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ABSTRACT

Pain is a common symptom associated with disorders involving the orofacial structures. Most acute orofacial
painful conditions are easily recognized, but the pharmacological treatment may be limited by the adverse events
of current available drugs and/or patients’ characteristics. In addition, chronic orofacial pain conditions
represent clinical challenges both, in terms of diagnostic and treatment. There is growing evidence that
specialized pro-resolution lipid mediators (SPMs) present potent analgesic effects, in addition to their well
characterized role in the resolution of inflammation. Maresins (MaR-1 and MaR-2) were the last described
members of this family, and MaR-2 analgesic action has not yet been reported. Herein the effect of MaR-2 in
different orofacial pain models was investigated. MaR-2 (1 or 10 ng) was always delivered via medullary sub-
arachnoid injection, which corresponds to the intrathecal treatment. A single injection of MaR-2 caused a sig-
nificant reduction of phases I and II of the orofacial formalin test in rats. Repeated injections of MaR-2 prevented
the development of facial heat and mechanical hyperalgesia in a model of post-operative pain in rats. In a model
of trigeminal neuropathic pain (CCI-ION), repeated MaR-2 injections reversed facial heat and mechanical
hyperalgesia in rats and mice. CCI-ION increased c-Fos positive neurons and CGRP™ activated (nuclear pNFkB)
neurons in the trigeminal ganglion (TG), which were restored to sham levels by MaR-2 repeated treatment. In
conclusion, MaR-2 showed potent and long-lasting analgesic effects in inflammatory and neuropathic pain of
orofacial origin and the inhibition of CGRP-positive neurons in the TG may account for MaR-2 action.

1. Introduction

orofacial pain chronification (Serhan and Chiang, 2013).
In the past years, it has been proposed that the resolution of

Orofacial pain encompasses a variety of acute and chronic pain
conditions that affect structures innervated by the trigeminal nerve,
including the teeth and their supporting structures, the oral mucosa,
masticatory muscles, and the temporomandibular joint. Due to the
location and function of orofacial structures, this region is highly sus-
ceptible to trauma, inflammation, infection, and surgeries (Benoliel
et al., 2011). Most acute orofacial pain conditions are well managed
with current available pharmacological options, but others, including
trigeminal neuropathic pain and temporomandibular disorders present
clinical challenges (Chichorro et al., 2017). In some cases, disruption of
acute resolution processing may lead to uncontrolled inflammation and

inflammation is an active process, mediated by specialized pro-
resolution lipid mediators (SPMs) (Chiang and Serhan, 2017; Serhan,
2017; Serhan et al., 2015). In addition to promoting the resolution of the
inflammatory process, there is increasing evidence of the analgesic ef-
fects of these SPMs in a variety of acute and chronic pain models in rats
and mice (Dubuisson and Dennis, 1977). Although, there is substantial
knowledge about some SPMs, for example in the case of resolvins (Luo
et al., 2019; Park et al., 2011; Xu et al., 2010, 2013; Zhang et al., 2020),
only recently the anti-inflammatory and analgesic potential of maresins
commenced to be explored. Maresins are docosahexaenoic acid (DHA)
derivatives produced by macrophages, currently represented by

* Corresponding author. Department of Pharmacology, Biological Sciences Sector, Federal University of Parana, 210 Cel, Francisco H, dos Santos Ave, Curitiba,

Parana, 81531-970, Brazil.
E-mail address: juliana.chichorro@ufpr.br (J.G. Chichorro).

https://doi.org/10.1016/j.crneur.2023.100093

Received 29 April 2022; Received in revised form 23 May 2023; Accepted 30 May 2023

Available online 8 June 2023

2665-945X/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:juliana.chichorro@ufpr.br
www.sciencedirect.com/science/journal/2665945X
https://www.sciencedirect.com/journal/current-research-in-neurobiology
https://doi.org/10.1016/j.crneur.2023.100093
https://doi.org/10.1016/j.crneur.2023.100093
https://doi.org/10.1016/j.crneur.2023.100093
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crneur.2023.100093&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

R.V. Lopes et al.

Maresin-1 (MaR-1) and Maresin-2 (MaR-2). MaR has proved to be a
potent resolution mediator, stopping polymorphonuclear infiltration
and stimulating efferocytosis by macrophages (Fattori et al., 2019;
Serhan et al., 2012).

