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Abstract: The transition from acute inflammation to chronic pain represents a significant clinical challenge, often driven by a failure 
of endogenous resolution programs. Specialized pro-resolving mediators (SPMs), derived from polyunsaturated fatty acids, are crucial 
for actively terminating inflammation and restoring tissue homeostasis. Maresin 1 (MaR1), a prototypical SPM biosynthesized from 
docosahexaenoic acid (DHA), has emerged as a powerful modulator of pain. This review comprehensively synthesizes the current 
preclinical evidence, primarily derived from preclinical animal models, detailing the analgesic effects of MaR1 across a spectrum of 
pain models, including inflammatory, neuropathic, postoperative, osteoarthritis-related pain, etc. We dissect the multifaceted mechan
isms underlying its efficacy, which extend beyond simple anti-inflammation. MaR1 exerts its effects by: (1) attenuating neuroin
flammation including the suppression of glial (microglia and astrocyte) activation and reprogramming macrophage phenotypes; (2) 
directly modulating neuronal function by inhibiting nociceptive ion channels (e.g. TRPV1) and reversing central synaptic plasticity; 
and (3) promoting robust tissue repair, including peripheral nerve regeneration. These actions are mediated through potential specific 
receptors, notably G-protein-coupled receptor 37-like 1 (GPR37L1) on glial cells and retinoic acid–related orphan receptor α (RORA) 
on neurons. While MaR1 demonstrates significant therapeutic potential, challenges related to its pharmacokinetic instability and 
observed sex-dependent analgesic effects must be addressed for successful clinical translation. This review provides a comprehensive 
mechanistic framework supporting MaR1 as a next-generation therapeutic candidate for pain management, and outlines the core 
research directions to overcome key translational barriers for MaR1-based therapies. 
Keywords: Maresin1, pain modulation mechanism, neuroinflammation resolution, nociceptor modulation, tissue repair

Introduction
Chronic pain remains a pervasive and unmet clinical challenge across multiple clinical disorders, affecting hundreds of 
millions of people worldwide and imposing a heavy burden on individuals and healthcare systems. Conventional 
analgesic therapies, including non-steroidal anti-inflammatory drugs (NSAIDs), opioids and ion channel blockers, 
primarily exert passive symptomatic suppression by blocking pro-inflammatory signaling pathways or nociceptive 
transmission. However, these therapies fail to target the root causes of chronic pain, such as impaired endogenous 
inflammation resolution, neural damage, glial dysregulation, and maladaptive synaptic plasticity, are often accompanied 
by severe side effects such as immunosuppression, opioid tolerance, addiction, and gastrointestinal damage.1,2 The 
transition from acute inflammation to chronic pain remains a central therapeutic challenge across multiple clinical 
disorders, with dysregulation of endogenous resolution programs emerging as a key driver of persistent pain.3–5

Specialized pro-resolving mediators (SPMs) are a class of endogenous lipid autacoids biosynthesized from polyunsatu
rated fatty acids (PUFAs), including ω-3 PUFAs such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA).6 The 
SPM family includes four major subclasses: resolvins, protectins, lipoxins, and maresins, each with distinct biosynthesis 
pathways and biological functions. Resolvins are divided into E-series (from EPA) and D-series (from DHA), which exert 
anti-inflammatory effects by inhibiting neutrophil infiltration and promoting macrophage efferocytosis; protectins (from 
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DHA) are predominantly involved in neuroprotection and tissue repair; lipoxins (from arachidonic acid) are the first 
discovered SPMs and regulate early inflammation resolution; maresins (from DHA) are newly identified SPMs with unique 
pro-regenerative and analgesic properties.7,8 All SPMs share a core biological function: actively orchestrating the termination 
of acute inflammation, restoring tissue homeostasis and maintaining immune balance, which is fundamentally different from 
traditional anti-inflammatory agents that only passively inhibit pro-inflammatory signals and cannot promote the return to 
physiological immune and tissue homeostasis. Developing therapeutics based on SPMs—resolution pharmacology—has 
become a novel and promising direction for chronic pain treatment.9,10

Among these, maresin-1 (MaR1), the prototypical member of the maresin family, has attracted increasing attention for its 
potent anti-inflammatory, pro-regenerative, and neuroprotective properties, positioning it as a promising endogenous mod
ulator of pain.11 MaR1 as an endogenous specialized pro-resolving mediator (SPM), is biosynthesized from the ω-3 
polyunsaturated fatty acid docosahexaenoic acid (DHA) via the lipoxygenase (LOX) pathway. First isolated and characterized 
from activated human macrophages in 2009,12 MaR1 is chemically defined as 7R,14S-dihydroxydocosa 
-4Z,8E,10E,12Z,16Z,19Z-hexaenoic acid. Rather than merely blocking the initiation of inflammation—an action typical of 
conventional anti-inflammatory agents—MaR1 actively drives resolution, thereby restoring tissue homeostasis.13 MaR1 
exerts potent, nanomolar-range bioactivity through potential specific receptors, including leucine-rich repeat-containing 
G-protein-coupled receptor 6 (LGR6),14 retinoic acid-related orphan receptor α (RORA),15 and G-protein-coupled receptor 
37-like 1 (GPR37L1).16 However, the evidence for these receptor–ligand relationships remains limited and controversial. The 
cell-type–restricted expression of these receptors across immune, neural, and parenchymal cells underpins MaR1’s capacity 
for precise, multi-tissue modulation without overt immunosuppressive side effects.

