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Abstract
The current crises in opioid abuse and chronic pain call for the development of nonopioid and nonpharmacological therapeutics
for pain relief. Neuromodulation-based approaches, such as spinal cord stimulation, dorsal root ganglion simulation, and nerve
stimulation including vagus nerve stimulation, have shown efficacy in achieving pain control in preclinical and clinical studies.
However, the mechanisms by which neuromodulation alleviates pain are not fully understood. Accumulating evidence suggests
that neuromodulation regulates inflammation and neuroinflammation—a localized inflammation in peripheral nerves, dorsal root
ganglia/trigeminal ganglia, and spinal cord/brain—through neuro-immune interactions. Specialized proresolving mediators
(SPMs) such as resolvins, protectins, maresins, and lipoxins are lipid molecules produced during the resolution phase of
inflammation and exhibit multiple beneficial effects in resolving inflammation in various animal models. Recent studies suggest
that SPMs inhibit inflammatory pain, postoperative pain, neuropathic pain, and cancer pain in rodent models via immune, glial,
and neuronal modulations. It is noteworthy that sham surgery is sufficient to elevate resolvin levels and may serve as a model of
resolution. Interestingly, it has been shown that the vagus nerve produces SPMs and vagus nerve stimulation (VNS) induces SPM
production in vitro. In this review, we discuss how neuromodulation such as VNS controls pain via immunomodulation and
neuro-immune interactions and highlight possible involvement of SPMs. In particular, we demonstrate that VNS via auricular
electroacupuncture effectively attenuates chemotherapy-induced neuropathic pain. Furthermore, auricular stimulation is able to
increase resolvin levels in mice. Thus, we propose that neuromodulation may control pain and inflammation/neuroinflammatioin
via SPMs. Finally, we discuss key questions that remain unanswered in our understanding of how neuromodulation-based
therapies provide short-term and long-term pain relief.
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Abbreviations
aEA Auricular electroacupuncture
AT-RvD1 Aspirin-triggered resolvin D1
CRG Carrageenan
CCI Chronic constriction injury
CFA Complete Freund’s adjuvant

CGRP Calcitonin gene–related peptide
CIPN Chemotherapy-induced peripheral

neuropathy
CNS Central nervous system
COX Cyclooxygenase
DHA Docosahexaenoic acid
DRG Dorsal root ganglion
EA Electroacupuncture
EPA Eicosapentaenoic acid
GPCR G protein–coupled receptors
IFM Inflammatory mediator
JNK c-Jun N-terminal kinase
LOX Lipoxygenase
MAPK Mitogen-activated protein kinase
NPD1 Neuroprotectin D1
PK Pharmacokinetics
PNS Peripheral nervous system
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PTX Paclitaxel
PUFA Polyunsaturated fatty acids
RvD1 Resolvin D1
RvE1 Resolvin E1
SPM Specialized proresolving mediator
TENS Transcutaneous nerve stimulation
TMS Transcranial magnetic stimulation
TRPA1 Transient receptor potential ion channel

subtype A1
TRPV1 Transient receptor potential ion channel

subtype V1
VNS Vagus nerve stimulation

Inflammation and Pain

Inflammation has five main cardinal symptoms: rubor (red-
ness), tumor (swelling), calor (increased heat), dolor (pain),
and functio laesa (loss of function). Pain is initially sensed by
physical and chemical activation of nociceptive sensory neu-
rons (nociceptors) [1]. Nociceptors, finely tuned to sense the
presence of potentially hazardous stimuli, can be directly ac-
tivated by inflammatory mediators (IFMs) through their re-
ceptors expressed on nociceptors [2, 3]. These IFMs include
small peptides (e.g., calcitonin gene–related peptide (CGRP)
and substance P, bradykinin), lipids (e.g., prostaglandins and
epoxyeicosatrienoic acids), proinflammatory cytokines and
chemokines (e.g., IL-1β , TNF, CCL2), ATP, and
microRNAs [4–9]. Physiological pain mediated by nociceptor
activation is normally protective, sending a warning signal to
the brain to trigger avoidance of a given noxious stimulus.
Recent evidence suggests that pain also protects against infec-
tion through nociceptor-mediated release of CGRP, which can
contribute to the regulation of host immunity [10, 11].
However, due to sensitization of peripheral nociceptors (pe-
ripheral sensitization), pain can become a pathological phe-
nomenon [12, 13]. Other types of pain such as headaches and
migraines may also originate from central sensitization within
the central nervous system (CNS) [14, 15].

After tissue injury and inflammation, IFMs induce periph-
eral sensitization via modulation of ion channels involved in
nociceptive neurotransmission, including voltage-gated sodi-
um channels (Nav1.7, Nav1.8, Nav1.9) and TRP channels
(TRPA1 and TRPV1), mediated chiefly through protein ki-
nase pathways [2, 5]. These ion channels are highly enriched
in nociceptors [16, 17], and their expression and activities in
nociceptors are regulated by p38 MAP kinase (MAPK)
[18–21], in response to IFMs. Central sensitization drives
widespread chronic pain [14, 15] and is regulated by NMDA
receptors and extracellular signal-regulated kinase (ERK/
MAPK) in nociceptive neurons in the CNS [22, 23].
Mounting evidence suggests that loss of inhibitory synaptic
transmission (disinhibition) is also a critical contributor to

central sensitization following nerve injury–induced neuro-
pathic pain [24–26]. While peripheral sensitization typically
precedes central sensitization, central sensitization can be di-
rectly elicited after spinal cord injury (SCI) and traumatic
brain injury (TBI), sending electrical and chemical signals
back to sustain peripheral sensitization [15, 27].

