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Introduction
Dental extractions are one of the most common oral surgical 
procedures performed on humans. Tooth removal, especially 
surgical extractions, can lead to significant postoperative com-
plications, including pain, swelling, infection, and mastication 
deficiency (Bui et al. 2003). In addition, alveolar ridge remod-
eling following the extraction can lead to resorption of nearly 
half of the alveolar bone width (Schropp et al. 2003; Araujo 
and Lindhe 2005; Avila-Ortiz et al. 2014), which may compli-
cate tooth replacement with implant therapy. Therefore, alveo-
lar ridge preservation procedures, such as placement of bone 
grafts, barrier membranes, and/or biological agents, have been 
developed to limit alveolar bone resorption following tooth 
removal (Pagni et al. 2012; Bassir et al. 2018). Alveolar ridge 
preservation procedures can only partially prevent the resorp-
tion of the ridge, and delayed healing may occur at the grafted 
site, with the quality of the regenerated bone being unpredict-
able. Therefore, there is a need to develop a local therapeutic 
agent to enhance the healing of an extraction wound to reduce 
postextraction complications and promote bone regeneration 
for future implant installation and functional restoration.

Maresin 1 (MaR1) is an endogenous anti-inflammatory and 
proresolving mediator produced mainly by macrophages 
(Serhan et al. 2009; Serhan et al. 2012). Macrophages have 
been shown to play a major role in resolving inflammation and 

917903 JDRXXX10.1177/0022034520917903Journal of Dental ResearchMaR1 Promotes Extraction Socket Wound Repair
research-article2020

1Department of Periodontics and Oral Medicine, School of Dentistry, 
University of Michigan, Ann Arbor, MI, USA
2Department of Oral and Craniomaxillofacial Surgery, Faculty of 
Medicine, Medical Center–University of Freiburg, Freiburg, Germany
3Department of Periodontology, Institute of Odontology, University of 
Gothenburg, Goteborg, Sweden
4Biointerfaces Institute, University of Michigan, Ann Arbor, MI, USA
5Department of Cariology, Restorative Sciences and Endodontics, 
University of Michigan, Ann Arbor, MI, USA
6Department of Biomedical Engineering, College of Engineering, 
University of Michigan, Ann Arbor, MI, USA

A supplemental appendix to this article is available online.

Corresponding Author:
C.W. Wang, Department of Periodontics and Oral Medicine, School of 
Dentistry, University of Michigan, 1011 North University Avenue, Ann 
Arbor, MI 48109-1078, USA. 
Email: jeffwa@umich.edu

Maresin 1 Promotes Wound Healing  
and Socket Bone Regeneration  
for Alveolar Ridge Preservation

C.W. Wang1 , S.H. Yu1, T. Fretwurst2, L. Larsson1,3, J.V. Sugai1,4, J. Oh1, 
K. Lehner1, Q. Jin5, and W.V. Giannobile1,4,6