Pain initiation and persistence are intimately coupled to inflammatory cascades, neural damage, glial activation, and 
non-inflammatory pathological processes such as maladaptive synaptic plasticity and central sensitization.17 Maresin-1 
(MaR1) selectively engages these critical pathophysiological nodes, thereby exerting pronounced analgesic efficacy 
across diverse pre-clinical pain models.18,19 Beyond directly modulating nociceptive signaling in neuropathic states, 
MaR1 simultaneously remodels the inflammatory microenvironment and repairs tissue damage, achieving a synergistic 
“symptom-plus-cause” analgesia.20 This multi-level mechanistic coverage positions MaR1 as a novel therapeutic strategy 
for chronic pain management. However, MaR1 faces the general challenges of developing lipid-based therapeutics, 
including rapid enzymatic metabolism, short biological half-life, poor water solubility, and delivery difficulties, which 
limit its direct clinical application.

While previous reviews have focused on the lipidomics of SPMs or the single mechanism of MaR1 in inflammation, this 
review uniquely synthesizes the tripartite interaction between neurons, glia, and immune cells underlying MaR1’s analgesic 
effects, and systematically integrates its analgesic spectrum, multi-target mechanisms, and translational strategies. 
Accordingly, this review will systematically collate the evidence for MaR1 across diverse pain phenotypes, dissect the 
molecular mechanisms by which it achieves analgesia via “modulation of neuronal excitability, correction of immune– 
inflammatory dysregulation, and facilitation of tissue repair,” and critically evaluate the distinct signaling cascades involved. 
Emphasis will be placed on receptor- and cell-type-specific pathways with cautious discussion of mechanistic uncertainties, 
translational pharmacokinetics, formulation strategies, and sex-dependent efficacy—key determinants for clinical translation. 
The review aims to provide a mechanistic framework supporting MaR1 as a next-generation therapeutic for chronic pain and 
to chart actionable directions for mitigating its persistence and refractoriness in the clinic.

Analgesic Spectrum of MaR1: Beneficial Effects Across Diverse Pain Types
As a key endogenous molecule that promotes inflammation resolution and tissue repair, MaR1 has demonstrated 
significant analgesic potential across various preclinical pain models.13,21 Its analgesic spectrum encompasses inflamma
tion-dominant pain, pain resulting from nerve injury, and other mixed or specific pain states. All preclinical studies on 
MaR1’s analgesic effects are systematically summarized in Table 1.

Inflammatory Pain
MaR1 exhibits potent analgesic effects in various acute and chronic inflammatory pain models. In mouse plantar inflammation 
models induced by carrageenan or complete Freund’s adjuvant (CFA), local or intrathecal administration of low-dose 
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Table 1 The Summary of Core Experimental Details, Outcomes, and Mechanisms of MaR1 in Various Pain Models

Pain Model Species MaR1 Dose/Administration Route Primary Mechanism Reference

Neuropathic pain induced by 
streptozotoxin (STZ, diabetic) 

and paclitaxel (PTX, 

chemotherapy)

Mice In vivo: 100 ng per mouse, intrathecal 
injection; 10 ng/2μL per mouse, 

ganglionic injection); In vitro: 100 nM, 

100 ng/mL, cell/tissue culture 
intervention

MaR1 reverses STZ- and PTX-induced 
mechanical allodynia (effective in WT 

mice, ineffective in KO mice); rescues 

chemotherapy-inhibited SGC potassium 
channel function; Mechanism: As 

a GPR37L1 ligand, MaR1 regulates surface 

expression and potassium influx of 
KCNJ10 in mouse SGCs, KCNJ3/KCNJ10 

in human SGCs, and inhibits IL-1β release

[16]

Orofacial inflammatory pain 

(complete Freund’s adjuvant, 

CFA-induced 
temporomandibular joint 

inflammation)

Mice 0.04–0.35 nM slice perfusion/TG 

neuron culture

Inhibits capsaicin-induced TRPV1 currents  

(IC50=0.11 nM in TG neurons) and 

neuronal activation; blocks TMJ 
inflammation-evoked synaptic plasticity; 

Mechanism: Acts via Gαi-coupled GPCRs 

to selectively inhibit TRPV1 and reduce 
excitatory synaptic transmission

[19]

Peripheral nerve injury (PNI): 

sciatic nerve crush injury and 

sciatic nerve chronic 
constriction injury (CCI)

Mice In vivo: 500 ng/mouse (local application 

via sterile gelatin sponge); 10 or 100 ng/ 

mouse (intrathecal injection)

Promotes nerve regeneration, relieves 

neuropathic pain and muscle atrophy; 

Mechanism: Regulates neurite outgrowth 
via PI3K-AKT-mTOR pathway, inhibits 

TRPV1 currents, spinal glial activation and 

proinflammatory cytokine production

[20]

Inflammatory pain 

(carrageenan/CFA-induced 
plantar inflammation)

Mice 1/3/10 ng, intrathecal (i.t., L4-L6, 10 μL); 