It is now well understood that neuroinflammation is a crit-
ical driver in the pathogenesis of chronic pain [2].
Neuroinflammation is a local inflammation residing in neural
tissues that can be characterized by peripheral immune cell
infiltration and activation of glial cells, such as microglia
and astrocytes in the CNS, as well as activation of satellite
glial cells and Schwann cells in the PNS [2, 28]. Painful in-
sults such as nerve injury, joint injury, cancer, and chronic
opioid treatment have been shown to produce reactive chang-
es in glial cells [29]. Following activation, glia produce many
powerful neuromodulators, such as cytokines and chemokines
(TNF, IL-1β, CCL2, CXCL1), via activation of MAP kinase
signaling pathways. These glial messengers potentiate excit-
atory synaptic transmission and drive long-term potentiation
in the spinal cord pain circuit via intracellular signaling, lead-
ing to enhanced pain states [29–32]. Notably, glial mediators,
such as IL-1β, IL-17, and brain-derived neurotrophic factor
(BDNF) also suppress inhibitory synaptic transmission to
drive central sensitization in pathological pain [33–35].
Additionally, neurogenic inflammation is another type of in-
flammation induced by nociceptor-mediated release of CGRP
and substance P (SP), which contributes to inflammatory pain,
migraine, and complex regional pain syndrome [36–38].

A primary function of inflammation is to eliminate the
initial cause of cell injury, allowing for tissue repair and ho-
meostasis. However, excessive and chronic inflammation is
maladaptive and detrimental, emerging as a leading cause of
many inflammatory and neurological diseases [2]. A major
sign of progress in inflammation research is the realization
that resolution of acute inflammation is an active biochemical
process representing a new therapeutic frontier [39, 40]. In
particular, resolution of acute inflammation requires the pro-
duction of lipid-derived specialized proresolving mediators
(SPMs), which is generated during the resolution phase and
contributes to the resolution process [41, 42]. SPMs belong to
a rapidly expanding family of molecules, including resolvins,
protectins, and maresins, biosynthesized from omega-3 unsat-
urated fatty acids docosahexaenoic acid (DHA) and
eicosapentaenoic acids (EPA), two major components of fish
oil dietary supplements [43] although some SPMs such as
lipoxins are also biosynthesized from arachidonic acids [41]
(Fig. 1). SPMs have shown to exert potent protective effects in
animal models of segregated human diseases, such as arthritis,
kidney injury, infection, sepsis, Alzheimer’s, and cancer
[44–52]. Additionally, an increasing body of evidence also
points to a role of SPMs in promoting the resolution of path-
ological pain [52] (Table 1).
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SPMs Are Potent Pain Inhibitors in Different
Pathological Conditions

Resolvins

Resolvin D-series (e.g., RvD1-RvD5) and resolvin E-series
(RvE1-RvE5) are derived from DHA and EPA, respectively.
A growing body of evidence suggests that resolvins potently

reduce inflammatory pain. Intraplantar pretreatment of mice
with very low doses (20 ng) of RvE1 and RvD1, given 10 min
prior to tissue injury, is sufficient to prevent carrageenan
(CRG)-induced inflammatory pain. RvE1 also reduces
CRG-induced neutrophil infiltration and paw edema, along
with decreased expression of proinflammatory cytokines and
chemokines (e.g., TNF-α, IL-1β, IL-6, and CCL2) in in-
flamed paw tissues [53]. Intraplantar RvD1 or RvE1 resulted

Fig. 1 SPMs control pathological pain via neuronal, glial, and immune
regulations. (a) SPMs (e.g., resolvins, protectins, and maresins) are
primarily biosynthesized from omega-3 polyunsaturated fatty acids
EPA and DHA via LOX and COX enzymes. (b) SPMs activate their
respect ive receptors (GPCRs) to regula te inf lammat ion,

neuroinflammation, and neuronal and synaptic plasticity, leading to the
resolution of pain. (c) SPM receptors are expressed on immune cells
(neutrophils, macrophages), glial cells (microglia and astrocytes), and
neurons (DRG neurons and their central terminals). Thus, SPMs promote
pain resolution via immune, glial, and neuronal regulations
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in suppression of formalin-induced acute spontaneous pain
[53]. The potent analgesic actions of resolvins in inflammato-
ry pain are only partially related to its direct anti-inflammatory
actions, as RvE1 is more effective in reducing inflammatory
pain than reducing leukocyte trafficking in terms magnitude
change [53]. Notably, RvD1, RvD1, and RvD2were shown to
differentially regulate the function of TRP channels, key reg-
ulators of inflammatory pain [65]. For example, intraplantar
administration of RvE1 in mice abolished the spontaneous
pain induced by capsaicin (a TRPV1 agonist) but not by mus-
tard oil (a TRPA1 agonist). In contrast, intraplantar adminis-
tration of RvD1 blocked TRPA1 but not TRPV1 agonist–
elicited pain [54]. Intraplantar post-treatment of RvD1 also
reduced CFA-induced mechanical hyperalgesia and allodynia
via TRPA1 inhibition [54]. Further, repeated systemic admin-
istration of AT-RvD1 effectively attenuated CFA-evoked me-
chanical hyperalgesia in rats [57] (Table 1). Resolvins have
also been shown to reduce inflammatory pain via central ac-
tions. Intrathecal (spinal administration) post-treatment with
either RvE1 and RvD1 rapidly reduced CFA-induced heat
and mechanical hypersensitivity [57]. Additionally, pretreat-
ment of RvE1 intrathecally, at very low doses (0.3 and 1 ng),
10 min prior to formalin injection, reduced formalin-induced
2nd phase pain, which is known to be mediated via central
sensitization in the spinal cord [53]. Strikingly, the dose of
RvE1 required to reduce the 2nd phase pain was 100 times
lower than that of morphine and 10,000 times lower than that
of the COX-2 inhibitor NS-398 (Fig. 2a), underscoring the
potency of resolvins [53].

