 2d), suggesting that resolvins may be of
therapeutic potential for a broader range of pain conditions than currently
considered.

» Do resolvins also differentially regulate ion channels other than TRP channels,
such as acid-sensitive ion channels, calcium channels, and sodium channels?

» Canresolvins also act on currently unknown receptors? Can small molecule
agonists of resolvin receptors be developed for pain management?

* What are the downstream signaling pathways that are activated or inactivated by
resolvins with respect to pain? Can we harness these for a new approach to more
effectively treat pain in humans?

RVE1 has been demonstrated to exhibit high potency in treating inflammation-related
diseases in various animal models, some of which are listed in Table-1. In a murine
peritonitis model, RVE1 (at nanomolar levels), was shown to significantly reduce dermal
inflammation, peritonitis, neutrophil recruitment, dendritic cell migration, and modulate the
expression of cytokines and chemokines 48:59, Topical administration of RVE1 was also
found to reduce inflammation-induced bone loss in a rabbit model of periodontal disease, a
painless yet important public health concern®0. Vessel loss and subsequent
neovascularization are two critical phases in many sight-threatening diseases. RvE1 potently
protected against neovascularization in a mouse model of oxygen-induced retinopathy, in
part by reducing TNF-o production in microglia associated with retinal vessels 1. RVE1
also protected against intestinal inflammation and colitis in mice by increasing the survival
rates and decreasing leukocyte infiltration 52, RVE1 also mediates resolution of allergic
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inflammation, via regulating natural killer (NK) cell migration in vivo and NK cell
cytotoxicity in vitro83.:64, Stromal keratitis, a chronic immunopathological disease after
herpes simplex virus (HSV) infection often causes blindness in humans. RvVE1 treatment
significantly reduced the extent of angiogenesis and stromal Keratitis lesions, by reducing
the numbers of inflammatory cells including T helper (Th1/Th17) cells and neutrophils in
the cornea, increasing production of the anti-inflammatory cytokine IL-10, and inhibiting the
production of pro-inflammatory mediators in mice 65, Most cases of pneumonia can
spontaneously resolve, which also engages resolvins. In a murine model of aspiration
pneumonia, RVE1 treatment decreased neutrophil accumulation and enhanced clearance of
E. coli in the lung .

RvD1 and AT-RvD1 (the aspirin triggered form) also exhibit potent anti-inflammatory and
pro-resolution actions in rodent models of inflammation (Table-1). Mouse kidney produces
RvD1 in response to bilateral ischemia/reperfusion injury, and RvD1 administration before
the ischemia alleviated functional and morphological kidney injury, reduced interstitial
fibrosis and leukocytes infiltration, and blocked TLR-mediated activation of

macrophages 7. Notably, RvD1 also regulates microRNA (miRNA) expression in self-
limited murine peritonitis®8. In a murine dorsal skin air pouch model, in which resolvins
were originally identified, RvD1 blocked neutrophil recruitment 46. RvD1 also controls
inflammation after oxidative stress . Recently, AT-RvD1 has been shown to protect
against inflammation in a murine model of TMJ disease 7.