0.3/1/3 ng mL−1 (in vitro DRG culture

Mechanical and thermal hyperalgesia 

alleviated (long-lasting: 5 days for 
pretreatment, 3 days for post-treatment); 

spinal GFAP-positive astrocyte and IBA- 

1-positive microglia activation reduced; 
spinal TNF-α, IL-1β levels and NF-κB p65 

phosphorylation decreased; DRG Nav1.8 

and Trpv1 mRNA expression, calcium 
influx and capsaicin-induced CGRP 

release reduced; neutrophil and 

macrophage recruitment near CGRP+ 
fibres decreased

[21]

Neuropathic pain (spared 
nerve injury, SNI)

Mice 50 μg/kg, voluntary oral intake Mechanical hypersensitivity relieved in 
both sexes; pain affective component 

improved in males; spinal Iba-1+ microglial 

and GFAP+ astrocytic activation reduced; 
spinal M-CSF concentration slightly 

increased in males

[22]

Spinal cord injury (SCI): spinal 

cord contusion injury (T11 

vertebrae, 60 kilodynes force)

Mice 1 μg per mouse, intravenous injection Improves locomotor recovery, reduces 

secondary tissue damage; Mechanism: 

Promotes inflammation resolution by 
silencing STAT/MAPK pathways, reducing 

proinflammatory cytokines, redirecting 

macrophages to prorepair phenotype and 
enhancing neutrophil phagocytosis

[23]

(Continued)
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(nanogram level) MaR1 effectively alleviates mechanical allodynia and thermal hyperalgesia.21,27,28 Its analgesic mechanism 
is directly associated with MaR1’s robust pro-resolving properties, including inhibiting excessive neutrophil infiltration into 
inflammatory sites, inducing macrophage polarization toward the M2 phenotype, reducing the sustained sensitization of 
peripheral nociceptors by inflammatory factors, and downregulating pro-inflammatory cytokines (TNF-α, IL-1β) and NF-κB 
activation in the spinal cord,20,22 etc.

Neuropathic Pain (NP)
Neuropathic pain is a chronic pain directly caused by damage to or disease of the somatosensory nervous system, with 
mechanisms involving the sensitization of both peripheral and central nervous systems.29,30 MaR1 has demonstrated 
significant efficacy in various NP models:

Traumatic Nerve Injury Models
In models such as spinal nerve ligation (SNL), chronic constriction injury (CCI), and sciatic nerve crush (SNC), 
intrathecal injection or local application of MaR1 not only prevents but also effectively reverses established mechanical 
allodynia and thermal hyperalgesia.20 The analgesic effect of MaR1 in traumatic nerve injury models is sustained for 
several days, which is superior to traditional anti-inflammatory agents with short-term effects and rapid tolerance.

Neuroprotective and Regenerative Effects
Beyond alleviating pain symptoms, MaR1 also exhibits potential in promoting nerve regeneration.20,23 In the 
sciatic nerve crush model, MaR1 was more effective than nerve growth factor (NGF) in facilitating the recovery of 
sensory and motor functions, reducing dorsal root ganglion (DRG) neuron damage (evidenced by decreased ATF3 
expression), promoting neural pathway reconstruction (increased DiI-labeled neurons) and axonal regeneration 
(elevated NF200 expression), as well as inhibiting muscle atrophy following nerve injury.20 In vitro experiments 
confirmed that MaR1 can directly promote axonal growth of DRG neurons. Its regenerative mechanism may 
involve the activation of the PI3K-AKT-mTOR signaling pathway.20

Table 1 (Continued). 

Pain Model Species MaR1 Dose/Administration Route Primary Mechanism Reference

Postoperative pain after tooth 

extraction (maxillary first 
molar extraction)

Rat Topical application: 0.001–0.5 μg/μL Accelerates soft tissue wound healing and 

socket bone fill; reduces postoperative 
pain and buccal bone resorption; 

Mechanism: Increases CD206+/CD68+ 

M2-like macrophage ratio to promote 
anti-inflammatory and pro-reparative 

microenvironment

[24]

Osteoarthritis pain 

(monosodium iodoacetate, 

MIA-induced knee joint 
degeneration)

Mice 500 ng per mouse, intraperitoneal 

injection

Alleviates MIA-induced joint pain 

behaviors and reduces DRG neuronal 

excitability; Exerts analgesic effects via the 
nuclear receptor RORA to suppress 

TRPV1-mediated calcium influx in DRG 

neurons

[25]

Localized provoked vulvodynia 

(LPV, zymosan-induced vulvar 
allodynia)

Mice In vitro (fibroblasts): 5 nM; In vivo 

(mice): 1 mg/day, topical application

In vitro: Reduces IL-6 and PGE2 

production in human vulvar fibroblasts; In 
vivo: Increases mechanical sensitivity 

thresholds (alleviates allodynia) in mice; 

Mechanism: Resolves inflammation by 
suppressing pro-nociceptive inflammatory 

mediators (IL-6, PGE2) without impairing 

host defense

[26]
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Chemotherapy-Induced Peripheral Neuropathy (CIPN)
MaR1also shows analgesic effects in chemotherapy-induced pain models, such as those induced by paclitaxel or 
oxaliplatin.31