In addition, there are some reports of potential analgesic actions of
MaR-1. It has been shown that MaR-1 attenuates capsaicin and formalin-
induced nociceptive responses, as well as, reduces heat and mechanical
hyperalgesia in inflammatory and neuropathic pain models (Fattori
et al., 2019; Serhan et al., 2012). Some mechanisms involved in anal-
gesic effects of MaR-1 include reduction of calcitonin gene-related
peptide (CGRP) release by dorsal root ganglion (DRG) neurons and the
number of leukocytes near the CGRP-positive fibers, decrease in the
levels of pro-inflammatory cytokines and inhibition of TRPV1-currents
in DGR neurons (Fattori et al., 2019; Liang et al., 2021; Serhan et al.,
2012). There is also evidence that MaR-1 provides analgesic effect in the
trigeminal system. MaR-1 blocked capsaicin-evoked TRPV1 currents in
trigeminal ganglion (TG) neurons and abolished synaptic plasticity in
the subnucleus caudalis (Sp5C) induced by temporomandibular joint
inflammation (Park, 2015). Despite the potent and promising analgesic
effects of MaR-1, to our knowledge, only one study has investigated the
biological anti-inflammatory activity of MaR-2 (Deng et al., 2014) and
there are no studies addressing the effects of MaR-2 in trigeminal pain.
MaR-1 and MaR-2 have similar chemical structures and in vitro
anti-inflammatory effects, which suggest that MaR-2 may also present
analgesic effects (Deng et al., 2014; Serhan et al., 2009). In light of these
considerations, this study aimed to screen the antinociceptive effect of
MaR-2 by using different models of orofacial pain, including the
formalin test, a postoperative and a trigeminal neuropathic pain model.
In the latter, we extended the investigation of the analgesic effect in two
rodents’ species, rats and mice. Finally, the ability of MaR-2 to reduce
neuronal activation in the TG was assessed to shed some light on po-
tential mechanisms associated with its analgesic effect.

2. Material and methods
2.1. Animals

The experiments were carried out on male Rattus norvegicus Wistar
rats weighing between 200 and 250 g, and Swiss mus musculus mice
weighing between 20 and 25 g, supplied by the colony of Federal Uni-
versity of Parand, and maintained in 4 (rats) or 10 (mice) per cage (41 x
32 x 16.5 cm). The experiments were carried out between 9 a.m. and 5
p-m., after at least two days of previous acclimatation of the animals in
the laboratory. The animals remained under controlled conditions of
temperature (between 22 + 1 °C) and light (12 h light/dark cycle, lights
on at 07:00h a.m.) with free access to food and water, with the wood
shavings changed on alternate days. All protocols used were approved
by the Ethics Committee for the Use of Animals in the Biological Sciences
Sector of the Federal University of Parana (CEUA/BIO-UFPR; approval
N° 1118) and followed the Brazilian guidelines of CONCEA (National
Council of Control of Animal Experimentation). All efforts were made to
minimize the number of animals used and their suffering.

2.2. Drugs and solutions

MaR-2 (Cayman Chemical, Michigan, USA) was initially diluted in
99.8% absolute ethyl alcohol (Commercial Neon, Sao Paulo, Brazil) and
subsequently diluted in 0.9% sodium chloride sterile solution (Equiplex
Pharmaceutical Industry, Goiania, Brazil) up to the desired concentra-
tions (2 ng/pL). The dose was chosen according to a previous study that
demonstrated the analgesic effect of MaR-1 (Fattori et al., 2019). The
CGRP receptor antagonist (CGRP 8-37 fragment, Sigma-Aldrich, USA)
was diluted in 0.9% sodium chloride sterile solution up to the desired
concentration. The dose was chosen based on previous studies (Nagoshi
et al., 2002; Sun et al., 2016). Formalin (Alphatec, Parana, Brazil) was
diluted in 0.9% sodium chloride sterile solution (Equilex
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Pharmaceutical Industry, Goiania, Brazil). The anesthetics used were
isoflurane (BioChimico, Rio de Janeiro, Brazil), ketamine hydrochloride
(Syntec, Sao Paulo, Brazil) and xylazine hydrochloride (Syntec, Sao
Paulo, Brazil).

2.3. Subarachnoid medullary injection

MaR-2 or saline was administered via medullary subarachnoid in-
jection to reach the subnucleus caudalis (Sp5C), according to the pro-
cedure described by Fischer et al., 2005) (Fischer et al., 2005). Initially,
the injection region was trichotomized and after anesthesia by iso-
flurane inhalation, a hypodermic needle (13 x 0,45 mm) connected by a
polyethylene catheter to a 25 pL Hamilton syringe was inserted between
the occipital bone and the C1 vertebra up to 4 mm and slightly tilted
towards the skull. After administration of 5 pL of MaR-2 solution (2
ng/pL), the needle was slowly removed, and the animals were moni-
tored until they recover from anesthesia. Animals that presented motor
impairment were excluded from the experiments.

2.4. Nociceptive models

2.4.1. Orofacial formalin test

The test was performed as previously describe by our group (Chi-
chorro et al., 2004). Before the test, rats were maintained individually in
the observation boxes for an acclimatization period of about 30 min.
Briefly, animals were injected subcutaneously with 50 pL of 2.5%
formalin or vehicle (50 pL of sterile saline) into the upper lip and were
returned to the observation cages. The facial grooming time (i.e., time
spent rubbing the injected area with its forepaws) was recorded at 3-min
intervals over a period of 30 min. The first and second phases of the
facial formalin response were considered 0-3 min and 12-30 min after
injection, respectively, whereas the period between 3 and 12 min was
considered the quiescent phase.

2.4.2. Postoperative pain model

This model consisted in an intraoral incision as previously described
(Araya et al., 2020b; Urata et al., 2015). The animals were anesthetized
with a mixture of ketamine and xylazine (50 and 10 mg/kg, respectively,
i.p.) and an incision was made on the right side of the intra oral mucosa
(about 2 mm deep and 1 mm long). The incision was sutured with a 4.0
silk thread. The sham group was subjected to the same procedures,
excepted for the incision.