and resolution of inflammatory and postoperative pain

Resolvins also reduce inflammation and pain in well-established rodent models of
inflammatory pain. Intraplantar pretreatment of mice with RvE1, at a very low dose (20 ng),
reduced carrageenan (CRG)-induced neutrophil infiltration and paw edema, as well as
expression of proinflammatory cytokines and chemokines (e.g., TNF-a, IL-1p, IL-6, and
CCL2) in inflamed paw tissues 71. Furthermore, intraplantar pretreatment of either RvD1 or
RVE1 was found to reduce formalin-induced spontaneous pain and prevent CRG-induced
heat hyperalgesia (Table 2 and Fig. 2a,b)’1:72, Interestingly, RVE1 is more effective in
reducing inflammatory pain than reducing tissue trafficking of inflammatory leukocytes,
because the same dose of RVEL1 largely inhibited heat hyperalgesia but only partially
inhibited edema and neutrophil infiltration in the CRG model 71. The analgesic potency of
resolvins is attributed in part to their capability of inhibiting the actions of TRP channels,
such as TRPV1 and TRPA1, that have been strongly implicated in the genesis of
inflammatory pain 14.73-75_ Thus, intraplantar or intrathecal administration of RVE1 in mice
abolished the spontaneous pain induced by capsaicin (TRPV1 agonist) but not by mustard
oil (TRPAL agonist) . In contrast, intraplantar RvD1 administration blocked the TRPA1
but not TRPV1 agonist-elicited pain 72. Intraplantar post-treatment of RvD1 also reduced
CFA-induced mechanical hyperalgesia and allodynia via TRPAL1 inhibition 72, Further,
repeated systemic administration of AT-RvD1 effectively attenuated mechanical
hyperalgesia in the complete Freund’s adjuvant (CFA) inflammatory pain model in rats %°
(Table 2). Such an effect was likely due to the observed reduction in TNF-a and IL-1p
expression levels in the CFA-inflamed paw tissue, as well as reductions in NF-xB
expression in the DRG and spinal cord ®°. It is also of interest to note that 17(R)-HDoHE
[17(R)-hydroxy-42,72,107Z,137,15E,17R,19Z-docosahexaenoic acid], the precursor of AT-
RvD1, attenuated CFA-induced arthritic pain (stiffness) but not edema in rats 2. 17(R)-
HDoHE can also be converted to other aspirin-triggered D series resolvins, including AT-
RvD2, AT-RvD3, AT-RvD4 and AT-RvD5 46:55.76 byt their roles in resolving pain have yet
to be established.
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Resolvins also reduce inflammatory pain via central actions. Pretreatment of RvE1
intrathecally (ie. at the spinal cord level), at very low doses (0.3 and 1 ng), reduced
formalin-induced 2" phase pain (Fig. 2a), which is known to be mediated via a spinal cord
mechanism (ie. central sensitization)’L. Strikingly, the dose of RVE1 required to reduce the
2"d phase pain is 100 times lower than that of morphine and 10000 times lower than that of
the COX-2 inhibitor NS-398 (Fig. 2a). Intrathecal post-treatment with either RvE1 and
RvD1 also rapidly reduced CFA-induced heat and mechanical hypersensitivity /172,
Although dietary omega-3 fatty acids (e.g., DHA and EPA) were shown to alleviate
inflammatory pain in patients /7, presumably via their own G-protein coupled receptors
(GPCRs) such as GRP120 78, the efficacy of these precursors of resolvins for pain relief is
much lower; the intrathecal dose required for either DHA and EPA to reduce CFA-induced
heat hyperalgesia is >1000 times higher than that of RVE1 71, Thus, endogenous resolvins
may provide a missing link between dietary omega-3 fatty acids and the reduction of
inflammation 7 and inflammatory pain.

Postoperative pain caused by skin/muscle incision normally resolves within 1 week, and
such pain is commonly recapitulated in rodent models of paw incision 3. Postoperative pain
after prolonged muscle retraction lasts 3-4 weeks in humans and rodents 89, It is of great
significance to effectively and aggressively manage acute postoperative pain and shorten the
duration of patients’ hospital stay. Indeed, fast-track surgery has been strongly advocated in
an effort to optimize surgical outcomes and control ever-increasing health care costs 1.
Effective management of acute postoperative pain may also reduce the incidence of chronic
postoperative pain, which can persist 3-6 months after surgery 82. Resolvins have also
displayed potent analgesic actions in rodent models of postoperative pain (Table-2). RvE1
and RvD1 prevented paw incision-induced postoperative pain in mice and rats 7182, In a
recently developed skin-muscle retraction model (SMIR), surgery-induced mechanical
hypersensitivity can last up to 4 weeks, yet a single treatment of RvD1 on postsurgical day 2
largely prevented this postoperative hyperalgesia in rats 82]. Of note, RvD1 treatment at later
time points (e.g., postoperative day 9) only produced transient pain relief (< 1 day) 82,
suggesting a time-dependent efficacy of resolvin treatment. Nevertheless, resolvin still
displays efficacy in treating late-phase pain.