Other Types of Pain
Postoperative Pain (POP)
In the mouse femoral fracture postoperative pain (fPOP) model, perioperative intravenous injection of MaR1 
effectively delays the development of mechanical allodynia and cold allodynia.32 Intrathecal injection of MaR1 
also efficiently alleviates established fPOP. Notably, MaR1 is far more potent than its precursor docosahexaenoic 
acid (DHA) in preventing fPOP (requiring a 1000-fold lower dose). In the fPOP model, the analgesic effect of 
MaR1 is superior to that of Resolvin D1 (RvD1). In a rat model of tooth extraction, local application of MaR1 not 
only accelerates soft tissue healing and alveolar socket bone filling, and preserves alveolar ridge morphology, but 
also significantly reduces immediate postoperative pain scores.24 This indicates that MaR1 possesses dual potential 
for promoting healing and relieving pain after oral surgery.13,24 MaR1 also exhibits analgesic effects in other types 
of postoperative pain models, such as thoracotomy-induced pain and muscle stretch pain.33

Osteoarthritis Pain (OA)
In the monosodium iodoacetate (MIA)-induced mouse OA model, intraperitoneal injection of MaR1 (500 ng) signifi
cantly alleviates established OA-like pain behaviors (evidenced by increased von Frey threshold and improved dynamic 
weight-bearing). Its analgesic effect can last for several days. MaR1 also reduces the expression of pain-related calcitonin 
gene-related peptide (CGRP) and F4/80+ macrophage infiltration in the dorsal root ganglion (DRG) of OA mice, and 
decreases the proportion of CD68+ activated macrophages.25,34

Orofacial Pain
In TMJ-related trigeminal nociceptors, MaR1 potently inhibits capsaicin-induced TRPV1 channel currents and 
neuronal activity. Its half-maximal inhibitory concentration (IC50) for TRPV1 inhibition is lower in trigeminal 
ganglion (TG) neurons than in dorsal root ganglion (DRG) neurons (0.11 nM vs 0.17 nM), indicating a tissue- 
specific and cell-type-specific inhibitory effect of MaR1 on nociceptive ion channels. On brain slices of the spinal 
trigeminal caudal nucleus (Sp5C), MaR1 blocks capsaicin-induced enhancement of excitatory synaptic transmis
sion (increased frequency of spontaneous excitatory postsynaptic currents, sEPSCs) and reverses synaptic plasti
city changes caused by CFA-induced TMJ inflammation.19,35 These results suggest that MaR1 has potential as 
a novel endogenous inhibitor for the treatment of TMJ inflammatory pain.

Local Provoked Pain
In the zymosan-induced mouse vulvodynia model, topical application of MaR1 increases the mechanical sensitivity threshold 
(ie, relieves pain) and reduces the level of prostaglandin E2. In vitro, MaR1 also significantly decreases the production of 
pronociceptive inflammatory mediators interleukin-6 (IL-6) and prostaglandin E2 (PGE2) by vulvar fibroblasts derived from 
patients with localized provoked vulvodynia (LPV).26 Pre-treatment with MaR1 yields more pronounced suppression of pro- 
inflammatory mediator release than post-treatment, suggesting that early intervention with MaR1 may be a more effective 
therapeutic strategy for local provoked pain associated with fibroblast activation and chronic tissue inflammation. This 
suggests that MaR1 may be effective in the treatment of local provoked pain such as LPV.

The Core Mechanisms of Maresin-Mediated Pain Regulation
Maresin 1 (MaR1) exerts potent analgesic effects by coordinately regulating three core pathophysiological nodes: 
neuroinflammation, neuronal function, and tissue repair (as shown in Figure 1). The actions of MaR1 are mediated 
through potential-specific receptors, whose receptor–ligand relationships and downstream intracellular signaling path
ways remain under active investigation and validation in the SPM field. A critical and objective discussion of the 
evidence for MaR1 receptor assignments is necessary for an unbiased review: supporting evidence mainly comes from 
in vitro binding assays, cell function experiments, and knockout mouse models, while major limitations include lack of 
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human sample validation, cross-reactivity with other lipid mediators and orphan GPCRs, and inconsistent results in 
different pain models and species. Below is a detailed elaboration of the cell-type-specific functional consequences and 
downstream intracellular signaling pathways of MaR1’s action on different immune and neural cells, which is the core 
mechanistic basis of its analgesic effect.

Attenuation of Glial Reactivity
The analgesic effect of MaR1 is attributed to its potent anti-inflammatory and pro-resolving properties.36 Chronic pain is 
increasingly recognized as a neuroinflammatory disorder, characterized by the sustained activation of spinal and 
supraspinal glial cells (microglia and astrocytes) and the infiltration of peripheral immune cells into neural structures 
(eg, DRG, spinal cord).37 Maresins target these processes at multiple levels. By remodeling the inflammatory micro
environment, MaR1 reduces the sustained stimulation of nociceptors caused by pro-inflammatory mediators, thereby 
facilitating analgesia.38