2.4.3. Trigeminal neuropathic pain model

The chronic constriction injury of the infraorbital nerve (CCI-ION)
was performed according to the method previously proposed (Vos et al.,
1994) with minor modifications (Chichorro, 2006). The animals were
anesthetized with a mixture of ketamine and xylazine (50 and 10 mg/kg,
respectively, i.p.) followed by asepsis of the face with iodized alcohol.
After anesthesia was established, an incision was made in the skin below
the right eye and about 3 mm after the insertion of the vibrissae to
expose the rostral portion of the infraorbital nerve. The infraorbital
nerve was dissected from the adjacent tissues and, two loose ligatures
were placed, approximately 2 mm apart, with 4.0 sterile silk thread
(Johnson & Johnson, Sao Paulo, Brazil) around the nerve bundle. The
tissues were sutured with the same thread. The animals in the
false-operated group (Sham) underwent the same surgical procedure,
but the nerve bundle was not constricted. At the end of the surgery, the
animals were kept in a warm room until their complete recovery from
anesthesia.

2.5. Behavioral tests
2.5.1. Assessment of heat hyperalgesia

Facial heat hyperalgesia was assessed in rats and mice using the same
protocol, as previously described (Araya et al., 2020a, 2020b; Luiz et al.,
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2015). The animals were contained with one hand of the experimenter
and with the other, a heat source of approximately 50 °C was positioned
at about 1 cm from the insertion area of the vibrissae, on the right side of
the face. The time for each animal to exhibit reactions to vigorously
move the head away from the heat source or to show rapid and
consecutive movements of the vibrissae was recorded. A cut-off time of
20 s has been stipulated to avoid tissue damage (Supplementary video
1).

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.crneur.2023.100093

2.5.2. Assessment of mechanical hyperalgesia

Facial mechanical hyperalgesia in rats was assessed as previously
described (Chichorro et al., 2006). The animals were left to habituate for
at least 2 h in the observation boxes, which was followed by application
of 8 Von Frey filaments in increasing order (Semmes-Weinstein mono-
filaments, Stoelting, USA, 0.04; 0.07; 0.16; 0, 4, 1.0, 2.0, 4.0 and 8.0 g)
in the region innervated by the infraorbital, on the side ipsilateral to the
surgery. Each filament was applied 3 consecutive times with an interval
of 30 s between each application. The animals’ response threshold to
mechanical stimulation was considered to be the filament that evoked
twice behaviors such as rapid head removal, facial grooming, and
attack/escape reactions. Only animals that obtained a threshold of
response to mechanical stimulation equal to or greater than 8 g before
any other procedure (i.e. baseline measure) were included in the
experiments.

In mice, facial mechanical hyperalgesia was assessed as previously
described (Luiz et al., 2015). For the evaluation of mechanical hyper-
algesia in mice, the animals were habituated for 2 h individually in clear
acrylic boxes (9 x 7 x 11 cm) to allow access to the forehead. The test
consisted of applying the von Frey filament (0.04 g) 10 consecutive
times at intervals of ~30 s in the periorbital region. Attack/escape or
head withdrawal reactions were considered positive responses to facial
stimulation (Supplementary video 2). Only mice showing mean baseline
positive response frequencies over 25% for the 10 applications were
used in subsequent experiments.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.crneur.2023.100093

2.6. Immunofluorescence assay

Mice subjected to CCI-ION or sham surgery were euthanized for
collection of the ipsilateral trigeminal ganglion on day 5 after surgery.
The samples were kept in 4% PFA for 24 h and then transferred to a 30%
sucrose solution for 72 h before being included in the ideal cut-off re-
agent (Tissue-Tek, OCT Compound, Sakura Finetek, Torrence, CA, USA).
The TG was embedded in OCT, and the sections (15 pm) processed for
immunofluorescence. For staining of c-Fos positive cells, it was used a c-
Fos Monoclonal Primary Antibody (1:500, cat #MA1-21190, Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) and an Alexa Fluor 488
secondary antibody (1:500, cat # A-11001, Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA). The nuclei were contrasted with DAPI (4
', 6-diamidino2-phenylindol [1: 1000, cat #D1306, Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA]). The CGRP™ fibers were stained
with anti-CGRP primary antibody (1:500, cat #C8198, Sigma-Aldrich,
Darmstadt, Germany) followed by incubation with an Alexa Fluor 488
goat anti-rabbit secondary antibody (1:500, cat #A11008, Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA]). The phospho-NFkB™"
fibers were stained with phospho-NF«B p65 primary antibody A-8 (1:
200, cat #SC-166748, Santa Cruz Biotechnology Inc, Dallas, Texas, USA)
followed by incubation with an Alexa Fluor 647 goat anti-mouse (1:500,
cat #115-605-003, Jackson ImunoResearch, West Grove, PA, USA). The
images and analyzes were performed using a confocal microscope (TCS
SP8, Leica Microsystems, Mannheim, Germany). The results are
expressed as number of positive cells, quantified using the LAS X Life
Science software platform (Leica Microsystems, Mannheim, Germany).
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2.7. Experimental protocols

In the formalin test, MaR-2 (1 or 10 ng) or vehicle (equivalent vol-
ume) were administered via medullary subarachnoid injection 30 min
before Formalin (2.5%/50 pL) or vehicle (50 pL) injection into the upper
lip of rats and the grooming response was recorded during 30 min.