RvD2 is a highly potent inhibitor of TRPV1 (IC50 = 0.1 nM)
and TRPA1 (IC50 = 2 nM) in primary sensory neurons, whereas
RvE1 andRvD1 selectively inhibit TRPV1 and TRPA1, respec-
tively [55]. Accordingly, RvD2, RvE1, and RvD1 differentially

regulated TRPV1- and TRPA1-mediated acute inflammatory
pain and spinal cord synaptic plasticity. Furthermore, intrathecal
RvD2 was found to reverse CFA-induced inflammatory pain
without altering motor function. Intrathecal RvD2 also reversed
C-fiber stimulation–evoked long-term potentiation in the spinal
cord. Collectively, these findings suggest distinct roles of
resolvins in regulating TRP channels and highlight the role of
RvD2 as a potent endogenous inhibitor for TRPV1/TRPA1 and
inflammatory pain [55].

Resolvins have also been shown to exhibit potent analgesic
actions in rodent models of postoperative pain (Table 1).
Postoperative pain after prolonged muscle retraction lasts 3–
4 weeks in humans and rodents [68]. RvE1 and RvD1 were
found to prevent this paw incision–induced postoperative pain
in mice and rats [62]. In a skin–muscle retraction model,
surgery-induced mechanical hypersensitivity can last up to
4 weeks, but was prevented by a single RvD1 treatment in rats
[62]. Similarly, clinical thoracotomy is associated with high in-
cidence of chronic pain, but intrathecal resolvins were interest-
ingly shown to slow and eventually prevent the development of
chronic, post-thoracotomy pain [63]. Notably, post-treatment of
RvD1 at later time points (e.g., postoperative day 9) produced
only transient pain relief (< 1 day) [62], highlighting a time-
dependent role of resolvin in this model. In a mouse model of
postoperative pain induced by tibial bone fracture, intrathecal
post-treatment of RvD1 and RvD5, but not RvD3 and RvD4,
also effectively reduced mechanical and cold allodynia [67].

Several SPMs have also shown efficacy in reducing neuro-
pathic pain after nerve trauma and chemotherapy [59, 61].
Intrathecal injection RvE1 reduced CCI (chronic constriction
injury of the sciatic nerve)-induced neuropathic pain and
microglial reaction in the spinal cord [59]. Chemotherapy-
induced peripheral neuropathy (CIPN) is a dose-limiting side

Table 1 SPMs reduce pathological pain in different rodent models

Pain Model SPMs Species Effects References

Acute inflammation pain

Formalin RvD1, RvD2, RvE1, NPD1 Mice Spontaneous pain ↓ [53–56]

Capsaicin RvD2, RvE1, NPD1, MaR1 Mice Spontaneous pain ↓ [54–58]

CRG RvD1, RvE1 Mice Heat hyperalgesia ↓ [53]
Mechanical allodynia ↓

Chronic inflammation pain

CFA RvD1, RvD2, RvE1, NPD1 Mice Heat hyperalgesia ↓ [53, 55, 56]

Arthritic pain AT-RvD1 Rats Mechanical hyperalgesia ↓ [57]

Neuropathic pain

CCI RvE1, NPD1 Mice Mechanical allodynia ↓ [58, 59]

Spinal cord injury LXA4 Mice Mechanical allodynia ↓ [60]

Chemotherapy RvD1, RvD2, RvD5, MaR1 Mice Mechanical allodynia ↓ [61]

Postoperative pain RvD1, RvD2, MaR1 Rats, mice Mechanical hyperalgesia and allodynia ↓ [62, 63]

Cancer pain RvD1, RvD2 Mice Thermal hyperalgesia ↓ [64]
Mechanical allodynia ↓
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effect of many commonly utilized cytotoxic chemotherapy
drugs used to treat cancer, such as paclitaxel [69, 70]. CIPN-
associated neuropathic pain often results in reduced quality of
life, as well as dose reductions or discontinuation of cancer
therapy [71, 72]. Given a lack of FDA-approved treatment for
CIPN, development of a novel, safe treatment for neuropathic
pain after chemotherapy remains a pressing issue. To this end,
we recently evaluated the analgesic actions of D-series resolvins
in paclitaxel-induced CIPN. Notably, intrathecal injection of
RvD1 and RvD2 (100 ng, i.t.) at 2 weeks led to reversal of
paclitaxel-induced mechanical allodynia in mice [61].

Beyond alleviating neuropathic pain caused by cancer
treatments like chemotherapy, RvD2 itself has also exhibited

anti-cancer and analgesic effects in mouse models of oral
squamous cell carcinoma [64]. RvD2 reduced tumor size by
inhibiting the proinflammatory cytokines IL-6 and C-X-Cmo-
tif chemokine 10 (CXCL10) and reduced tumor necrosis, a
poor prognosticator of malignancies. RvD2 also produced
transient analgesia in xenograft squamous cell carcinoma
models, which was associated with decreased neutrophil infil-
tration and function [64].