In neuropathic pain states, microglia and astrocytes in the spinal dorsal horn become reactive, releasing a barrage of 
pro-nociceptive mediators that enhance central sensitization.39,40 MaR1 acts as a potent “off-switch” for this glial 
activation. Neuro-inflammation modulation by MaR1 is characterized by a marked suppression of spinal glial activation 
after spared-nerve injury (SNI). Quantitative immunofluorescence revealed that MaR1 treatment significantly decreased 
Iba-1 (microglia) and GFAP (astrocyte) signal intensities in the spinal dorsal horn, thereby attenuating local neuro- 
inflammation, MaR1 can effectively reduce the concentration of macrophage colony-stimulating factor (M-CSF) in the 
spinal cord; however, this reduction exhibits a gender bias, with male subjects deriving greater benefit from MaR1 

Figure 1 Schematic diagram of the core mechanisms underlying MaR1-mediated analgesia and tissue repair in chronic pain. Upward arrows (↑) represent an increase in 
expression, activity or cellular function; downward arrows (↓) represent a decrease in expression, activity or cellular function.
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intervention,22 which is the key cellular and molecular reason for the sex-dependent analgesic efficacy of MaR1 in 
neuropathic pain models.

The analgesic effect of MaR1 is not just suppressive; it is homeostatic. Single-nucleus RNA sequencing (snRNA-seq) 
identifies GPR37L1 as a GPCR highly enriched in spinal dorsal horn (SDH) astrocytes.41 Following peripheral nerve 
injury, astrocytic GPR37L1 expression is reduced. MaR1 binding to GPR37L1 on astrocytes specifically enhances the 
activity and expression of the glutamate transporter GLT-1 (EAAT2)—the core downstream functional consequence of 
this receptor–ligand interaction. This accelerates glutamate clearance from the synaptic cleft, preventing extrasynaptic 
glutamate accumulation and subsequent excitotoxicity.41 This results in a marked reduction in both the frequency and 
amplitude of excitatory postsynaptic currents (EPSCs) in dorsal horn neurons, dampening central sensitization. The 
analgesic effect of intrathecal MaR1 is abolished in Gpr37l1-knockout mice, confirming this astrocyte-specific, 
GPR37L1-dependent mechanism.41 However, the direct binding affinity between MaR1 and GPR37L1 is only validated 
in mouse astrocyte models, and no direct binding data and functional validation in human astrocyte and neural tissue 
samples are available to date.

Reprogramming of Macrophage Phenotypes
Macrophages infiltrating the DRG and injured nerves are key determinants of pain persistence. MaR1 exerts antinoci
ceptive effects in persistent pain states by orchestrating macrophage-mediated inflammation.42 In the K/BxN serum- 
transfer arthritis model, resolution-phase joint swelling is accompanied by sustained hypersensitivity that coincides with 
markedly reduced MaR1 levels in dorsal-root-ganglion (DRG) tissue and a concomitant increase in pro-inflammatory 
(M1) macrophage infiltration. In vitro, MaR1 suppresses lipopolysaccharide-stimulated peritoneal macrophage polariza
tion toward an M1 phenotype, as evidenced by decreased expression of TNF-α, IL-6, inducible nitric oxide synthase 
(NOS2), and miR-155. The downstream intracellular signaling mechanism by which MaR1 inhibits macrophage M1 
polarization and exerts anti-inflammatory effects may involve the regulation of miR-155, which is known to modulate 
TNF-α and NOS2 production and NF-κB signaling, thereby blocking the release of pro-inflammatory cytokines. In vivo, 
repeated systemic administration of MaR1 diminishes the abundance of M1 macrophages in both DRG and joint 
compartments; this macrophage re-programming correlates with reversal of persistent hypersensitivity. The sustained 
analgesic effect appears to be mediated primarily by long-term modulation of macrophage infiltration and function rather 
than by acute anti-inflammatory actions.

Similarly, in an osteoarthritis model, maresin-1 (MaR1) exerts multi-level control over pain signaling and inflammation 
within dorsal-root-ganglion (DRG) neurons.25 It down-regulates the nociceptive marker calcitonin gene-related peptide 
(CGRP) in the DRG, thereby attenuating nociceptive transmission. MaR1 also markedly reduces the number of activated 
macrophages—both F4/80+ and CD68+ subsets—in the DRG, alleviating localized neuroinflammation. Additionally, sys
temic administration of MaR1 lowers circulating levels of interferon-γ (IFN-γ), eotaxin-2, and interleukin-2 (IL-2), further 
diminishing the impact of systemic inflammation on DRG nociceptive signaling.

Maintenance of Satellite Glial Cell Homeostasis
G-protein-coupled receptor 37-like 1 (GPR37L1) is classified as an orphan GPCR.43 Prosaposin and its derived peptides, 
such as TX-14, have been suggested as potential ligands for both GPR37 and GPR37L1, demonstrating neuroprotective 
and glioprotective effects.44,45 Studies have demonstrated that GPR37L1 is highly expressed in DRGs of both mice and 
humans and is selectively localized to satellite glial cells (SGCs).16 In human SGCs, the receptor is enriched at the soma- 
neurite interface that faces the neuron, providing an anatomical substrate for neuron–glia communication. In streptozo
tocin (STZ)-induced diabetic neuropathy and paclitaxel (PTX)-induced chemotherapy-related neuropathy models, mem
brane-associated GPR37L1 is markedly reduced, whereas maresin-1 (MaR1) has been identified as a selective ligand that 
exerts its effects through direct binding to GPR37L1.