In the postoperative orofacial pain model, the animals’ baseline
responsiveness to heat and mechanical stimuli were assessed (day 0),
and on day 1 after the intraoral incision surgery, treatment with MaR-2
(10 ng) was initiated. The treatment was repeated on day 3 and the
evaluation of hyperalgesia was performed on postoperative days 3 and
5. The days of test were determined according to the time course of the
development of hyperalgesia in this model, as already published by our
group (Araya et al., 2020a).

In the CCI-ION model in rats and mice, the animals’ baseline
response to heat was evaluated on day 0, and on day 1 after surgery,
treatment with MaR-2 (10 ng) was initiated. The treatment was repeated
on days 03, 05, and 07, and the assessment of heat hyperalgesia was
performed on day 01 after nerve injury, before and 1 h after the treat-
ments, and on days 03, 05, 07, 09, and 11 after CCI-ION or sham surgery,
1 h after the treatments. Likewise, the animals’ baseline responsiveness
to mechanical stimuli was assessed on day 0, and treatment was initiated
on day 10 after nerve injury, being repeated on days 12, 14, and 16. The
assessment of mechanical hyperalgesia was performed on day 10 after
nerve injury, before and 1 h after treatment, and on days 12, 14, 16, 18,
and 20 after CCI-ION or sham surgery, 1 h after the treatments.

An independent group of rats was subjected to sham or CCI-ION
surgery after heat or mechanical baseline assessment. On day 3 after
surgery, they received a single subarachnoid medullary injection of
CGRP 8-37 (5 pM) or the corresponding vehicle, and the latency to the
heat response was evaluated at 30 min and at 1 h-intervals up to 4 h.
Likewise, facial mechanical threshold was assessed on day 15 after sham
or CCI-ION surgery followed by rats’ treatment with CGRP 8-37 (5
pmol) or the corresponding vehicle by a single subarachnoid medullary
injection. Mechanical hyperalgesias was assessed at 30 min and at 1 h-
intervals up to 4 h after the treatments.

In mice, the baseline mechanical threshold was assessed on day 0,
and treatment was initiated on day 3 after CCI-ION or sham surgery,
being repeated on days 5, 7, and 9. Evaluation of mechanical hyper-
algesia was performed on day 3 after nerve injury, before and 1 h after
the treatments, and on days 05, 07, 09, 11, 12 and 13 after CCI-ION or
sham surgery, 1 h after the treatments. Independent groups of rats and
mice were used for each stimulus. The days of test were determined
according to the time course of the development of heat and mechanical
hyperalgesia in rats and mice in this model, as already published by our
group (Araya et al., 2020b; Fattori et al., 2020). An independent group
of mice were used for tissue collection, but only after confirmation that
mice subjected to CCI-ION developed facial hyperalgesia and MaR-2 was
able to reduce it. For these analyses, mice received repeated subarach-
noid medullary injections of MaR-2 (10 ng) or vehicle on days 1, 3, and 5
after sham or CCI-ION surgery, and 2 h after the last treatment, they
were euthanized for brief collection of the TG and Sp5C. The schematic
representation of each experimental protocol is depicted above the
corresponding figure.

2.8. Statistical analysis

Data are presented as mean + standard error of the mean (SEM) for
groups of 8 animals. One-way ANOVA followed by the post hoc of
Bonferroni (Fig. 1C, D, 5B and 6B) or two-way ANOVA with repeated
measures followed by Bonferroni post hoc test was used to determine
differences among experimental groups (Fig. 1B, 2B and 2D, 3B, 3D, 4B
and 4D and Supplementary Fig. 1). The level of significance was set at P
< 0.05. All the analyses were carried out using GraphPad Prism software
(version 8, San Diego, CA, USA).
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repeated measures followed by Bonferroni post-hoc test.

3. Results
3.1. MaR-2 reduces formalin-induced nociceptive behavior

Two-way ANOVA with repeated measures showed statistical differ-
ence in the treatment (F (4, 35) = 104.5, P < 0.0001) and time (F (3.628,
127.0) = 66.44, P < 0.0001) factors. Also, an interaction among these
factors was observed (F (36, 315) = 15.21, P < 0.0001). As can be seen
in Fig. 1B, post-hoc test showed that formalin (2.5%, 50 pL) subcutane-
ous injection induced a biphasic nociceptive response, which was
significantly different from vehicle-injected rats (P < 0.0001). The
response was divided in phase I (0-3 min) and phase II (12-30 min), as
illustrated in Fig. 1C. One-way ANOVA with repeated measures showed
that the facial grooming response evoked by formalin was significantly
different from the control group in phase I (F (4, 35) = 57, P < 0.0001)
and phase II (F (4, 35) = 66, P < 0.0001). A single subarachnoid in-
jection of MaR-2 at 1 ng failed to change the amount of time animals
spent performing the facial grooming behavior (P > 0.9999). On the
other hand, MaR-2 at 10 ng caused a significant reduction of phase I and
phase II (P < 0.0001) of formalin-induced nociceptive responses. In
addition, MaR-2 at the highest doses did not change the grooming
behavior time of control rats (i.e., vehicle-injected rats, (P = 0.1616).