Abstract
Tooth extraction results in alveolar bone resorption and is accompanied by postoperative swelling and pain. Maresin 1 (MaR1) is 
a proresolving lipid mediator produced by macrophages during the resolution phase of inflammation, bridging healing and tissue 
regeneration. The aim of this study was to examine the effects of MaR1 on tooth extraction socket wound healing in a preclinical 
rat model. The maxillary right first molars of Sprague-Dawley rats were extracted, and gelatin scaffolds were placed into the sockets 
with or without MaR1. Topical application was also given twice a week until complete socket wound closure up to 14 d. Immediate 
postoperative pain was assessed by 3 scores. Histology and microcomputed tomography were used to assess socket bone fill and alveolar 
ridge dimensional changes at selected dates. The assessments of coded specimens were performed by masked, calibrated examiners. 
Local application of MaR1 potently accelerated extraction socket healing. Macroscopic and histologic analysis revealed a reduced soft 
tissue wound opening and more rapid re-epithelialization with MaR1 delivery versus vehicle on socket healing. Under micro–computed 
tomography analysis, MaR1 (especially at 0.05 μg/μL) stimulated greater socket bone fill at day 10 as compared with the vehicle-treated 
animals, resulting in less buccal plate resorption and a wider alveolar ridge by day 21. Interestingly, an increased ratio of CD206+:CD68+ 
macrophages was identified in the sockets with MaR1 application under immunohistochemistry and immunofluorescence analysis. As 
compared with the vehicle therapy, local delivery of MaR1 reduced immediate postoperative surrogate pain score panels. In summary, 
MaR1 accelerated extraction wound healing, promoted socket bone fill, preserved alveolar ridge bone, and reduced postoperative pain 
in vivo with a rodent preclinical model. Local administration of MaR1 offers clinical potential to accelerate extraction socket wound 
healing for more predictable dental implant reconstruction.
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promoting wound healing and tissue regeneration (Das et al. 
2015; Garlet and Giannobile 2018; Viniegra et al. 2018). It has 
also been shown that M2-like macrophages produce more 
MaR1 as compared with M1-like macrophages (Dalli and 
Serhan 2012). MaR1 is likely to be a key mediator at the inter-
face between the resolution of inflammation and the phases of 
tissue healing and regeneration. Initially, MaR1 was isolated 
from self-limited inflammatory exudate, and its specialized 
bioactions, such as enhancing phagocytosis and efferocytosis, 
were demonstrated as signals for resolution of inflammation 
(Serhan et al. 2009; Serhan 2014). Later, its complete stereo-
chemistry was established with total organic synthesis 
achieved, and its ability to promote tissue regeneration and 
control inflammatory pain was further proven (Serhan et al. 
2012). Additionally, it was demonstrated that MaR1 facilitates 
healing of vascular injury (Akagi et al. 2015) and is organ pro-
tective in a lung inflammation model and a colitis model in mice 
(Marcon et al. 2013; Abdulnour et al. 2014; Krishnamoorthy  
et al. 2015). Given that MaR1 exerts such potent proresolving and 
regenerative potential, it seems likely that MaR1 would enhance 
the oral wound healing required to facilitate extraction repair.

The aim of this study was to investigate the effects of topi-
cal MaR1 administration on extraction wound healing and 
alveolar bone remodeling in a rodent animal model.

Materials and Methods

Rat Tooth Extraction Model

The experimental protocol was approved by the Institutional 
Animal Care and Use Committee at the University of Michigan 
in accordance with the Guide for the Care and Use of 
Laboratory Animals. The Unit for Laboratory Animal Medicine 
facilitated all animal procurement and care at the University of 
Michigan. This study conformed with ARRIVE guidelines for 
preclinical studies. Sprague-Dawley rats (male, 3 to 5 wk of 
age, 2 to 3 rats/cage) were obtained from a commercial vendor 
(Charles River) and acclimated for at least 5 d before the exper-
iments. A few animals with residual roots were excluded from 
the study and analysis. The total included number of rats were 
71: 23 for vehicle control (12 for 10 d and 11 for 21 d), 18 each 
for 0.5 and 0.05 μg/μL of MaR1 (8 for 10 d and 10 for 21 d), 8 
for 0.01 μg/μL, and 4 for 0.001 μg/μL. Under general anesthe-
sia via ketamine (50 mg/kg) and xylazine (10 mg/kg), maxil-
lary right first molars were carefully extracted (C.W.W.) under 
magnification (3.5×) with luxators to avoid fracture of the 
roots following the established protocols (Lin et al. 2011). 
Gelatin sponges (Gelfoam; Pfizer Pharmaceutical) absorbed 
with either vehicle (5 μL of normal saline) or MaR1 (0.5, 0.05, 
0.01, 0.001 μg/μL) were then placed into the extraction sockets 
depending on the randomized allocation of the animals. The 
total quantity of MaR1 that was applied to the wound was 2.5, 
0.25, 0.05, and 0.005 μg per socket. The extraction sockets 
were then sealed with tissue glue (n-butyl cyanoacrylate, 
PeriAcryl [GluStitch Inc.]; Fig. 1A). The extraction wound 
was treated topically with saline (2 μL) in the vehicle group or 
MaR1 (2 μL per concentration) twice weekly until complete 

closure of the extraction sites was observed. Control and 
experimental groups were always housed separately for the 
quality assurance of the treatment. The housing condition was 
the same among all groups, and no diet modifications were 
made in this study.