Protectin/Neuroprotectin D1

Neuroprotectin D1 (NPD1) is derived from DHA, and the
prefix “neuro” is indicative of the location of PD1 formation

�Fig. 2 Auricular vagus nerve stimulation via EA (aEA) increases RvD1
in DRG tissue and reduces neuropathic pain after paclitaxel (PTX)-in-
duced CIPN in mice. (a) Experimental paradigm for PTX treatment and
unilateral aEA. (b) Standard curve of RvD1 ELISA. R = 0.999. (c) aEA
increases RvD1 levels in DRG 14 days after PTX treatment. **P < 0.01,
***P < 0.001, one-way ANOVA with Bonferroni’s post hoc test, n = 6
mice per group. (d) aEA reduces mechanical allodynia 14 days after PTX
treatment. *** P < 0.001 versus the control group without aEA. Two-way
ANOVAwith Bonferroni’s post hoc test, n = 10mice per group.Methods
for Fig. 2:Adult CD1 mice of both sexes (25–35 g) were purchased from
Charles River Laboratories. All animals were maintained at the Duke
University Animal Facility. Animal experiments were approved by the
Animal Care Committee of Duke University. The location of auricular
EA (aEA) is similar to human points given through two acupuncture
needles on the core area of the right ear. The parameters of EA are
1 mA, 15 Hz, 0.1 ms pulse, and 30 min. To minimize stress during
aEA, mice were lightly anesthetized mice with 1% isoflurane. aEA was
given every other day for 1 week on days 7, 9, 11, and 13. To induce
CIPN in mice, 4 intraperitoneal injections of paclitaxel (2 mg/kg per
injection, Sigma) were given on days 0, 2, 4, and 6. For testing the
mechanical pain threshold, the plantar surface of each hindpaw was stim-
ulated with a series of von Frey fibers with logarithmically incrementing
stiffness (0.02–2.56 g, Stoelting), presented perpendicular to the plantar
surface. The 50% paw withdrawal threshold was calculated using
Dixon’s up-down method [66]. All data were expressed as the mean ±
SEM. All data were analyzed by one-way or repeated measures two-way
ANOVA, followed by Bonferroni’s post hoc test. P < 0.05 was taken as
statistically significant. Mouse RvD1 ELISA was conducted as previous-
ly described [67]. ELISA kit was purchased from Cayman Chemicals
(Catalog number, 500380). The detection sensitivity of this ELISA kit
is 15 pg/ml, which is sufficient to detect RvD1 levels in DRG samples.
Lumbar DRG tissues from both sides were collected from naïve animals
and animals 14 days after PTX treatment. DRGs were homogenized in a
lysis buffer containing protease and phosphatase inhibitors. Tissue sam-
ples were centrifuged at 12,500×g for 10 min and the supernatant was
collected. Protein concentrations were determined by BCA Protein Assay
(Pierce). For each reaction in a 96-well plate, 100 μg of proteins of DRG
samples were used. ELISA was performed according to the manufac-
turer’s protocol. The samples and the competition RvD1 tracer (RvD1
linked to acetylcholinesterase (AChE) were incubated overnight at 4 °C.
The signal in the ELISA plate was developed by Ellman’s reagent, a
substrate of AChE. The optical densities of samples were measured using
an ELISA plate reader (Bio-Rad) at a wavelength of 420 nm and RvD1
levels were calculated using the standard curves. The standard curve was
included in each experiment. The RvD1 values of the samples were in the
linear range of the standard curve
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and actions in vivo. Within neural tissues, NPD1 exhibits po-
tent neuroprotective actions in experimental brain damage,
oxidative-stressed retinal pigment epithelial cells, and human
brain cells exposed to β-amyloid peptides [50, 51, 56, 73].
NPD1 potently inhibits TRPV1 currents without affecting
TRPA1 currents in dissociated mouse DRG neurons. This
inhibition of TRPV1 is mediated by GPCRs, as the effects
are blocked via application of pertussis toxin. Intrathecal ad-
ministration is sufficient to block spinal long-term potentia-
tion (LTP), a synaptic mechanism driving chronic pain [74].
NPD1 also reduces TNF-induced pain hypersensitivity [56].

In the CCI model of neuropathic pain, intrathecal adminis-
tration of NPD1 also reduced mechanical allodynia at a dose
that is 500 times lower than that of gabapentin [58].Moreover,
perisurgical application of NPD1 on the injured sciatic nerve
around the ligature prevented nerve injury–induced mechani-
cal allodynia and ongoing pain and neuroinflammation in the
spinal cord in mice, demonstrating that NPD1 can act through
both peripheral and central mechanisms. Intrathecal post-
treatment of NPD1 2 weeks after CCI produced no apparent
signs of analgesic tolerance, as seen in the reduction of me-
chanical allodynia [58]. Altogether, there is strong evidence to
support the role of NPD1/PD1 treatment in blocking nerve
injury–induced LTP, glial cell activation, and inflammatory
responses, and these mechanisms drive chronic pain in the
spinal cord [58].

