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Abstract

The specialized pro-resolving lipid mediator Maresin 1 (MaR1) is involved in the resolution 

phase of tissue inflammation. It was hypothesized that exogenous administration of MaR1 would 

attenuate abdominal aortic aneurysm (AAA) growth in a cytokine-dependent manner via LGR6 

receptor signaling and macrophage-dependent efferocytosis of smooth muscle cells (SMCs). 

AAAs were induced in C57BL/6 wild-type (WT) mice and smooth muscle cell specific TGF-β2 

receptor knockout (SMC-TGFβr2−/−) mice using a topical elastase AAA model. MaR1 treatment 

significantly attenuated AAA growth as well as increased aortic SMC α-actin and TGF-β2 

expressions in WT mice, but not SMC-TGFβr2−/− mice, compared to vehicle-treated mice. In 
vivo inhibition of LGR6 receptors obliterated MaR1-dependent protection in AAA formation and 

SMC α-actin expression. Furthermore, MaR1 upregulated macrophage-dependent efferocytosis 

of apoptotic SMCs in murine aortic tissue during AAA formation. In vitro studies demonstrate 

that MaR1-LGR6 interaction upregulates TGF-β2 expression and decreases MMP2 activity during 

crosstalk of macrophage-apoptotic SMCs. In summary, these results demonstrate that MaR1 

activates LGR6 receptors to upregulate macrophage-dependent efferocytosis, increases TGF-β 
expression, preserves aortic wall remodeling and attenuate AAA formation. Therefore, this study 

demonstrates the potential of MaR1-LGR6 mediated mitigation of vascular remodeling through 

increased efferocytosis of apoptotic SMCs via TGF-β2 to attenuate AAA formation.

INTRODUCTION

Abdominal aortic aneurysms (AAA) were identified as the primary cause of 9,923 deaths 

in the United States in 2018 (1). When left untreated, the natural progression of AAA is 

rupture, which is reported to occur in 12,000–15,000 patients each year in the US with 

an associated mortality of 50–80% (2). Although screening and subsequent repair of AAA 
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greater than 5.5cm has reduced the mortality rate by nearly half (3), there remains no 

effective medical therapy for the treatment of AAA.

While the exact pathophysiology of AAA formation remains to be fully elucidated, 

inflammation of the aortic wall is known to play a central role (4, 5). The infiltration of the 

aortic wall by immune cells with subsequent production of pro-inflammatory cytokines i.e. 

IL-1β, IL-17, MCP-1, and HMGB1, leads to a series of events including elastin degradation, 

smooth muscle cell (SMC) apoptosis, and vascular remodeling (6–9) The end result is 

disruption of vascular wall integrity and subsequent aortic dilatation.

Specialized pro-resolving lipid mediators (SPMs) are a novel class of bioactive derivatives 

of ω−3 and ω−6 fatty acids that have recently been shown to regulate resolution of chronic 

inflammation in various diseases (10–13). Maresin 1 (MaR1) is an endogenous SPM derived 

from the omega-3 fatty acid, docosahexanoic acid (DHA) that has been shown to modulate 

leucine-rich repeat-containing G protein–coupled receptor 6 (LGR6) and modulate tissue 

inflammation (12, 14). LGR6 is present in multiple tissues and is known to promote repair 

and regeneration. The biogenesis of SPMs, including MaR1, occurs as a natural part of the 

resolution phase of inflammation and has been shown to have protective and homeostatic 

effects in several inflammatory disease models, including colitis, tissue regeneration, pain 

control, acute lung injury, and lung ischemia/reperfusion injury (15–18). Specifically related 

to the vasculature, in a carotid artery ligation model, MaR1 demonstrated protective effects 

on neointimal hyperplasia formation (19).

Mechanistically, the protective role of MaR1/LGR6 signaling in modulating smooth muscle 

activation and attenuating TGF-β1 mediated vascular inflammation remains undescribed. 

The process of phagocytosis of apoptotic cells, termed ‘efferocytosis’ is known to play a 

central role in tissue homeostasis, allowing for clearance of apoptotic cells and resulting 

in resolution of inflammation in surrounding tissues (20). As such, efferocytosis is vital 

not only in attenuating the inflammatory response, but also in aiding in the resolution 

of inflammation (13, 21). Although defective efferocytosis has been implicated in several 

chronic inflammatory diseases (22), its role in the development of AAA has not been well 

studied, especially in the context of MaR1-mediated efferocytosis of vascular smooth muscle 

cells.