3.2. MaR-2 prevents heat and mechanical hyperalgesia development in
the postoperative orofacial pain model in rats

As shown in Fig. 2, two-way ANOVA with repeated measures showed

statistical difference in the heat latency for response, on the treatment (F
(3, 28) = 128.5, P < 0.0001) and time (F (2.215, 62.02) = 233.0, P <
0.0001) factors. Also, an interaction among these factors was observed
(F(12,112) = 153.0, P < 0.0001). In the postoperative pain model due
to intraoral incision, there is a decrease in the response latency of the
animal after the surgery (Fig. 2B) compared to the control group, indi-
cating heat hyperalgesia (P < 0.0001).

In the mechanical threshold, two-way ANOVA with repeated mea-
sures showed statistical difference on the treatment (F (3, 28) = 61.83, P
< 0.0001) and time (F (1.976, 55.33) = 37.89, P < 0.0001) factors. An
interaction among these factors was observed (F (12, 112) = 26,57, P <
0.0001). Intraoral incision surgery caused a decrease in the mechanical
threshold, indicating the presence of mechanical hyperalgesia (Fig. 2 C,
P < 0.0001). Both heat and mechanical hyperalgesia started on day 1
and persisted until day 3 after surgery.

Repeated administrations of MaR-2 on postoperative days 1 and 3
(10 ng) reversed heat and mechanical hyperalgesia (Fig. 2B and C, P <
0.0001). Sham animals that received repeated subarachnoid medullary
injections of MaR-2 did not show changes in the latency to heat response
(Fig. 2B, P = 0.2573) or in the mechanical threshold through the eval-
uation period (Fig. 2C, P > 0.9999).

3.3. MaR-2 reverses heat and mechanical hyperalgesia in a trigeminal
neuropathic pain model in rats

As depicted in Fig. 3, two-way ANOVA with repeated measures
showed statistical difference in the latency for response to heat on the
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(INC, incision surgery).

treatment (F (3, 28) = 321.3, P < 0.0001) and time (F (7, 196) = 45.86,
P < 0.0001) factors. An interaction among these factors was observed (F
(21, 196) = 37.19, P < 0.0001). After CCI-ION in rats, there was a
decrease in the latency (Fig. 3C), indicating heat hyperalgesia (P <
0.0001). Subarachnoid medullary injection of MaR-2 (10 ng) on alter-
nate days, starting on day 1 up to day 7, prevented the development of
heat hyperalgesia (Fig. 3C, P < 0.0001).

In the mechanical threshold, two-way ANOVA with repeated mea-
sures showed statistical difference on the treatment (F (3, 28) = 175.8, P
< 0.0001) and time (F (4.305, 120.5) = 28.03, P < 0.0001) factors. Also,
an interaction among these factors was observed (F (21, 196) = 19.79, P
< 0.0001). CCI-ION in rats caused a decrease in the mechanical
threshold (Fig. 3D), indicating mechanical hyperalgesia (P < 0.0001).
Likewise, Mar-2 treatment (10 ng, once a day, on days 10, 12, 14 and 16)
reversed the mechanical hyperalgesia (Fig. 3D, P < 0.0001). The effect
of the last injection of MaR-2 was still detected on day 18 after surgery
(Fig. 3D, P < 0.0001), but on day 20 there was no significance difference
between CCI-ION rats injected with vehicle or MaR-2 (Fig. 3D, P >
0.9999). Sham animals that received repeated subarachnoid medullary
injections of MaR-2 did not show changes in the latency to heat response
(Fig. 3C, P > 0.9999) or in the mechanical threshold (Fig. 3D, P >
0.9999) through the evaluation period.

Supplementary Fig. 1A illustrates the effect of CGRP 8-37 (5 pM/5
pL) or vehicle (5 pL), injected once into the subarachnoid medullary
region, on day 3 after sham and CCI-ION surgery to assess the contri-
bution of CGRP to facial heat hyperalgesia. Two-way ANOVA with
repeated measures showed statistical difference between sham and CCI-

ION groups on day 3 (F (3, 32) = 18,40, P < 0,0001). Sham operated
animals treated with vehicle or CGRP 8-37 did no show statistical
changes throughout the evaluation period. CCI-ION rats treated with
vehicle demonstrated statistically significant reduction in the latency for
heat response in all testing period compared to sham. Treatment of CCI-
ION rats with CGRP 8-37 resulted in anti-hyperalgesic effect at 30 min
up to 2 h compared to vehicle-treated CCI-ION rats (Interaction factor (F
18, 180) = 3.156, P < 0.0001).