Maresins

Another class of macrophage SPMs, termed maresins, is
biosynthesized from DHA (Fig. 1). MaR1 potently inhibits
polymorphonuclear neutrophil infiltration in murine peritoni-
tis (ng/mouse range) and enhances human macrophage uptake
of apoptotic neutrophils. Strikingly, MaR1 also promoted tis-
sue regeneration by accelerating regeneration of head reap-
pearance in planaria after postpharyngeal resection of the
head. MaR1 dose-dependently inhibited TRPV1 currents in
neurons, blocked capsaicin-induced inward currents, and re-
duced inflammatory pain in mice [75]. In mice, intrathecal
postoperative treatment (500 ng) 2 weeks after surgery with
MaR1 reduced chemotherapy-induced neuropathic pain and
bone fracture–induced postoperative pain [67, 75]. MaR1 also
reduced CAG- and CFA-induced inflammatory pain and neu-
trophil and macrophage recruitment to the inflamed skin [76].
After spinal nerve ligation, intrathecal MaR1 administration
inhibited neuropathic pain and spinal glial activation [77]. In a
mouse model of rheumatoid arthritis, persistent pain was not
associated with joint swelling, but instead, was associated
with decreased concentrations of MaR1. Furthermore, sys-
temic MaR1 administration caused sustained reversal of me-
chanical hypersensitivity and reduced inflammatory macro-
phage numbers in DRG [78]. Given that macrophages are
critical contributors to chronic pain pathogenesis by forming

bidirectional communication with nociceptors [79], it remains
important to identify whether endogenous macrophage-
derived maresins contribute to chronic pain resolution.

Lipoxins

Lipoxins, such as lipoxin A4 (LXA4) and lipoxin B4 (LXA4),
are products of arachidonic acid that require interaction with
lipoxygenase for their biosynthesis [80]. Intravenous and in-
trathecal injection of LXA4 and LXB4 has been demonstrated
to reduce CRG-induced inflammatory pain in rats [81].
Lipoxin receptor ALX was shown to be expressed in spinal
cord astrocytes, and LXA4 prevented ATP-mediated phos-
phorylation of JNK (c-Jun N-terminal kinase), a MAPK fam-
ily member, in primary astrocytes in vitro [81]. Notably, JNK
activation in spinal cord astrocytes was implicated in inflam-
matory pain and neuropathic pain [82, 83]. In the case of SCI,
a severe neurological disorder with many disabling conse-
quences, LXA4 has been shown to reduce neuroinflammation
and neuropathic pain following SCI, including persistent neu-
ropathic pain. LXA4 treatment produced significant attenua-
tion of SCI-induced mechanical pain hypersensitivity, spinal
microglial markers, and proinflammatory cytokines character-
istic of SCI-induced glial activation. Important roles of LXA4
also include modulating microglial activation and TNF-α re-
lease through microglial ALX/FPR2 receptors, ultimately re-
ducing neuropathic pain in rodents after spinal cord
hemisection [60]. In a rat model of low back pain, intrathecal
administration of LXA4 not only alleviated neuropathic pain
but also inhibited the upregulation of proinflammatory cyto-
kines TNF-α and IL-1β and increased the expression of anti-
inflammatory cytokines TGF-β1 and IL-10 [84].

Distinct Effects of DHA and DHA-Derived SPMs in
Inflammatory Pain and Neuropathic Pain

It is important to note that DHA and DHA-derived SPMs have
distinct analgesic properties. For example, in contrast to
DHA-derived SPMs, intrathecal DHA post-treatment had no
effects on CCI-induced neuropathic pain or bone fracture-
induced postoperative pain, even when administered at very
high doses (500 μg) [58, 67]. However, pretreatment of DHA
in these conditions was effective [58, 67]. A recent study also
examined the analgesic impact of DHA and DHA-derived
SPMs in a mouse model of postoperative pain induced by
tibial bone fracture [67]. Intravenous perioperative treatment
with DHA (500 μg), RvD1 (500 ng), and MaR1 (500 ng),
10 min and 24 h after the surgery, delayed the development
of fracture-induced postoperative pain. For direct comparison,
intrathecal postoperative treatment (500 ng) weeks after ortho-
pedic surgery with NPD1, MaR1, RvD1, and RvD5 also ef-
fectively reduced mechanical and cold allodynia, yet post-
treatment with DHA (500 μg, i.t.) had no effects [67]. These
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findings suggest that DHA is only effective in pretreatment,
whereas SPMs are effective in both pre- and post-treatment.
Thus, distinct considerations exist for DHA and DHA-derived
SPMs for treating chronic pain. It is also possible that the
biosynthesis pathway for SPMs is impaired in chronic pain.

SPMs Do Not Alter Physiological Pain

Interestingly, despite the potent analgesic properties of
resolvins in attenuating acute and chronic pain in pathological
conditions, resolvins do not interfere with normal pain percep-
tion. Intraplantar, intrathecal, and systemic injection of
resolvins were not observed to affect thermal or mechanical
pain sensitivity in rats and mice under steady-state conditions
[57]. In sharp contrast, classic opioid analgesics such as mor-
phine dramatically decrease basal pain sensitivity. Under
these basal conditions, disruption of physiological pain is
not necessarily desirable or beneficial, as physiological pain
has evolved as a protective response. Moreover, morphine can
produce dose-dependent motor impairment. In contrast, intra-
thecal RvD2 reversed CFA-induced inflammatory pain with-
out altering basal pain sensitivity or motor function [55].
RvD2 also abolished inflammation-induced sEPSC increases
(frequency and amplitude), without affecting basal synaptic
transmission [55]. Therefore, SPMs can serve to restore the
homeostatic balance of pain without risk of swinging the bal-
ance too far in the opposite direction as opioid analgesics can.