Importantly, resolvins do not interfere with normal pain perception. Thus, intraplantar,
intrathecal, or systemic injection of resolvins was not observed to affect either thermal and
mechanical pain sensitivity in rat and mice 5>71.82, |n sharp contrast, the classic analgesics
such as morphine dramatically decrease pain sensitivity 83. Physiological pain has evolved
as a protective response. For people who can not feel pain, due to genetic mutation of the
pain genes encoding neurotrophic tyrosine kinase receptor type A (TrkA) and sodium
channel Nav1.7, life is often tragic, with self-mutilation and short life span 8. Thus,
resolvins may serve as a new class of analgesics that act to block abnormal pain and restore
normal sensitivity, rather than blocking pain transmission like classical analgesics.

Mechanisms underlying resolvin’s analgesic actions

Resolvin’s analgesic actions are thought to be mediated by specific GPCRs. The specific
binding of RVE1 to the Gai-associated ChemR23 receptor has been demonstrated using
synthetic [3H]-labeled RVE1 4885, Several lines of evidence indicate that ChemR23
mediates RVE1’s analgesic action in formalin-induced 2"d phase pain in mice 71. First,
RVE1’s action in this pain model was abolished by pertussis toxin treatment, a specific
inhibitor for Gi-coupled GPCRs, but not by naloxone, an opioid receptor antagonist’?.
Second, RvE1’s analgesic effect was abrogated by knockdown of ChemR23 with specific
siRNA treatment’L. Third, RVE1’s analgesic action could be recapitulated by chemerin, a
natural peptide ligand for ChemR231, Similarly to RVE1, chemerin reduces transepithelial
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migration of neutrophils and promotes apical clearance of neutrophils 42. Chemerin also
inhibits the production of the pro-inflammatory mediators (e.g., TNF-a, IL-1p, IL-6 and
IL-12) and induces the expression of anti-inflammatory cytokines such as transforming
growth factor-beta (TGF-$) and IL-10 in macrophages, in a pertussis toxin-sensitive
manner 86,

A broad expression of ChemR23 in various cell types may explain the versatile actions of
RVE1 (Fig. 3). Earlier studies demonstrated ChemR23 expression in macrophages,
microglia, and dendritic cells 48:61.86.87 (Fig. 3a, b). Recent findings have revealed that
ChemR23 is also expressed by primary sensory DRG neurons. In particular, ChemR23 is
heavily colocalized with TRPV1, a heat sensor in nociceptors (Fig. 3c). ChemR23
synthesized in DRG cell bodies is transported axonally (Fig. 3d) to central terminals in the
spinal cord " and presumably, to peripheral terminals. ChemR23 is also expressed in spinal
cord neurons (Fig. 3e). Furthermore, inflammation induces ChemR23 expression in skin
macrophages (Fig. 3a). In addition, AT-RvD1 and RvD1 are known to activate the same
GPCRs, GPR32 (human) as well as the LXA,4 receptor ALX/FPR2 (murine) 88, and the
latter is expressed in spinal astrocytes 89. However, the expression patterns of these
receptors and their co-existence with ChemR23 awaits further investigation.

Strikingly, different resolvins may differentially regulate TRP channels. RvEL is known to
block capsaicin-induced spontaneous pain, ERK activation in DRG neurons, and spinal cord
synaptic plasticity (discussed below), without affecting TRPA1-induced pain’?. In contrast,
RvD1 inhibited TRPA1, TRPV3 and TRPV4, but not TRPV1 currents, in cultured human
embryonic kidney 293 (HEK293) cells and DRG neuron cultures 72. Consistent with these
findings, RVE1 is effective at low doses in reducing TRPV1-mediated heat hyperalgesia’?,
whereas RvD1 and AT-RvD1 are very effective in inhibiting mechanical hyperalgesia 55,
whichis known to involve the activation of TRPAL/TRPV4 9091 |t should be noted that
RVE1 can also reduce CFA-induced mechanical allodynia [71], but this occurs at much
higher doses than those observed for the inhibition of heat hyperalgesia. Finally, a recent
study demonstrated that 17(R)-RvD1, an analogue of RvD1, specifically inhibited TRPV3 in
vitro 92, Thus, different resolvins may regulate different modalities of pain that are
controlled through distinct TRP channels.