By employing the pro-resolving effects of MaR1, it was hypothesized that MaR1 would 

inhibit the formation of AAA by targeting pathologic inflammation. In this study, the 

immunomodulation of vascular inflammation and remodeling during AAA formation by 

MaR1 and LGR6 signaling was investigated using an established topical elastase-treatment 

model of experimental murine AAA. Furthermore, the role of MaR1 in upregulating the 

process of macrophage-mediated efferocytosis, i.e. uptake of apoptotic/necrotic SMCs, and 

its contribution to smooth muscle cell remodeling via TGF-β signaling was delineated.
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MATERIALS AND METHODS

Animals

Eight to 12-week old wild-type C57BL/6 male mice (Jackson Laboratory, Bar Harbor, 

ME) and SMC-TGF-βr2 (produced by crossing Tgfbr2f/f with Myh11-CreER strains) (23) 

were housed and maintained at 70°F, 50% humidity, in 12-hour light-dark cycles as per 

institutional animal protocols. Mice were provided drinking water and standard chow diet ad 
libitum. All experiments were approved by and conducted in accordance to the Institutional 

Animal Care and Use Committee of the University of Florida (protocol # 201910902).

Human aortic tissue analysis

Collection of human aortic tissue was approved by the University of Florida’s Institutional 

Review Board (#IRB201902782). Consent was obtained from all patients before surgery. 

Aortic tissue from male and female patients was resected during open surgical AAA repair 

as well as during organ transplant donor surgery (controls). Tissue was homogenized in 

Trizol, and RNA was purified per manufacturer’s protocol (Qiagen, Valencia, CA). cDNA 

was synthesized using the iScript cDNA Synthesis Kit (BioRad, Hercules, CA). Quantitative 

(real-time) RT-PCR was performed with primer sets (MWG/Operon, Huntsville, AL) in 

conjunction with SsoFast EvaGreen Supermix (BioRad, Hercules, CA). Gene expression 

was calculated by using the relative quantification method according to the following 

equation: 2(−ΔCT), where ΔCT=(Average gene of interest)−(Average reference gene), where 

GAPDH was used as the reference gene.

Elastase treatment model of abdominal aortic aneurysms

AAA formation was induced using a previously described topical elastase model (24). 

In summary, the infrarenal aorta was exposed circumferentially from just distal the renal 

arteries to the aortic bifurcation. A micropipette was used to apply 5μl of porcine pancreatic 

elastase (Sigma-Aldrich, St. Louis, MO; 0.3mg protein/mL, 7 units/mg protein) topically to 

the exposed aortic adventitia for 5 minutes. The abdominal aorta was exposed and dissected 

free from surrounding tissue from the left renal vein proximally to the aortic bifurcation 

distally. A small puncture was made in the suprarenal aorta and blood evacuated from the 

vessel lumen. Aortic diameters were measured by video micrometry using NIS-Elements 

D5.10.01 software attached to the microscope (Nikon SMZ-25; Nikon Instruments, Melville, 

NY). Aortic dilation percentage was determined by [(maximal AAA diameter − self-control 

aortic diameter)/ (self-control aortic diameter)] × 100. Aortic dilation of ≥ 100% was 

considered positive for AAA (25). The aortas were collected and either flash frozen in 

−80°F for protein extraction, or incubated overnight in paraformaldehyde solution for 

histology and immunohistochemistry.

Treatment of mice with MaR1

To evaluate the preventive aspect of MaR1 in AAA formation, mice received intraperitoneal 

injections (i.p.) with 0.2ml vehicle (0.1% ethanol in 0.9% saline) or MaR1 (4ng/g or 40 ng/g 

bodyweight; Cayman Chemicals; Ann Arbor, MI) (19) on post-operative days 1, 3, 5, and 

7 and aortas were harvested on post-operative day 14. A separate group of animals were 
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analyzed to assess the effect of MaR1 treatment of pre-formed AAAs. In this group, mice 

underwent i.p. injections with either vehicle (0.1% ethanol in 0.9% saline) or MaR1 (4ng/g 

bodyweight) administered on post-operative days 7, 9, 11, and 13 and aortas were harvested 

on post-operative day 14 for further analyses.