Micro–computed tomography Assessment

The animals were euthanized by CO2 overdose at the desig-
nated time points (days 10 and 21). The maxillary segments 
were dissected and fixed in 10% neutral-buffered formalin for 
2 d and then transferred to 70% alcohol before micro–com-
puted tomography (microCT) scanning. The harvested speci-
mens were scanned with a microCT scanning system (eXplore 
Locus, GE Healthcare; Scanco μCT-100, Medical AG) at 10- 
to 18-μm voxel resolution with an energy level of 70 to 80 kV 
(Kuroshima et al. 2013). The scans were reconstructed to pro-
duce 2- and 3-dimensional images of the maxillary specimens, 
and all microCT assessments were performed by masked 
examiner (S.H.Y.). The GEMS MicroView software was used 
for the analysis (Parallax  Innovations Inc.). The extraction 
sockets of the mesial roots were isolated by manual contouring 
and analyzed with regard to the percentage of bone fill. The 
dimensional change of the alveolar ridge was evaluated with 
the frontal view of the alveolar ridge 1 mm mesial from the 
second molar over the extraction socket and with the cemen-
toenamel junction as a reference to calculate the vertical height 
loss at the buccal, middle, and lingual (V1 to V3) crestal sur-
faces. Alveolar ridge width was measured from the most crestal 
point of the alveolar ridge with 0.2-mm incremental descend-
ing levels to capture the morphology of the alveolar bone (H1 
to H3).

Histologic, Immunohistochemical,  
and Immunofluorescence Analysis

Histologic analysis was performed following a previously 
established protocol (Jin et al. 2004). Following microCT 
scanning, the block specimens were decalcified for 14 d in 10% 
EDTA solution. The harvested maxillae were then embedded 
in paraffin, sectioned sagittally along the long axis of the 
extraction socket into sections of 4- to 5-µm thickness with a 
microtome, and stained with hematoxylin and eosin. Then 
images of sections were captured at 2× and 4× magnification 
with a Nikon Eclipse E800 microscope (Nikon) fitted with a 
SPOT-2 Camera (Diagnostic Instruments). Image Pro Plus 
software (Media Cybernetics) was used for further histologic 
analysis. The wound opening dimensions and epithelial thick-
ness above the mesial root of the extraction socket were mea-
sured by masked examiner (T.F.).

Samples for immunohistochemistry were dewaxed and 
incubated overnight at 60 °C in DIVA antigen-retrieval solu-
tion (Biocare Medical). Following blocking of endogenous 
peroxidase, the sections were incubated with primary antibody 
for 60 min at room temperature. The sections were then incu-
bated with the MACH4 horseradish peroxidase–labeled 
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polymer (Biocare Medical). Positive cells were detected with 
DAB substrate (Biocare Medical). Hematoxylin was used for 
counterstaining of the sections. The antibodies and dilutions 
used were CD206 (1:1500, No. 64693; Abcam) and CD68 
(1:100, No. 31630; Abcam). Negative controls were performed 
by omitting the primary antibodies for both markers.

The other sections after antigen retrieval were incubated 
with 3% bovine serum albumin for blocking of nonspecific 
binding, followed by incubation overnight at 4 °C with the fol-
lowing primary antibodies: mouse anti-CD68 (ab31630; 
Abcam) diluted 1:50 or rabbit anti-CD206 (ab64693; Abcam) 
diluted 1:1,000. The sections were then incubated with Alexa-
conjugated secondary antibodies for 2 h (Alexa 488 goat anti-
mouse, diluted 1:200; Alexa 555 donkey anti-rabbit, diluted 
1:200; Abcam), rinsed, and mounted with Prolong Mounting 
Medium (Invitrogen) containing DAPI to visualize DNA con-
tent. Omission of primary antibody was used as negative con-
trol. Fluorescence images were taken under 10× and 20× 
magnification (EVOS FL Auto 2; Invitrogen) and merged with 
EVOS Imaging Software. The sockets were divided into 3 
components (coronal, middle, and apical), and the positive 
cells were counted in each section by a masked experienced 
investigator (L.L.).