Tissue injury-induced spinal cord synaptic plasticity (i.e. central sensitization) has been
strongly implicated in the genesis of persistent pain®. Such plasticity is measured in part as
changes in spontaneous excitatory postsynaptic currents (SEPSCs), which could indicate
both presynaptic mechanisms (frequency changes) and postsynaptic mechanisms (amplitude
changes). Perfusion of spinal cord slices with RvVE1 does not alter basal synaptic
transmission, however, it does abolish capsaicin- and TNF-a-induced sEPSC frequency
increases in lamina Il neurons [71]. This indicates that RvE1 can normalize spinal cord
synaptic plasticity, presumably by inhibiting ERK phosphorylation and glutamate release in
presynaptic terminals (Figure 4f)71,

Activation of NMDA receptors in dorsal horn neurons is a key element for central
sensitization and chronic pain development 7+18:93, TNF-q not only increases SEPSC
frequency but also increases NMDA-induced currents in dorsal horn neurons in an ERK-
dependent manner’L. Notably, RVE1 blocks both the TNF-a-induced ERK phosphorylation
and the correlated NMDA receptor activation in dorsal horn neurons 3371 (Figure 4g). Thus,
it is conceivable that RvE1 abrogates central sensitization via both presynaptic and post/
extra-synaptic mechanisms. The underlying signaling mechanisms are largely unknown,
although modulation of the ERK pathway - a critical pathway involved in central
sensitization 8 - is likely to be involved 2.

Trends Neurosci. Author manuscript; available in PMC 2012 November 1.
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Lastly, it should be mentioned that given the important role of spinal cord microglia in the
genesis of arthritic and postoperative pain (see Introduction) and the known ChemR23
expression in microglia (Fig. 2a), it is reasonable to suggest that resolvins may also dampen
pain via blocking microglia activation 46:61 (Fig. 4). Although this has yet to be tested in the
spinal cord, RVE1 has been shown to inhibit TNF-a production in retina microglia in a
mouse model of oxygen-induced retinopathy 61,

Conclusions and future perspectives

Mounting evidence indicates that resolvins, such as RvE1, RvD1, and AT-RvD1, are potent
agonists that reduce inflammation by stimulating its resolution, as well as reducing
inflammation-associated pain. The analgesic effects of resolvins are mediated by specific
GPCRs (e.g., ChemR23, GPR-32), which are widely expressed by immune cells, glial cells,
and neurons. Thus, resolvins can dampen abnormal pain via multiple mechanisms acting on
various cell types, by reducing inflammation, glial activation, and spinal cord synaptic
plasticity (Fig. 4), while at the same time leaving normal pain sensation intact. RvE1 blocks
the ERK signaling pathway, a pathway that is known to regulate peripheral sensitization,
central sensitization, and glia activation in the DRG and spinal cord?!. Resolvins are also
known to inhibit the NF-xB pathway to dampen the biosynthesis of pro-inflammatory
mediators 38,