SPM Receptor Signaling Mechanisms in Pain

SPMs exert their actions through GPCRs, and multiple SPM
receptors have been identified to date (Fig. 1) [85]. The D-
series resolvins produce their beneficial actions via specific G
protein–coupled receptors, such as GPR32 for RvD1 and
RvD5, and GPR18 for RvD2 [86–88]. Interestingly, there is
evidence that loss of SPM receptors may contribute to disease
progression. For example, down-regulations of mRNA levels
for Gpr18 and Gpr32 were found in oral cancer cells [64]. In
pain regulation, RvE1 inhibits inflammatory pain via
ChemR23. Notably, ChemR23 is expressed in macrophages
and microglia, as well as in TRPV1-expressing sensory neu-
rons [52]. As another example, lipoxin A4 receptor ALXR is
expressed on spinal astrocytes, and lipoxin A4 inhibited ATP-
induced activation of MAPK (JNK and ERK) in cultured as-
trocytes [81]. Oehler et al. also showed that RvD1 and RvE1,
through a peripheral interaction with the μ-opioid receptor,
contributing to the relief of inflammatory pain [89]. LRG6
was recently identified as a receptor for MaR1 and implicated
in phagocytosis [90], but its role in sensory neurons and pain
remains to be investigated.

Recently, we demonstrated that NPD1 binds to GPR37,
expressed in macrophages. NPD1 activation of GPR37 trig-
gers increases in intracellular Ca2+, which regulates

phagocytosis in macrophages [91]. Strikingly, this study dem-
onstrated that NPD1 could trigger GPR37- and Ca2+-depen-
dent macrophage phagocytosis of zymosan particles.
Intraplantar injection of zymosan particles elicited inflamma-
tory pain as well as local immune cell infiltration. The zymo-
san model offers unique advantages in studying inflammatory
pain resolution mechanisms by enabling the examination of
inflammation, phagocytosis, and inflammatory pain in tandem
within the inflamed hindpaw skin. In this model, Gpr37 defi-
ciency and macrophage depletion impaired the resolution of
inflammatory pain by increasing the duration of pain.
Conversely, adoptive transfer of WT but not Gpr37-deficient
macrophage was sufficient to rescue resolution deficits in
Gpr37-KO mice [91].

SPMs and Sham Surgery

In traditional preclinical studies involving surgical proce-
dures, “sham surgery” (or placebo surgery) controls have been
included to simulate the surgical operation, differing from the
experimental condition only by the absence of the final inter-
vention thought to be critically necessary (e.g., nerve injury,
nerve crush, arthroscopy, etc.). Sham surgeries have also been
used to test new surgical approaches in human patients. In this
manner, the sham surgery control group simulates the non-
treatment related surgical interventions in every
nontreatment-related aspect such that investigators can rea-
sonably attribute changes between sham and experimental
groups to the intervention rather than the surgical procedures
involved. Interestingly, sham surgery itself has been demon-
strated to yield substantial benefits in a variety of different
surgical conditions. In a systematic review comparing the
baseline with sham- and active-treatment groups in more than
3500 patients receiving surgical interventions, it was estimat-
ed that sham surgery can account for approximately 65% of
the overall improvements after surgery. Thus, only about one-
third of the improvements were due to the surgical interven-
tion being explored. Moreover, this effect was even more
drastic when narrowed to include only patients with painful
conditions, with sham surgery accounting for 78% of the over-
all improvements after surgery [92]. One frequently drawn
conclusion from these studies is that these benefits are due
to psychological factors influencing patient perception and
their subsequent reaction to treatment (e.g. patients feel better
because they expect they will). However, it is also possible
that sham surgeries, which induce localized inflammatory re-
sponses, may also lead to improvements due to localized or
systemic biochemical changes.

We recently explored whether sham surgery can lead to
changes in RvD1, which has both anti-inflammatory and an-
algesic properties. We examined RvD1 levels using a recently
developed ELISA kit (Cayman Chemical). RvD1 levels were
measured in serum, spinal cord, and brain tissue samples of
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naïve mice, mice after sham surgery, and mice following bone
fracture [67]. Samples were collected on day 5 after surgery,
as DHA produced robust analgesic effects at this time point.
Interestingly, compared to naïve animals and fracture surgery
animals, sham surgery increased RvD1 levels in serum
(63.6 pg/ml in naïve and 273.6 pg/ml in sham, P< 0.05) but
not in brain or spinal cord samples, indicating that serum
RvD1 level may be correlated with resolution of acute pain
in sham animals. Our finding suggests that sham surgery may
serve as a proresolution model. Thus, while links between
inflammation and sustained pain are well-established, future
studies exploring the protective effects of a mild localized
inflammatory response on pain resolution are warranted.

Biosynthetic Enzymes for SPMs

The biosynthesis of SPMs has recently been reviewed [85],
and several enzymes including COX-2 or cytochrome P450,
and 5-lipoxygenase (5-LOX) are required for SPM biosynthe-
sis from fish oil (DHA and EPA). Low-dose aspirin produces
benefits in inflammation-associated chronic diseases, in part
because aspirin initiates the biosynthetic pathway by acetylat-
ing COX-2 [52]. Notably, COX-2 is induced in spinal cord
microglia and neurons after acute inflammation and plays an
important role in inflammatory pain, although its role in per-
sistent neuropathic pain is limited [93, 94]. Thus, biosynthesis
for SPMs could be impaired in chronic pain due to transient
expression of synthetic enzymes after injury. This may also
explain the lack of efficacy in fish oil (e.g., DHA) for chronic
pain, as there is an inability for SPM conversion in fish oil. It is
of great interest to further investigate the temporal expression
with detailed cellular localization of the biosynthetic enzymes
of SPMs.