Postoperative Pain Assessment

Three pain score assessments were utilized to monitor the pain 
levels of the rats, including a grimace scale (Sotocinal et al. 
2011; Oliver et al. 2014), tube chewing, and burrowing time 
(modified from Wodarski et al. 2016). Standardized chewing 
tubes were placed in each cage and collected every 48 h to 
assess the level of tube destruction (C.W.W. and T.F.). The tube-
chewing scale was as follows: 1 = minor biting defect, 2 = 
major biting defect but the circle integrity of the tube remained, 
3 = the circle integrity was destroyed, and 4 = all pieces were 
<2 cm (i.e., score of 4 indicates less pain, with the tube mostly 
destroyed). For the grimace scale and modified burrowing time, 
rats were acclimated in each cage with the lid opened for 5 min; 
two 30-s video clips were then randomly taken and assessed by 
2 independent, calibrated, and masked examiners (S.H.Y and 
T.F.). Calibration sessions were performed by reviewing the 
videos by the 2 masked examiners prior to independent assess-
ment. Interexaminer agreement was achieved with a kappa of 
0.72 (95% CI, 0.54 to 0.90). Intraexaminer agreement showed a 
kappa of 0.76 (95% CI, 0.59 to 0.94) for S.H.Y. and 0.80 (95% 
CI, 0.64 to 0.96) for T.F. The scores of the 2 examiners were 
averaged for the final results.

Figure 1. Maresin 1 (MaR1) accelerates wound closure following tooth extraction. (A) The maxillary right first molars of rats were extracted, 
and a gelatin sponge was placed into each socket with vehicle (5 μL, saline) or MaR1 (0.5, 0.05, 0.01, and 0.001 μg/μL). The socket was sealed with 
cyanoacrylate glue. (B) The extraction wound was treated and observed every 2 d. n = 18 to 23 per group (n = 8 for 0.01 and n = 4 for 0.001 μg/μL of 
MaR1, observed up to 10 d only). (C) Representative preclinical images in the same animal at days 8 and 10. Arrows indicate the remaining extraction 
wound opening. (D) MaR1 facilitates extraction wound re-epithelialization. The animals were sacrificed, and the maxillae were processed and stained 
with hematoxylin and eosin for histologic analysis. The extraction wounds were assessed by a masked examiner under light microscopy (4×). Right 
insets are the representative sagittal sections of the extraction sockets. Note the remaining wound opening over the control socket (arrows). The 
mesial root socket is also outlined with black dotted lines. n = 6 per group. Results are presented as mean ± SEM. *P < 0.05 and ***P < 0.001 vs. vehicle 
control.
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Statistical Analysis

Statistical analyses were performed with analysis of variance 
and post hoc Student’s t test comparing experimental and con-
trol groups. Multiple Bonferroni corrections were applied 
when multiple concentrations of MaR1 were evaluated. An α 
level of 0.05 was used for statistical significance if not other-
wise specified. Results are presented as mean ± SEM.

Results

MaR1 Accelerates Tooth Extraction  
Soft Tissue Wound Closure

After extraction of the first molars, topical application of 
MaR1 accelerated the complete closure of the extraction 
wound. All concentrations of MaR1 exhibited trends of 
acceleratory kinetics, and no animal exhibited any signs of 
an adverse event to the treatment. At 10 d, MaR1 at a concen-
tration of 0.05 μg/μL showed maximal efficacy, with >72% 
of animals reaching complete wound closure as compared 
with vehicles at around 39% (Fig. 1B). In general, MaR1 
application shifted the healing approximately 2 to 4 d faster 
as compared with the controls. The clinical wound closure 
was confirmed from sagittal histologic sections showing that 
with MaR1 treatment (0.05 μg/μL), there was significantly 
less wound opening (379 vs. 539 μm: MaR1 vs. vehicle, P < 
0.05) and a thicker epithelium above the mesial root socket 
(Fig. 1D).