Mechanistically, MaR1 modulates potassium channel function via GPR37L1: in murine SGCs it rescues PTX-impaired 
plasma-membrane localization of KCNJ10 (Kir4.1) and restores inwardly rectifying K+ currents, whereas in human SGCs it 
enhances the activity of KCNJ3 (Kir3.1). Simultaneously, MaR1 suppresses PTX-evoked release of the pro-inflammatory 
cytokine IL-1β from SGCs via GPR37L1-mediated signaling, thereby preserving potassium homeostasis and attenuating 
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neuroinflammation. Intrathecal or DRG-restricted administration of MaR1 significantly alleviates neuropathic pain in both 
STZ and PTX models, an effect that is abolished in Gpr37L1-deficient mice, confirming that the analgesic action is GPR37L1- 
dependent. Moreover, the human GPR37L1-E296K variant, which disrupts receptor function, increases susceptibility to 
chronic pain, further underscoring the importance of GPR37L1 in nociceptive processing.16

Regulation of Non-Immune Cells
Pain is also driven by non-immune, non-neuronal cells, such as fibroblasts, which release pro-nociceptive mediators.46 

Maresin-1 (MaR1) could attenuate localized provoked vulvodynia (LPV) by reprogramming the inflammatory secretome 
of vulvar fibroblasts.26 In vitro, MaR1 applied either before (pre-treatment) or after (post-treatment) inflammatory 
challenge markedly reduced IL-6 and prostaglandin E2 (PGE2) release from LPV-patient-derived vulvar fibroblasts, 
with pre-treatment yielding the more pronounced suppression. In a mouse model of vulvar pain, topical MaR1 decreased 
local PGE2 concentrations and simultaneously elevated mechanical pain thresholds, reversing hyperalgesia more 
effectively than vehicle. These effects are attributable to MaR1-mediated restriction of pro-nociceptive mediator secre
tion by vulvar fibroblasts, underscoring its therapeutic relevance in LPV.

Direct Modulation of Nociceptor Function and Synaptic Plasticity
Beyond its actions on glia and immune cells, MaR1 directly modulates the excitability of primary sensory neurons and 
the plasticity of central pain circuits.

Inhibition of Nociceptive Ion Channels
Peripheral sensitization is driven by the post-translational modification and sensitization of nociceptive ion channels, 
particularly TRPV1 (Transient Receptor Potential Vanilloid 1).47 A mechanistic study of MaR1 in the trigeminal system 
demonstrated potent, dose-dependent suppression of capsaicin-evoked TRPV1 currents in trigeminal ganglion (TG) 
neurons, with an IC50 = 0.11 nM.19 MaR1 completely abolished capsaicin-triggered action-potential firing but had no 
effect on TRPA1 currents, confirming its high selectivity for TRPV1 among nociceptive ion channels. This rapid, acute 
inhibition of TRPV1 is Gαi-coupled GPCR-dependent, as it was abolished by pertussis toxin (PTX).19 This Gαi signaling 
likely inhibits adenylyl cyclase, reduces cAMP levels, and decreases PKA-mediated phosphorylation of TRPV1, thereby 
reducing channel sensitization.

This neuronal inhibition is also RORA-dependent, involving a slow, genomic regulatory mechanism that comple
ments the rapid non-genomic Gαi signaling pathway, forming a dual regulatory mechanism of MaR1 on nociceptive ion 
channels. In an OA model, MaR1 significantly suppresses DRG neuronal excitability.25 Calcium-imaging experiments 
revealed that MaR1 dose-dependently attenuates capsaicin-evoked Ca2+ influx in DRG neurons. This effect is contingent 
upon the nuclear receptor RORA: co-application of the RORA inverse agonist SR3335 completely reversed MaR1- 
mediated suppression. MaR1 regulates the functional response of DRG neurons via RORA, and reduces the calcium 
response of DRG neurons induced by the TRPV1 agonist capsaicin, thereby exerting an analgesic effect in osteoarthritis. 
This suggests a dual mechanism: rapid Gi/o coupled inhibition and slower, RORA-mediated transcriptional regulation of 
the nociceptive machinery.

However, the direct inhibitory effects may be context-dependent. Some studies note that MaR1, compared with gaba
pentin, exerts modest direct inhibitory effects on DRG neurons and produces no acute systemic analgesia, implying its primary 
antinociceptive action arises from long-term modulation of the inflammatory milieu rather than rapid neuronal block.42

Attenuation of Synaptic Plasticity
The transition to chronic pain involves robust synaptic plasticity in the spinal dorsal horn, manifesting as long-term 
potentiation (LTP) of C-fiber inputs.48 MaR1 can reverse this central sensitization. At the synaptic level, MaR1 did not 
alter basal spontaneous excitatory postsynaptic currents (sEPSCs) in superficial lamina neurons of the caudal subnucleus 
of the spinal trigeminal tract (Sp5C).19 However, it fully blocked capsaicin-induced increases in sEPSC frequency. In 
a CFA-induced TMJ inflammation model, MaR1 reversed inflammation-evoked elevations in sEPSC frequency and 
amplitude, indicating central antinociceptive actions. This effect is likely secondary to its actions on both presynaptic 
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TRPV1-expressing terminals (reducing glutamate release) and postsynaptic glial regulation (via GPR37L1-mediated 
glutamate uptake).