Inflammation is widely associated with various clinical pain conditions throughout the body
and under a number of different injury conditions. A typical example is arthritis including
rheumatoid arthritis (RA) and osteoarthritis (OA). Pain (and joint stiffness) is the initial and
prevailing symptom of arthritis that demands immediate treatment. Postoperative pain,
lower back pain, cancer pain, and temporomandibular joint (TMJ) pain also have
components of inflammatory pain. Although fibromyalgia and inflammatory bowel
syndrome (IBS) are classified as atypical pain or central pain, due to the lack of obvious
signs of pathology and inflammation, the possibility that chronic ongoing and subthreshold/
subclinical inflammation may exist in these diseases should not be excluded. Inflammatory
pain is often treated with opioids and non-steroid anti-inflammatory drugs such as COX-2
inhibitors. However, these treatments are currently limited by well-known side effects.
Acute opioid treatment produces respiratory depression, sedation, nausea, constipation, and
vomiting®493, and long-term treatment with opioids and COX-2 inhibitors is associated with
the development of addiction and cardiovascular defects, respectively 997, Anti-TNF-o
treatment has shown promise for inflammatory pain. For instance, arthritis TNF-o
neutralization has been shown to inhibit pain in patients with RA much faster than it
improves the signs of arthritis itself (ie. joint swelling), probably by rapid inhibition of
central sensitization®8. Moreover, the levels of TNF-a, IL-1pB, and IL-6 are positively
associated with pain severity in several painful musculoskeletal diseases, including
fibromyalgia 99190, However, anti-TNF-a and cytokine treatment may lead to infection due
to immune suppression /194, Furthermore, due to the redundancy in the immune system, the
approach of focusing on a single cytokine may be beneficial in only a fraction of patients.

Resolution of inflammation and inflammatory pain by endogenous pro-resolving mediators
represents a novel therapeutic approach. By employing the multiple actions of resolvins (ie.
anti-inflammatory, pro-resolving, and anti-hyperalgesic), this strategy may more effectively
address the redundancy issue. Given the potent analgesic efficacy and safety profiles of
endogenous lipid mediators, which includes dietary supplements which are taken in mg to
gram amounts daily 77, resolvins and their analogues may offer new therapeutic approaches
for the management of inflammation-associated pain. Finally, the urgent need to treat
existing pain conditions is paralleled by the significant potential to prevent the development
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of chronic pain after certain surgical procedures (e.g., amputation and thoracotomy) with
resolvin-derived therapies.

It is also important to point out the limitations of lipid mediators as potential new
therapeutics. It is well known that endogenous local acting lipid mediators are, in general,
metabolically unstable in that they are rapidly inactivated in vivo. For example, RvVE1
reduces CFA-induced heat hyperalgesia for less than 2 hours’L. Along these lines, a
modified form of RVE1 (19-pf-RvE1), which is metabolically stable and resistant to local
rapid metabolic inactivation has been developed 101, This more-stable form of RVE1 has
been demonstrated to reduce heat hyperalgesia in mice for more than 6 hours’..
Furthermore, the anti-inflammatory and pro-resolving actions of AT-RvD1 have been
prolonged by constructing novel humanized nanoparticles that contain AT-RvD170. Hence,
the development of more stable forms of resolvins, or more stable delivery methods, should
prolong and enhance the analgesic effects of resolvins.

The detailed signaling mechanisms of how resolvins mediate pain relief remain illusive. A
better understanding of the molecular means by which resolvins are so effective and potent
for pain relief will be critical for future clinical development for targeting resolvin receptors
and signaling pathways using small molecule agonists (Box-1). The analgesic efficacy of
resolvins appear to be time-dependent, with more significant effects generally being
observed when treatments were administrated at early stages, although resolvins are still
effective in reducing late-phase pain in some animal models. Specific resolvins (i.e. RvD1,
RvD2, RvE1) may differentially regulate distinct TRP channels (e.g., TRPAL, V1, V4) to
control selective modalities of pain (e.g., heat vs mechanical hyperalgesia). It will be of
interest to examine in the future whether a combination of several resolvins can achieve
additive, and even synergistic analgesic effects.
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Figure 1.

Resolvins and their routes of formation. (a) Omega-3 polyunsaturated fatty acids include
DHA and EPA, and are derived from dietary essentially fat (especially enriched in fish).
RvD1 and AT-RvD1 are derived from DHA, whereas RVEL1 is derived from EPA. Distinct
synthetic enzymes, including COX-2, cytochrome P450, and 5- and 15-lipoxygenase are
involved in these processes. See Ref [49] for detailed review on the biosynthesis of
resolvins. (b) Chemical structures of the resolvins that are discussed in this review.
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Figure 2.