Pharmacokinetics of SPMs

As local acting lipid mediators, SPMs in general are metabol-
ically unstable and can be rapidly inactivated and metabolized
in vivo. Pharmacokinetics (PK) of SPMs could be estimated
by the duration of pain relief. For example, intrathecal admin-
istration of RvE1 (10 ng) reduced CFA-induced heat
hyperalgesia for < 2 h [53]. Intrathecal administration of
NPD1 (500 ng) reduced CCI-induced mechanical allodynia
for > 3 h, and furthermore, repeated injections of NPD1 did
not produce analgesic tolerance [58], suggesting different PK
of RvE1 and NPD1. Dehydrogenation of the hydroxyl group
in tissue at carbon 18 position to form 18-oxo-RvE1 is the
major initial metabolic route for RvE1, and accordingly, a
modified form of RvE1 (19-pf-RvE1) is metabolically stable
[95]. Notably, this stable form of RvE1 extended the anti-
hyperalgesic effect of RvE1 from 2 to 6 h following intrathe-
cal injection [53]. Furthermore, the anti-inflammatory and
proresolving effects of AT-RvD1 have been prolonged by

constructing novel nanoparticles that contain AT-RvD1 [96].
Hence, improving the PK of SMPs by developing more stable
forms of SPMs or more stable deliverymethods could prolong
and enhance the analgesic and proresolving benefits of SPMs.

Neuromodulation Controls Pain via Neural,
Immune, and Glial Modulations

Neuromodulation via electrical stimulation, such as spinal
cord stimulation (SCS), deep brain stimulation (DBS), trans-
cutaneous electrical nerve stimulation (TENS), vagus nerve
stimulation (VNS), auricular stimulation, and DRG stimula-
tion, as well as electroacupuncture (EA) has been used to
provide pain relief in patients and animals [15, 97–101].
Neuromodulation can also be achieved with transcranial mag-
netic stimulation (TMS) by inducing electrical currents in the
brain [98], although TMS may also directly activate specific
brain regions such as the suprachiasmatic nucleus [102].
Neuromodulation produces pain relief via activation of specif-
ic neural pathways [100, 102], suppression of nociceptive
neuron activities (e.g., wide-dynamic neurons and projection
neurons in the spinal cord [103, 104]), and release of pain
suppressing neurotransmitters and neuromodulators [101].
The gate control theory predicts that stimulation of large my-
elinated Aβ fibers inhibits C-fiber-induced pain via a spinal
cord inhibitory circuit [105]. Significant progress has been
made in revealing the neurocircuits of the spinal cord “gate”
in physiological and pathological conditions [26, 106–108].
SCS and EA could activate Aβ fibers to suppress pain via gate
control [103, 104, 109]. Interestingly, different EA frequency
(e.g., 2, 15, 100 Hz) may release different neuropeptides (e.g.,
enkephalin, endorphin, and dynorphin) for producing
antinociception [101].

However, transient modulation of neuronal activity in the
pain circuits during stimulation cannot account for long-term
benefits of neuromodulation. Increasing evidence suggests that
neuromodulation, such as VNS and SCS, can powerfully regu-
late inflammation and neuroinflammation [110, 111]. EA in-
hibits spinal IL-1β expression and attenuates bone cancer pain
in rats [112]. In a rat model of neuropathic pain, SCS inhibits
glial activation in the spinal cord [113]. EA and sciatic nerve
activation regulate inflammation and immunity through vagus
nerve activation and dopamine release [114]. In a rodent model
of inflammatory muscle pain, manual acupuncture elicits anti-
inflammatory effects by stimulating the release of the anti-
inflammatory cytokine IL-10 from M2-like macrophages. In
mice lacking IL-10, acupuncture became ineffective in reducing
pain behaviors [115]. IL-10 was also implicated in EA analgesia
in a mouse model of paw incisional pain [116].

VNS and auricular stimulation has been shown to alleviate
multiple clinical pain conditions (Table 2), including fibromy-
algia [117], pelvic pain [118], acute migraine [120–122],
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chronic migraine [119], and episodic cluster headache [123].
In 1984, Maixner and Randic demonstrated a role of
antinociception of right vagal nerve trunk in animals [124].
The effect of transcutaneous VNS on pain perception was also
investigated in healthy volunteers. A reduced sensitivity of
mechanically evoked pain and an inhibition of temporal sum-
mation of noxious tonic heat in healthy volunteers point to the
role of vagus nerve in regulation of basal pain perception
[125]. Notably, EA causes neuronal activation in the nucleus
of the solitary tract (NST) to mediate vagal responses [126,
127]. Tracy proposed the concept of “inflammatory reflex,”
suggesting there exists a neural circuit capable of providing
information in real-time to the brain about the body’s inflam-
matory status, therefore enabling a rapid neuron-mediated reg-
ulatory response through the vagus nerve [128].

Recent studies by Serhan and collaborators suggest that
vagus nerve controls inflammation via the production of
SPM [129]. Notably, vagotomy reduced local production of
SPMs, such as RvD1 in exudates, thereby delaying resolution
[130]. The human vagus produces SPMs (e.g., RvE1,
NPD1/PD1, MaR1, RvD5, and LXA4), and electrical stimu-
lation of the vagus nerve in vitro increased SPMs and de-
creased proinflammatory prostaglandins and leukotrienes
[129, 131].

In a pilot study, we investigated whether auricular VNS via
EA (aEA) would increase SPM production and inhibit neuro-
pathic pain in a mouse model of CIPN, induced by paclitaxel
(PTX) injections (Fig. 2a). Of importance, aEA significantly
increased RvD1 level in DRG tissue (P < 0.01, Fig. 2b, c).
Systemic PTX treatment induced reduction in pawwithdrawal
threshold in both hind paws, indicating a development of bi-
lateral mechanical allodynia. Notably, unilateral aEA, applied
after PTX injections, effectively reversed mechanical
allodynia on both paws (P < 0.001, Fig. 2d). Thus, auricular
EA stimulation may alleviate neuropathic pain via producing
SPMs (e.g., RvD1), which is supported by the finding that
RvD1 was effective in attenuating mechanical allodynia even
2 weeks after PTX-induced CIPN in mice [61].