Promotion of Tissue Repair and Regeneration
Peripheral Nerve Regeneration
Maresin-1 (MaR1) exerts robust pro-regenerative effects after peripheral nerve injury (PNI). In vitro, MaR1 stimulates neurite 
outgrowth from dorsal-root-ganglion (DRG) neurons in a dose-dependent manner, with a half-maximal effective concentra
tion (EC50) of ≈1 ng/mL—substantially lower than that of nerve growth factor (NGF, 7–9 ng/mL). At 10 ng/mL, MaR1 
outperforms the same concentration of NGF in extending neurite length.4

In vivo, local application of MaR1 in a mouse sciatic-nerve crush model reduces neuronal injury (fewer ATF-3+ DRG 
neurons), accelerates pathway re-establishment as verified by Dil tracing, and mitigates gastrocnemius atrophy (increased 
muscle mass and volume). Functionally, MaR1 accelerates both motor and sensory recovery. Rotarod assays show 
superior and faster restoration of complex motor performance compared with NGF, while footprint analysis and 
nociceptive tests further demonstrate its advantage in basic locomotion and sensory recovery.

Accelerating Healing of Other Tissues
Maresin-1 (MaR1) plays a pivotal role in promoting wound healing and alveolar-bone regeneration of rat extraction 
sockets.24 Following extraction of the maxillary first molar, gelfoam sponges pre-loaded with graded concentrations of 
MaR1 or saline were placed in the sockets and locally administered twice weekly until wound closure. Comprehensive 
assessment was conducted through macroscopic inspection, histomorphometry, micro-CT, immunohistochemistry, and 
pain behaviour.

Macroscopically, MaR1 accelerated soft-tissue healing; at an optimal concentration, the wound closure rate on post- 
operative day 10 was significantly higher than that of controls, accompanied by smaller residual openings and more rapid 
epithelial regeneration. In the osseous compartment, MaR1 enhanced socket bone fill, attenuated buccal cortical resorption, 
increased alveolar-ridge width, and reduced vertical bone loss, thereby effectively preserving alveolar architecture.

At the cellular level, MaR1 skewed macrophage polarization toward the M2 phenotype, as evidenced by an elevated 
M2/M1 ratio, thereby promoting an anti-inflammatory, pro-reparative milieu. Behaviourally, MaR1 alleviated post- 
operative pain, with treated animals displaying lower pain-related scores as early as one day after extraction. 
Collectively, topical MaR1 application improves extraction-socket healing by simultaneously accelerating soft-tissue 
closure, stimulating bone regeneration, modulating macrophage phenotype, and reducing post-operative pain, offering 
a promising therapeutic strategy for clinical alveolar-ridge preservation and subsequent implant rehabilitation.

Previous work has demonstrated that maresin-1 (MaR1) markedly accelerates tissue regeneration in planarians.13 

Following head amputation, exposure to 1–100 nM MaR1 dose-dependently expedites cephalic restoration; pronounced 
regenerative effects are evident within 3–4 days post-injury, with 100 nM MaR1 producing the most robust response. 
Mechanistically, injured planarians convert deuterium-labeled DHA into endogenous MaR1, and this biosynthesis is 
blocked by lipoxygenase (LOX) inhibitors, which concomitantly delay regeneration. Administration of exogenous MaR1 
fully rescues the regenerative delay caused by LOX inhibition, confirming an obligate role for MaR1 in the process.

Translational Considerations and Therapeutic Potential
Despite the overwhelming preclinical evidence, the translation of maresins from bench to bedside faces significant 
hurdles, including pharmacokinetic instability, delivery challenges, and biological variability such as sex differences.

Pharmacokinetics, Stability, and Delivery
Like most lipid mediators, MaR1 has a very short biological half-life, as it is rapidly metabolized and inactivated by enzymatic 
processes (eg, ω-oxidation and β-oxidation).49 This rapid enzymatic metabolism and short biological half-life mean that simple 
systemic injection of free MaR1 is unlikely to achieve sustained therapeutic concentrations at the target site (eg, the DRG, spinal 
cord, or peripheral injured nerves)—which is the single biggest and most fundamental hurdle for MaR1’s clinical translation and 
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application. In addition, the poor water solubility of MaR1 as a lipid mediator further limits its clinical application, as it cannot be 
formulated into conventional aqueous injections and is difficult to achieve targeted delivery to pain-related tissues and cells. 
Notably, MaR1’s dose–response curve is bell-shaped,50 which adds another challenge: it exerts optimal analgesic effects only 
within a narrow dose range, complicating the determination of a safe and effective clinical dosage.

To overcome this, two primary strategies are being explored:

Stable Analogs
Medicinal chemistry efforts have yielded synthetic MaR1 analogs that are resistant to metabolic degradation (eg, 
modifications at the carboxyl terminus or hydroxyl groups). These stable analogs often retain the biological activity of 
the parent compound and exhibit superior pharmacokinetic profiles and in vivo efficacy.51 However, potential off-target 
effects and non-specific receptor binding of MaR1 analogs are key safety concerns that need to be addressed: structural 
modifications may alter the receptor-binding specificity of MaR1, leading to unintended effects on immune and neural 
cells and potential side effects. In addition, long-term efficacy and systematic safety evaluation of MaR1 analogs in large 
animal models (eg, non-human primates) are still lacking, which is a necessary step for clinical translation.