Resolvins (RVE1 and RvD1) inhibit inflammatory and neuropathic pain in mice and
suppress TRP channel activity. (a) Mouse model of formalin-induced inflammatory pain.
Left panel, summary of the accumulated licking/flicking time of the 15t and 2" phases. *P <
0.05, vs. vehicle. Right panel, dose-response curves showing the inhibition of formalin-
induced 2" phase pain by intrathecal RvE1, morphine, and NS-398 (a selective COX-2
inhibitor). Note that RvE1, NS-398, and morphine have similar molecular weights. (b)
Carrageenan (CRG)-induced heat hyperalgesia is reduced by intraplantar pretreatment of
RVE1 and RvD1. *P<0.05, vs. vehicle. (c) CFA-induced heat hyperalgesia on day 3 is
differentially reduced by intrathecal administration of RvE1, RvD1, DHA, and EPA. M.P.E,
maximum possible effect of anti-hyperalgesia. *P<0.05, vs vehicle. (d) Spinal nerve ligation
(SNL)-induced neuropathic pain. SNL-induced heat hyperalgesia on day 1 is reduced by
RVE1 and 19-pf-RVE1 (a metabolically stable analogue of RvE1). *P<0.05, vs vehicle. ()
Intracellular Ca2* responses in HEK293T cells and differential effects of RvD1 (300 nM) on
TRP agonist-induced intracellular Ca2* increases. HEK293T cells were transiently
transfected with individual thermoTRP channels and stimulated with appropriate agonists:
0.2 mM capsaicin for TRPV1; 100 mM probenecid for TRPV2; 4 mM camphor for TRPV3;
10 mM 4a-PDD for TRPV4; 300 mM menthol for TRPMS; and 300 mM cinnamaldehyde
for TRPAL. **P < 0.01, ***P < 0.001; compared with respective agonist alone. (f) Patch-
clamp recordings of traces of spontaneous postsynaptic currents (SEPSCs) in spinal cord
slices of mice. Note that the SEPSC frequency after capsaicin perfusion is blocked by RvVE1
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pretreatment. Reproduced/modified, with permission, from [71] [panels a (right), c—d, and f)
and [72] (panels a (left) and e).
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Figure 3.
The RVE1 receptor ChemR23 is widely expressed in immune cells, glial cells, and neurons

in mouse tissues. (a) Double staining of ChmR23 and ED1 shows that ChemR23 is largely
colocalized with the macrophage marker ED1 in the dermis of the CFA-inflamed skin. Scale
bar: 50 uM. (b) Triple staining in retinal whole-mounts demonstrates that ChemR23 is
localized to a subset of colony-stimulating factor-1-receptor—positive (Csf1r*) microglia.
Left column, triple staining for lectin (endothelial cells and microglia, red), Csflr (green)
and ChemR23 (magenta). Central panel, merged image (scale bar: 50 um); white indicates
the colocalization of all three stains. Right column, four images of one Csfir* cell at
indicated focal planes. (c) Double staining of ChemR23 and TRPV1 shows that ChemR23 is
largely co-localized with TRPV1 in DRG neurons. Note that ChemR23 is also expressed in
satellite glial cells surrounding neurons. Scale bar: 30 pM. (d) ChemR23 staining shows that
after ligation of the sciatic nerve ChemR23 is accumulated near the ligation site (arrows),
indicating axonal transport of ChemR23. Scale bar: 30 uM. (e) Double staining of ChemR23
and NeuN shows that ChemR23 co-colocalizes with the neuronal marker NeuN in the spinal
cord dorsal horn. Scale bar: 50 uM. Note that ChemR23 is also expressed in NeuN-negative
glial cells in the spinal cord. Reproduced/modified, with permission, from [61] (panel b),
[71] (panels a, c—e).
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Figure 4.