Concluding Remarks and Future Directions

At present, there are two ongoing and partially conflicting
crises in the USA: the opioid epidemic and a crisis in chronic
pain management. The rise in opioid prescriptions to treat a
growing number of painful conditions was, at least in part,
fueled by the superior efficacy of opioids in achieving pain
relief compared to other pharmacotherapies. At the same time,
this rise in opioid use led to a coincident rise in the number of
Americans who experienced severe side effects, accidental
overdose, and addiction, leading to the nationwide opioid ep-
idemic [132]. This urgent crisis is being aggressively combat-
ed from many angles, including the rightful disuse of opioids
for the majority of pain conditions. However, this contributes
to a separate, but coevolving issue: a crisis in pain manage-
ment. As the number of aging adults increases, the prevalence
of chronic pain conditions and pain-related disability is also
rising. Owing to the opioid epidemic and the subsequent dis-
use of opioids to treat the majority of chronic pain conditions,
efficacious pharmacotherapies for pain management are lack-
ing. Thus, there is a critical and urgent need to develop new
strategies which provide safe, effective pain relief.

In this review, we have highlighted two promising, interre-
lated strategies for treating chronic pain: 1) SPMs, which exert
direct analgesic actions while simultaneously promoting pain
resolution, and 2) neuromodulation, which provides effica-
cious pain relief for many patients through neuronal cell–,
glial cell–, and immune cell–mediated mechanisms, including
the induction of SPMs. Compared to many traditional analge-
sics, one particular advantage offered by SPMs is their ability
to potently control neuroinflammation, a critical underlying
etiology which drives the maintenance of chronic pain.
Thus, the combinatorial analgesic and anti-inflammatory
properties of SPMs offers the potential to acutely suppress
pain while concurrently promoting pain resolution, thereby
offering both short- and long-term benefits. However, SPMs
are unstable and expensive to produce, limiting their direct
applications to patients.

Table 2 Auricular vagus nerve
stimulation reduces pain in
multiple clinical conditions

Pain condition Effects References

Fibromyalgia Decrease widespread pain and tenderness [117]

Pelvic pain Decrease evoked pain intensity, temporal summation of pain and anxiety [118]

Chronic migraine Most patients reported pain relief (≥ 50% reduction in visual analog scale) [119]

Acute migraine 47% patients reported pain relief and 21% patients reported pain free [120]

Acute migraine 38% patients had pain relief and 23% patients had pain free [121]

Acute migraine 41% patients had pain relief and 30% patients had pain free [122]

Episodic cluster
headache

Noninvasive VNS (48%) is superior to sham (6%) [119]

In healthy
volunteers

Increase mechanical and pressure pain threshold, decrease temporal
summation of noxious tonic heat

[123]
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Dietary omega-3 fatty acids (e.g., DHA and EPA) are precur-
sors of SPMs and were shown to alleviate inflammatory pain in
patients [133], presumably via their own G protein–coupled re-
ceptors (GPCRs) such as GRP120 [134]. However, the efficacy
of these SPM precursors for pain relief is much lower compared
to their metabolites. For example, the intrathecal dose required
for either DHA and EPA to reduce CFA-induced heat
hyperalgesia is > 1000 times higher than that of RvE1. Thus,
endogenous omega-3-derived resolvins may provide a missing
link between dietary omega-3 fatty acids and control of inflam-
mation and pain 79. In December 2019, the FDA approved an
omega-3 fish oil medication, Vascepa (icosapent ethyl, EPA
only), to reduce the risk of heart attack and stroke in patients at
risk of cardiovascular disease, with 4 g daily taken to achieve
therapeutic effects. High doses of omega-3 fatty acids may act to
bolster biosynthesis of SPMs, whichmay yield unanticipated but
welcomed beneficial effects. Thus, it will be interesting to follow
unique cohorts of patients receiving these drugs and measure

additional clinical parameters, such as pain in patients with
chronic pain conditions as well as SPM profiles. Ramsdon and
coworkers have already showed in a randomized trial that dietary
omega-3 fatty acids may alleviate headache in patients by pro-
ducing SPMs in a randomized trial [135, 136].

Even with many questions answered, key questions still
remain: how do endogenous SPMs contribute to homeostasis,
pain initiation, chronic pain maintenance, and pain resolution?
These questions are challenging to answer but can be done so
through several routes. First, given that host receptors for sev-
eral SPMs have been identified (Fig. 1), knockout mice lack-
ing these receptors can be utilized. However, this can be com-
plicated by the fact that SPMs may act through multiple host
receptors, and receptors may recognize multiple ligands.
Thus, identifying host receptors and their signaling pathways
that mediate the biological functions of different SPMs re-
mains an important question. Additionally, given that SPMs
are biosynthesized through well-characterized biochemical
pathways from parent omega-3 fatty acids, studies investigat-
ing pain pathogenesis in preclinical models with specific die-
tary restrictions (e.g., arachidonic acid deficiency, DHA defi-
ciency) offer another route of interrogation. It will also be of
great interest to study a synergistic effect between healthy diet
and neuromodulation for the resolution of pain through regu-
lation of inflammation and neuroinflammation (Fig. 3).
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