MaR1 Promotes Socket Bone Fill  
and Preserves the Alveolar Ridge

MaR1 promoted socket bone fill with various concentrations, 
with the highest potency at 0.05 μg/μL concentration, which 
showed an increase of 16% of bone fill at 10 d (Fig. 2A). The 
sockets were completely healed, with similar bone density of 
the alveolar bone in both groups after 21 d (data not shown). 
Additionally, the alveolar bone ridge in the sites treated with 
MaR1 application displayed less buccal bone resorption (Fig. 
2B, C). MaR1 (at 0.5 and 0.05 μg/μL) resulted in a signifi-
cantly wider crestal alveolar ridge dimension as compared with 
vehicle (1.30 vs. 1.23 vs. 0.87 mm: 0.5 μg/μL vs. 0.05 μg/μL 
vs. vehicle, P < 0.01) and less vertical buccal bone resorption 
(0.37 vs. 0.29 vs. 0.55 mm, P < 0.05). Basal bone width (H2 
and H3) as well as vertical ridge resorption at the midcrest 
(V2) and lingual side (V3) did not show significant differences 
among the groups.

MaR1 Regulates the Relative Expression  
of M2-like Macrophage Surface Marker CD206

Here we investigated if MaR1 could enhance the expression of 
M2-like macrophage surface marker CD206. We found that 
10nM MaR1 could reduce M1 marker HLA-DR and upregu-
late CD206 expression (Appendix Fig. 2). Additionally, MaR1 

at 0.05 μg/μL increased the CD206- to CD68-positive macro-
phage ratio in the extraction socket after 10 d of healing. Of 
note, MaR1 did not affect CD68+ but did slightly increase 
CD206+ cell number. When the CD206+:CD68+ ratio was con-
sidered, there was a significant increase with MaR1 applica-
tion (0.98 vs. 0.72: MaR1 vs. control, P < 0.05; Fig. 3A) as 
well as the relative ratio of double-positive cells (Fig. 3B).

MaR1 Reduces Postoperative Pain Scores

The combined concentrations of the MaR1 group showed a 
significant reduction of immediate postoperative pain, particu-
larly at 1 d after tooth extraction (Fig. 4). With MaR1 applica-
tion, the animals exhibited significantly lower grimace scale 
scores (2.8 vs. 4.8: MaR1 vs. vehicle, P < 0.01; Fig. 4A). The 
tube-chewing scores were also significantly higher (the higher 
destructions to the tubes, the less pain) in the MaR1 group as 
compared with the vehicle group (3.1 vs. 2.2, P < 0.01) at 1 d; 
however, the difference between the 2 groups was insignificant 
at 3 d, and both groups returned to their preoperative pain lev-
els (Fig. 4B). Modified burrowing time also showed that the 
MaR1 rats tended to spend less time in the tube as compared 
with the vehicle group (54 vs. 91 s, P < 0.05; Fig. 4C).

Discussion
In this study, we investigated the therapeutic potential of MaR1 
on tooth extraction wound healing, including soft and hard tis-
sue repair in rats. The results showed that topical application of 
MaR1 reduced immediate postoperative pain scores, acceler-
ated soft tissue wound closure, stimulated faster socket bone 
fill, and better preserved the alveolar bone ridge. The applica-
tion of MaR1 increased the relative number of M2-like macro-
phages in the healing socket. Taken together, the results 
indicate that MaR1 aids in tooth extraction wound healing, 
thereby enabling favorable dental implant rehabilitation.