Supplementary Fig. 1B illustrates the effect of CGRP 8-37 (5 pM/5
pL) or vehicle (5 pL), injected once into the subarachnoid medullary
region, on day 15 after sham and CCI-ION surgery to assess the contri-
bution of CGRP to facial mechanical hyperalgesia. Two-way ANOVA
with repeated measures showed statistical difference between sham and
CCI-ION groups on day 3 (F (3, 28) = 674.2; P < 0,0001). Sham operated
animals treated with vehicle or CGRP 8-37 did no show statistical
changes throughout the evaluation period. CCI-ION rats treated with
vehicle or CGRP 8-37 demonstrated statistically significant reduction in
the latency for heat response compared to the corresponding sham
groups in all testing period, with no statistical difference between the
treatments.

3.4. MaR-2 reverses heat and mechanical hyperalgesia in a trigeminal
neuropathic pain model in mice

As evidenced in Fig. 4, two-way ANOVA with repeated measures
showed statistical difference in the latency to response to heat on the
treatment (F (3, 36) = 97.51, P < 0.0001) and time (F (5.206, 187.4) =
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Fig. 3. MaR-2 reverses heat and mechanical hyperalgesia in a trigeminal neuropathic pain model in rats. (A, B) Timeline of the experimental procedures. (C) MaR-2
(10 ng) repeated treatment reversed facial heat hyperalgesia in CCI-ION rats. (D) MaR-2 (10 ng) repeated treatment reversed facial mechanical hyperalgesia in CCI-
ION rats. Data are expressed as mean + SEM (n = 8). *P < 0.05 when compared to the Sham/Vehicle group and #p < 0.05 when compared to the CCI-ION/Vehicle
group, two-way ANOVA with repeated measures followed by Bonferroni’s post-hoc test. (CCI-ION, chronic constriction injury of the infraorbital nerve).

66.54, P < 0.0001) factors. An interaction among these factors was
observed (F (21, 252) = 27.03, P < 0.0001). After CCI-ION in mice, there
was a decrease in the latency to response to heat (Fig. 4B), indicating
heat hyperalgesia (P < 0.0001). Subarachnoid medullary injection of
MaR-2 (10 ng) on alternate days, starting on day 1 up to day 7, signif-
icantly reduced the heat hyperalgesia (Fig. 4B, P < 0.0001). The effect
was still significant on day 9 after surgery (i.e., 48 h after the last in-
jection, (Fig. 4B, P < 0.0001), but subsided on day 10.

In the mechanical threshold, two-way ANOVA with repeated mea-
sures showed statistical difference on the treatment (F (3, 36) = 144.9, P
< 0.0001) and time (F (5.321, 191.6) = 40.79, P < 0.0001) factors. Also,
an interaction among these factors was observed (F (24, 288) = 39.02, P
< 0.0001). CCI-ION in mice caused a decrease in the mechanical

threshold, indicating mechanical hyperalgesia (Fig. 4D, P < 0.0001).
Mar-2 treatment (10 ng, once a day, on days 3, 5, 7 and 9) reversed the
facial mechanical hyperalgesia (Fig. 4D, P < 0.0001). The effect of the
last injection of MaR-2 was still detected on day 11 after surgery
(Fig. 4D, P < 0.0001), but on days 12 and 13 there was no significant
difference between CCI-ION mice injected with vehicle or MaR-2
(Fig. 4D, P > 0.9999). Sham animals that received repeated subarach-
noid medullary injections of MaR-2 did not show changes in the latency
to heat response (Fig. 4B, P > 0.9999) or in the mechanical threshold
(Fig. 4D, P > 0.9999) through the evaluation period.
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3.5. MaR-2 reduces c-Fos activation in the trigeminal ganglion of mice
subjected to CCI-ION

In Fig. 5C, one-way ANOVA showed that mice subjected to CCI-ION
present a significant increase in c-Fos activation in the TG compared to
the sham group (F (2, 21) = 20.08, P < 0.0001). MaR-2 reduced
significantly the number of c-Fos positive cells compared to samples of
CCI-ION mice treated with vehicle (P < 0,0001). Fig. 5B shows repre-
sentative images of c-Fos immunofluorescence in sham mice treated
with vehicle and CCI-ION groups that received vehicle or MaR-2.

3.6. MaR-2 reduces the activation of CGRP" neurons in the trigeminal
ganglion of mice subjected to CCI-ION

In Fig. 6C, one-way ANOVA shows that mice subjected to CCI-ION
present a significant increase in the number of TG neurons positive to
CGRP and phosphorylated NFkB (p-NFkB) compared to the sham group
(F (2,15) =7.199, P = 0.0064). CGRP was used as a marker of neurons
positive to that peptide and nuclear p-NFkB was used as a surrogate of
cellular activation. MaR-2 was able to reduce to sham levels the number
of CGRP/p-NFkB positive neurons (P < 0.0001). Fig. 6B shows repre-
sentative images of CGRP/p-NFkB in sham mice treated with vehicle and
CCI-ION groups that received vehicle or MaR-2. The TG has dense
fibrous tissue produced by the local resident fibroblasts (Liang et al.,



R.V. Lopes et al.