Advanced Delivery Systems
Encapsulating MaR1 within nanocarriers (eg, liposomes, polymeric nanoparticles, or hydrogels) can protect it from 
degradation, increase its solubility, and provide controlled, localized release at the site of injury or inflammation.52,53 For 
example, MaR1-loaded hydrogels applied locally to an injured nerve could provide sustained release, promoting 
regeneration and long-term analgesia.20,54 These delivery systems not only solve the core pharmacokinetic problems 
of MaR1 (degradation, solubility) but also minimize systemic side effects via local and targeted delivery, which is 
particularly suitable for the treatment of localized chronic pain (eg, OA, peripheral nerve injury, oral pain, post-surgical 
pain). However, the feasibility of large-scale industrial production and clinical application of these delivery systems 
remains to be verified, and the biocompatibility, long-term degradation, and potential immune response of nanocarriers/ 
hydrogels need further systematic evaluation in animal models and human clinical trials.

Sex-Specific Analgesic Effects
The field of pain research has increasingly recognized profound sex dimorphism in both pain mechanisms and analgesic 
efficacy. SPMs are no exception. The analgesic effect of MaR1 in the SNI model exhibits clear sexual dimorphism.22 

MaR1-mediated suppression of spinal gliosis was accompanied by reduced post-operative mechanical hypersensitivity in 
both sexes, but by diminished pain-related escape/avoidance behaviors (an affective-motivational component of pain) 
only in male mice. Cytokine profiling revealed that MaR1 did not appreciably alter spinal levels of IL-1-β, IL-6, or IL- 
10; however, a modest, sex-restricted elevation of macrophage colony-stimulating factor (M-CSF) was observed 
exclusively in male mice. This suggests that M-CSF may contribute to the male-biased analgesic effect of MaR1, and 
that different mechanisms may be at play in females. Such findings are critical, as they imply that maresin-based 
therapies may require sex-specific dosing or combinatorial approaches.

Clinical Evidence and Future Directions
To date, direct clinical trials of MaR1 for chronic pain treatment are lacking, and no clinical data on the safety, efficacy, and 
optimal dosage of MaR1 in human patients are available. However, correlational human studies strongly support the 
“resolution failure” hypothesis in chronic pain. Patients with chronic post-surgical pain,10 neuropathic pain,55 and chronic 
headaches10,56 have been found to have significantly lower circulating or tissue-level concentrations of MaR1 and other SPMs 
compared to healthy controls. This “SPM deficiency” suggests that replenishing the endogenous pro-resolving milieu—either 
by administering exogenous MaR1 (or stable analogs) or by providing nutritional precursors like DHA—represents a viable 
therapeutic strategy.

Based on the current preclinical evidence and existing translational hurdles, the core and actionable future research directions 
for MaR1-based chronic pain therapy are clearly defined as follows: (1) Validate the druggability of MaR1 receptors: Further 
confirm the receptor–ligand relationships of GPR37L1/RORA/LGR6 with MaR1 in human neural and immune cells, and 
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develop specific agonists and modulators of these receptors for pain treatment;57,58 (2) Clarify sex-dependent mechanisms: 
Elucidate the molecular and hormonal mechanisms of the sex-dependent analgesic efficacy of MaR1, and develop sex-specific 
therapeutic strategies; (3) Conduct rigorous clinical trials: Design and conduct Phase I/II clinical trials of MaR1 analogs/delivery 
systems in chronic pain patients, with sex stratification and strict evaluation of safety, efficacy, and optimal dosage.

Discussion
Despite critical translational hurdles for MaR1-based therapy—including poor pharmacokinetic stability of endogenous 
MaR1, sex-dependent efficacy, unclear receptor signaling mechanisms, lack of stable analogs and targeted delivery 
systems, and absence of human clinical data—MaR1 represents a paradigm shift in pain therapeutics by focusing on 
active inflammation resolution rather than mere symptomatic blockade. Robust preclinical evidence shows MaR1 acts as 
a tripartite modulator of persistent pain pathologies: it calms neuroinflammation via glial cell deactivation and macro
phage reprogramming (via GPR37L1), normalizes neuronal hyperexcitability by inhibiting nociceptive channels (eg, 
TRPV1 via RORA), and promotes tissue repair such as peripheral nerve regeneration. These unique pro-resolving, 
neuroprotective, and regenerative properties make MaR1 a disease-modifying candidate targeting the root cause of 
chronic pain, with “resolution pharmacology” offering a novel strategy for unmet clinical needs.

The primary translational barrier is MaR1’s poor stability and rapid degradation, so future research should prioritize 
developing metabolically stable analogs and targeted delivery systems with high bioavailability. Complemented by sex- 
stratified trials to validate safety and efficacy, and exploration of combination therapies with classic analgesics, MaR1- 
mediated resolution pathways hold great promise. In summary, MaR1 is a promising next-generation candidate for 
chronic pain management, and resolution pharmacology based on MaR1 and other SPMs is expected to become a core 
direction in future pain research and clinical practice, offering new hope to global chronic pain patients.
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