MaR1 accelerated extraction wound healing, resulting in a 
mean 2- to 4-d faster rate in complete wound closure. When the 
wound repair time course is compared between humans and 
rodents, rats metabolize and heal much more rapidly (Amler  
et al. 1960; Aguirre et al. 2010; Lin et al. 2011; Vieira et al. 
2015). Therefore, molar extraction socket healing in rats took 
about only 2 wk for soft tissue wound closure. As compared 
with humans, this period may be 6 wk or even longer. In terms 
of the potential mechanism to facilitate extraction wound clo-
sure, in a similar context (skin wound healing in an animal 
model) MaR1 was shown to reduce skin edema and decrease 
levels of proinflammatory cytokines and reactive oxygen spe-
cies (i.e., myeloperoxidase; Cezar et al. 2019). Furthermore, 
MaR1 may not be directly regulating the epithelial cells but 
promoting the resolution of the inflammation that drives the 
acceleration of the wound closure. Our findings demonstrated 
that TNF-α can inhibit keratinocyte proliferation (Appendix 
Fig. 1). MaR1 has been demonstrated to inhibit the production 
of TNF-α from macrophages (Gong et al. 2014). These 
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findings may demonstrate an indirect mechanism of MaR1 
through regulation of inflammation.

Most significant, in addition to the reparative process, a 
faster healing time for hard and soft tissue may be able to  
reestablish the homeostasis of the alveolar ridge and limit the  
buccal bone remodeling. The mechanism by which MaR1 pro-
motes socket bone fill is not yet fully understood. One possible 
pathway that was observed in our study is that the faster extrac-
tion wound closure may provide a protective effect for under-
lying socket bone fill. It is still unknown whether MaR1 has a 
direct action on osteoblasts or if it promotes socket bone fill 
indirectly through resolving inflammation or both. The extrac-
tion socket bone fill and ridge-remodeling process is a com-
plex and coordinated event that includes coupling of osteoblast 
and osteoclasts in the context of bacterial challenge and inflam-
mation. It has been shown that MaR1 can enhance phagocyto-
sis and killing of oral pathogens (Wang et al. 2015) as well as 
counterregulate TNF-α (Gong et al. 2014), which has been 
shown to inhibit osteoblast differentiation (Gilbert et al. 2000). 
Taken together, this could be a potential indirect mechanism to 
facilitate socket wound healing and bone fill. In terms of 

clinical implications, faster socket bone fill may shorten the 
edentulous ridge healing time before dental implant placement, 
or it may be beneficial for immediate implant placement cases 
to promote more rapid osseointegration. Preserved alveolar 
bone architecture is critical for an ideal implant placement.

Our study results demonstrated that there may be a thera-
peutic concentration window of MaR1. MaR1 is an endoge-
nous mediator and is present in human tissue fluid, such as 
tears, milk, synovial fluid, and serum (Dalli and Serhan 2012; 
Giera et al. 2012; Colas et al. 2014; Arnardottir et al. 2016; 
English et al. 2017). These lipid mediators have their specific 
receptors with a lower bioactive range (typically at nano- to 
picomolar concentrations) as compared with other protein 
molecules (Serhan 2014). Based on the results of this study, the 
maximal effective dosage of MaR1 may be ~0.05 μg/μL 
(equates to 131 nM), which is 10- to 100-times higher concen-
tration as compared with most in vitro studies demonstrating a 
peak efficacy of 1 to 10 nM. Resolvin E1, another family of 
specialized proresolving lipid mediator, was used topically to 
treat experimental periodontitis, with similar concentrations of 
0.5, 0.25, and 0.1 μg/μL. All concentrations showed similar 

Figure 2. Maresin 1 (MaR1) stimulates extraction socket bone fill and preserves the alveolar ridge. (A) Micro–computed tomography (microCT) 
analysis by a masked examiner of socket bone fill after 10 d of healing. n = 8 to 12 per group (n = 4 for 0.001 μg/μL of MaR1). (B) MicroCT assessment 
of the frontal view of the alveolar ridge dimension and resorption after 21 d of healing. V1 is the vertical resorption from the cementoenamel 
junction (CEJ) of the buccal plate; V2 is the middle; and V3 is the lingual crest. H1 to H3 represent the alveolar ridge width with 0.2-mm incremental 
descending levels from the peak of the crest. n = 8 to 11 per group. Results are presented as mean ± SEM. *P < 0.05 and **P < 0.01 vs. vehicle. ♮P < 
0.05 after Bonferroni correction vs. vehicle. (C) Representative micoCT images of the alveolar bone ridge in each group are shown. The mesial root 
socket, where socket bone fill measurements were performed, is outlined with yellow dotted lines.
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results in limiting bone loss (Lee et al. 2016). The current study 
used a gelatin sponge carrier, which has been shown to be lipo-
philic (Kallinteri et al. 2001). The use of the gelatin sponge 
carrier with tissue glue was designed to assist in blood clot 
formation. The natural extraction healing without any carrier 
has been observed, and nearly 40% of the sockets achieved 
complete wound closure, which is consistent with the timeline 
in this study. The gelatin sponge and the tissue glue may have 
a limited effect on the extraction wound healing. Gelatin 
sponge as a carrier for MaR1 and its degradation, releasing, 
and pharmacokinetics should warrant further investigation.