Schematic of selective actions of resolvins in the resolution of abnormal pain. (a) RvE1 and
RvD1 reduce leukotriene B4 functions, NF-«xB activation, and infiltration in neutrophils
[38]. (b) RVEL acts on macrophages to induce nonphlogistic phagocytosis of apoptotic
neutrophils (Ref [38]). (c) RvE1 and RvD1 inhibit TNF-a and IL-1p expression in microglia
(Ref [38, 61]). (d) In peripheral nerve terminals in skin and muscle, RvE1 inhibits TRPV1
activity (Ref [71]), and RvD1 inhibits TRPAL, TRPV3, and TRPV4 activity (Ref [72]). (e)
In DRG neuronal cell bodies, RVEL inhibits capsaicin-induced ERK activation (Ref [71]),
and AT-RvD1 inhibits CFA-induced COX-2 and NF-«xB and expression (Ref [55]). RvEL
also inhibits TNF-a-induced ERK activation (Ref [71]). (f) At presynaptic sites of spinal
cord primary afferent terminals, RVEL inhibits TRPV1- and TNF-a-induced SEPSC
frequency increase. This presumably occurs as a result of reduced glutamate release, via
suppression of ERK activation [71]. (g) At postsynaptic sites of spinal cord dorsal horn
neurons, RVEL inhibits TNF-a-induced ERK activation and NMDA receptor hyperactivity
(Ref [71]).
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Table 1

Anti-inflammatory actions of resolvins in animal models of inflammation

Resolvins  Animals  Inflammatory conditions  Anti-inflammatory effects Refs

1duasnue Joyiny vd-HIN

Dorsal air pouch

Peritonitis

Retinopathy

Colitis

Allergy

Ocular Lesion

Lung injury

Kidney ischemia

Peritonitis

Dorsal skin air pouch

Oxidative stress

TMJ inflammation

Stop neutrophil recruitment

Reduce neutrophil recruitment

Regulate cytokine and chemokine expression

Alleviate neovascularization and reduce TNF-a expression
Decrease neutrophil recruitment and improve survival
Resolve allergic airway inflammation

Regulate NK cell migration

Control HSV-induced ocular inflammatory lesions
Increase IL-10 and decrease IL-6 expression

Protect bacterial pneumonia and acute lung injury
Enhance clearance of bacteria

Protect from ischemia-reperfusion-induced kidney damage
Regulate macrophage function

Stop neutrophil recruitment and modulate miRNAs

Stop neutrophil recruitment

Control inflammation during oxidative stress

Protect inflammation in the TMJ

[42]
[48,59]
[48,59]
[61]
[62]
[63, 64]
[63, 64]
[65]
[65]
[66]
[66]
[67]
[67]
[68]
[46]
[69]
[70]
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Antinociceptive and anti-inflammatory actions of resolvins in rodent models of inflammatory and
postoperative pain.

Table 2

Resolvins

RVE1

RvD1

AT-RvD1

Animals

Mouse

Mouse

Rat

Rat

Pain models  Antinociceptive/anti-inflammatory actions
Formalin Reduce inflammatory pain

CRG Decrease inflammatory pain
Reduce IL-1p, IL-6, TNF-a, and CCL2 expression
Reduce edema and neutrophil infiltration

CFA Reduce inflammatory pain
Capsaicin Reduce spontaneous pain
TNF-a Abolishes heat hyperalgesia and mechanical allodynia
Incision Reduce postoperative pain
CRG Reduce inflammatory pain
CFA Reduce inflammatory pain
Formalin Reduce inflammatory pain
Mustard oil Reduce spontaneous pain
PGE, Reduce inflammatory pain
Incision Reduce postoperative pain
SMIR Reduce postoperative pain
CFA Reduce inflammatory pain

Reduce TNF-q, IL-1B, COX-2, and NF-kB expression

Refs
[71]
[71]

[71]
[71]
[r1]
[71]
[71]
[71,75]
[75]
[75]
[75]
[82]
[82]
[55]
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