A

Timeline

1 3 5
(days)
v | | ]
Treatment with Treatment with
Treatment with
Assesment of facial MaR2 "hl “|"9’ o '““'Zt‘h' “l"q' ot MaR-2 (10 ng) or
heat or mechanical venee ——— vehicle
threshold baseline
Facial heat or Facial heat or

Euthanasia and TG
collection (after 2

followed by sham

or CCH-ION surgery mechanical

threshold
assesment

mechanical
threshold
assesment (pre and

[ Sham
[ CCI-IONNehicle
Il CCI-ION/MaR-2 10 ng

501 *
$of L
8D
55
=5 &
8 o 30
85 2
5 € #
2 104 i
0

Current Research in Neurobiology 4 (2023) 100093

Zoom 3.8 x

Sham/ Vehicle

CCI4ON/ Vehicle

CCI-ION/ MaR-2

Fig. 5. MaR-2 reduces c-Fos activation in the trigeminal ganglion of mice subjected to CCI-ION. (A) Timeline of the experimental procedures. (B) Representative
images of the TG of sham rats treated with vehicle, and CCI-ION rats treated with vehicle or MaR-2 immunostained for DAPI (blue) and c-Fos (green). The lower
panels show co-localization (DAPI+cFos), which is indicated by the arrows. (C) Quantification of c-Fos positive cells in the TG of sham rats treated with vehicle, and
CCI-ION rats treated with vehicle or MaR-2. Data are expressed as mean + SEM of c-Fos positive cells (C) (n = 6). *P < 0.05 when compared to the Sham/Vehicle
group and *P < 0.05 when compared to the CCI-ION/Vehicle group, ordinary one-way ANOVA. (TG, trigeminal ganglion; CCI-ION, chronic constriction injury of the
infraorbital nerve). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2021), which enhanced the background staining of p-NFkB. Thus, only
the CGRP™ cells with nuclear localization of p-NFxB were counted.

4. Discussion

The results of the present study show, for the first time, that sub-
arachnoid medullary injection of MaR-2 results in potent anti-
nociceptive and anti-hyperalgesic effects in different orofacial pain
models. In a model of trigeminal neuropathic pain, MaR-2 caused pro-
nounced and sustained effect against heat and mechanical hyperalgesia,
both, in rats and mice. One potential mechanism involved in MaR-2
analgesic actions is the reduction of neuronal activation, more specif-
ically CGRP-positive neurons in the TG.

The vast majority of studies that assess anti-inflammatory and
analgesic actions of SPMs have used the intrathecal route and doses in
the nanogram range (Fattori et al., 2020). For instance, analgesic effects
of MaR-1 were reported in the dose range of 1-100 ng, injected

intrathecally. However, to date, there is only one study reporting in vivo
effect of MaR-2, which sowed that its intravenous injection at 1 ng in
mice reduced zymosan-induced neutrophil recruitment to the peritoneal
cavity and stimulated the phagocytosis of zymosan particles by human
macrophages (Deng et al., 2014). Thus, we determined the doses of
MaR-2 based on previous studies that showed analgesic effects of MaR-1
(Fattori et al., 2019), and used the subarachnoid medullary adminis-
tration, which corresponds to the intrathecal administration (Fabbretti
et al., 2006). This injection method has been used by our group to target
the trigeminal nucleus complex, more specifically the Sp5C (Araya et al.,
2017).

The formalin test is widely used for the screening of potentially
analgesic drugs. Formalin injection in the rodents’ hind paw or upper lip
induces a biphasic nociceptive response, consisting of a brief first phase,
due to nociceptors activation, which is followed by a quiescent period,
and a second, more prolonged phase, with inflammatory characteristics
(Chichorro et al., 2004; Clavelou et al., 1989; Dubuisson and Dennis,
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of this article.)

1977; Tjplsen et al., 1992). Herein, a single injection of MaR-2 caused a
marked reduction of phase I and phase II of formalin-induced noci-
ception. In line with this observation, intraplantar injection of MaR-1
(10 ng) reduced the nociceptive responses induced by capsaicin and
formalin. Mar-1 also was shown to potently inhibit TRPV1, but not
TRPA1, currents in DGR neurons, in a toxin pertussis-sensitive fashion
(Serhan et al., 2012). Altogether, these results suggest that maresins are
capable of blocking the activation and sensitization of nociceptors, an
effect that may involve an indirect inhibitory effect on TRPV1 receptors.

In the present study, the effect of MaR-2 in inflammatory pain was
also demonstrated in a model of post-operative pain induced by
intraoral incision. This model was proposed by Urata et al., 2015) (Urata
etal., 2015) and further characterized by our group (Araya et al., 2020a,
2020b). MaR-2 (two administrations in alternate days) fully prevented
the development of facial heat and mechanical inflammatory hyper-
algesia induced by intraoral incision. These findings are in agreement
with previous observations that MaR-1 (10 ng, intrathecal) caused a
significant reduction of carrageenin-induced heat and mechanical
hyperalgesia in the hind paw of mice. The same treatment also caused a

significant reduction of overt pain, heat and mechanical hyperalgesia
induced by Complete Freund Adjuvant (CFA) injected in the mice
hindpaw (Fattori et al., 2019). Several peripheral and central mecha-
nisms seem to contribute to MaR-1 effect, including inhibition of
neutrophil and macrophage recruitment proximal to CGRP positive fi-
bers in the paw skin, and inhibition of NF«kB activation and
pro-inflammatory cytokines production and glial cells activation in the
spinal cord (Chiang and Serhan, 2017). The mechanisms underlying
MaR-2 effects remains to be elucidated, but given the pivotal role of
CGRP in the trigeminal nociceptive system, the influence of this medi-
ator sounds an attractive starting approach. Altogether, these results
indicate a potent and long-lasting analgesic effect of maresins, that differ
mechanistically from current available therapies and may be useful in
the management of pain of inflammatory origin.