Additionally, the MaR1 pathway stimulates macrophage 
phenotype switching from proinflammatory M1- to M2-like 

macrophages in vitro and in vivo (Dalli et al. 2013; Marcon  
et al. 2013; Viola et al. 2016), and M2 phenotypes are respon-
sible for healing and tissue regeneration (Martinez et al. 2009). 
Our study demonstrated that MaR1 increases CD206+ M2-like 
macrophages. An experimental periodontitis model showed 
that induction of M2 macrophages has protective effects on the 
alveolar bone (Zhuang et al. 2019). The mechanism of M2 
macrophages and their specific roles in tooth extraction wound 
healing and tissue regeneration still require further study.

Finally, MaR1 ameliorated immediate postoperative pain 
scores, as observed with the 3 methods: grimace scale, tube 
chewing, and modified burrowing time. The pain score results 
showed significant differences only at postoperative day 1, and 

Figure 3. Maresin 1 (MaR1) regulates the relative expression ratio of M2-like macrophage surface marker CD206. Animals were sacrificed at day 
10, and the en bloc section of the extraction socket was processed for histologic analysis and stained for CD68 and CD206 surface markers. Photos 
were taken at coronal, middle, and apical portions of the mesial root consistently, and quantifications of the positively stained cells were performed 
by a masked expert through immunohistochemistry and immunofluorescence. MaR1 (0.05 μg/μL) regulates (A) the relative ratio of CD206- to 
CD68-positive cells as well as (B) the relative ratio of double-positive cells. Results are presented as mean ± SEM. n = 4, *P < 0.05 vs. vehicle. (C) 
Representative immunochemistry images of the stained CD206 marker in each group (4×). The area with higher magnification (20×) shows the coronal 
third of the socket. (D) Representative immunofluorescence merged images in each group (DAPI, blue; CD68, greed; CD206, red). The area with 
higher magnification (20×) in the middle (vehicle group on the top) shows the coronal third of the socket. The scale bar represents 1-mm length.
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the scores returned to normal levels in both groups later on. 
This finding can be explained due to the fact that a simple 
extraction heals quite rapidly. MaR1 has been shown to reduce 
pain in different animal models (Gao et al. 2018; Zhang et al. 
2018). The possible analgesic effects of MaR1 may have sig-
nificant potential in clinical implications to reduce the postop-
erative pain and discomfort in patients.

The effect of MaR1 on delayed or compromised healing 
models may be more significant, such as aphthous ulcers or 
surgical trauma. Delivery of MaR1 has been demonstrated to 
aid in diabetic wound healing, as the local biosynthesis of 
MaR1 is compromised by the diabetic condition (Tang et al. 
2013). The biosynthesis of MaR1 and its active metabolome in 
humans has been investigated and established (Dalli et al. 
2013; Deng et al. 2014; Wang et al. 2015; Colas et al. 2016). 
Therefore, it will be of great interest to study the local biosyn-
thesis and metabolome of MaR1 in the natural course of wound 
healing to further understand the best timing and dosage to 
optimize the delivery system for MaR1.

Conclusion
Within the limitation of this preclinical rat animal study for 
extraction socket healing, MaR1 reduced immediate postoper-
ative pain scores, accelerated complete wound closure,  
stimulated more rapid socket bone fill, and preserved the alve-
olar ridge. MaR1 holds significant potential to promote oral 

extraction wound healing and ridge preservation for dental 
implant reconstruction.
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