Finally, the present results demonstrated that MaR-2 caused a
marked and long-lasting reduction of heat and mechanical hyperalgesia
in a model of trigeminal neuropathic pain. This finding corroborates
previous observations that MaR-1 (10-100 ng, 3 intrathecal injections
on consecutive days) can significantly reduce heat and mechanical
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hyperalgesia in a model of radicular pain in rats (Wang et al., 2020).
Moreover, MaR-1 reduced vincristine-induced allodynia (i.e., a model of
chemotherapy-induced neuropathic pain) when administered systemi-
cally (40 ng) to mice (Serhan et al., 2012). Since data in neuropathic
pain is more limited, we extended our findings to rats and mice, and
MaR-2 showed similar effects on both species. In addition, MaR-2
repeated treatment in mice reduced to sham levels the activation of
TG neurons demonstrated by analysis of c-Fos positive cells. The TG is a
key structure in the trigeminal nociceptive processing. In contains the
neuronal cell bodies of all trigeminal afferents, which are surrounded by
satellite glial cells. TG neurons express and release several neuropep-
tides that signal to neighboring neurons or satellite glial cells, and this
cross-talk modulates sensory transmission. Also, the TG is outside the
blood-brain barrier, which allows the distribution of the mediators to
peripheral sites and/or to the trigeminal nucleus complex (Messlinger
et al., 2020). Thus, drugs that modulated TG signaling may have an
inhibitory effect in both, peripheral and central sensitization of the tri-
geminal nociceptive system. The precise mechanism of MaR-2 in the TG
remains to be elucidated, but according to our data, it can reduce CGRP
positive neurons activation. In line with this idea, herein it was shown
that blockade of CGRP receptors in rats subjected to CCI-ION reduced
heat hyperalgesia but failed to affect mechanical hyperalgesia. A pre-
vious study or group demonstrated that mechanical, but not heat
hyperalgesia, after CCI-ION depends on facilitatory pathways from the
rostral-ventromedial medulla (Nones et al., 2017). Thus, it is possible
that the restricted accesses to the central nervous system of CGRP 8-37
after subarachnoid medullary injection has limited its effect. In this re-
gard, other groups have been reported that the use of pharmacological
strategies to neutralize CGRP or block its receptors in the trigeminal
system alleviates heat and mechanical hypersensitivity associated to
infraorbital nerve ligation in rats (Michot et al., 2015; Maegawa et al.,
2021). There is also some clinical evidence that CGRP contributes to the
physiopathology on trigeminal neuralgia (Zhang et al., 2020) and
CGRP-targeted drugs have now been tested in this patient’s population
with promising results (Parascandolo et al., 2021). Moreover, in line
with our observations, in the study of Fattori et al. (2019) (Fattori et al.,
2019) it was demonstrated that MaR-1 markedly inhibited CGRP release
induced by capsaicin, in addition to reducing CFA-induced Nav1.8 and
Trpvl mRNA expression. Consistent up regulation of CGRP has been
reported in the trigeminal ganglia, concomitantly to the detection of
facial heat and mechanical hyperalgesia (Dubuisson and Dennis, 1977;
Messlinger et al., 2020; Xu et al., 2010). It is noteworthy that upregu-
lated CGRP seems not to be transported towards peripheral terminals,
but rather released around the cell bodies in the TG, where it has been
shown to upregulate the function and expression of transient receptor
potential vallinoid-1 and adenosine triphosphate-gated purinergic ion-
otropic (P2X3) receptor, leading to neuronal hyperexcitability (Chiang
and Serhan, 2017; Fattori et al., 2020). Altogether, these results rein-
force the idea that CGRP signaling in the trigeminal ganglia contributes
to peripheral sensitization of trigeminal afferents and its modulation
may contribute to maresins’ analgesic effect. Altogether, these results
suggest that DRG or TG neurons are targeted by maresins, which may
contribute to their analgesic effect. Further studies are necessary to
clarify the cell types and mechanisms involved, especially in MaR-2
effects.

In conclusion, the results of the present study demonstrates that
MaR-2 has a potent and long-lasting analgesic effect in inflammatory
and neuropathic pain of orofacial origin. The inhibition of CGRP-
positive neurons activation accounts for MaR-2 analgesic effect, but
this and other mechanisms require further investigation. Given the po-
tency of MaR-2, we suggest that, like other SPMs, it may bring several
benefits in the management of acute and chronic pain conditions.
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