LGR6 expression quantification

In order to evaluate expression of LGR6 receptor, mice underwent AAA 

induction surgery as described above with topical elastase or heat inactivated 

elastase as a control, and aortas were harvested on days 7 or 14. RNA 

was isolated from murine and human aortas using Total Exosome RNA and 

Protein Isolation Kit (Thermo Fisher Scientific) The following primers were 

used for murine analysis: LGR6 Fwd: GAGGACGGCATCATGCTGTC, LGR6 

Rev: GCTCCGTGAGGTTGTTCATACT, β-Actin Fwd: GGCTGTATTCCCCTCCATCG 

and β-Actin Rev: CCAGTTGGTAACAATGCCATGT. To evaluate expression 

of LGR6 receptor in humans with and without AAA, aortic tissue 

was obtained as described above and RNA was isolated. The following 

primers were used: LGR6 Fwd: ACGGCTTACCTGGACCTCA, LGR6 Rev: 

TGCTTGTCCTGGGATGTGTG, GAPDH Fwd: TGACGGCTTACCTGGACCTCA, 

GAPDH Rev: AGAGAATGCTTGTCCTGGGATG. cDNA was synthesized via the iScript 

Reverse Transcription supermix for RT-qPCR (BioRad) and the PCR was carried out using 

the SYBRgreen master mix. Each PCR reaction was carried out in triplicate, and the relative 

quantification of gene expression was analyzed using the ΔΔCT method with β-Actin (mice) 

and GAPDH (humans) as the endogenous reference.

In vivo knockdown of LGR6

Mice were injected i.p. with siRNA for mouse LGR6 (10μg; catalog no. E- 044056-00-0010, 

Dharmacon Accell siRNA pool) or nontarget siRNA nontarget siRNA (10 μg; nontargeting 

siRNA no. 1; catalog no. D-001910-01-05), as previously described (14). One day later, both 

groups of mice underwent AAA induction surgery as described above with active elastase. 

Quantification of LGR6 expression by RT-PCR was performed in purified peritoneal 

macrophages from LGR6 siRNA and control siRNA treated mice. LGR6-siRNA-injected 

mice reduced LGR6 expression by 52.3±1.9% compared with nontarget siRNA-injected 

mice. Mice received i.p. injections with MaR1 (4ng/g bodyweight) on post-operative days 1, 

3, 5, and 7 and aortas were harvested on post-operative day 14. Aortic dilation percentage 

was measured and aortic tissue was collected for immunohistochemistry.

Histology

Harvested aortic tissue was fixed in 4% buffered formaldehyde overnight, transferred to 

70% ethanol, and embedded in paraffin. Aortic cross sections were prepared and stained for 

alpha SMCs (anti-mouse alpha smooth muscle actin, 1:1000). Images were acquired with 

20X magnification by an Olympus microscope equipped with a digital camera (Olympus 

America, Center Valley, PA, USA) and ImagePro software (Media Cybernetics, Rockville, 

MD, USA). For grading, the positive staining area of entire aortic tissue sample was selected 

and measured using integrated optical density of each section.
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Enzyme Linked Immunosorbent Assay

MaR1 was quantified by ELISA using a commercially available ELISA kit as per the 

manufacturer’s instructions (Cayman Chemicals, Ann Arbor, MI).

Flow cytometry

Murine aortic tissue was harvested from WT mice after undergoing AAA induction and 

being treated with i.p. injections of either 4ng/g MaR1 or vehicle (0.2ml; 0.1% ethanol 

in 0.9% saline) on days 1, 3, 5, and 7 and harvested on day 7 or day 14. Aortic tissue 

from mice was minced and incubated for 15 min at 37°C with collagenase type IA (Sigma 

Aldrich; St. Louis, MO) in PBS with 0.5% BSA and 2mM EDTA. The cell suspension 

was prepared for flow cytometry analysis using the following antibodies: APC–Cy7–labeled 

CD45, CD11b-PerCP-Cy5.5 and SMα-actin-Alexa Flour 488 (eBioscience; San Diego, 

CA). To facilitate intracellular staining, cells were fixed with flow cytometry fixation buffer 

and permeabilized with flow cytometry permeabilization/wash buffer (R&D Systems), 

and incubated with either an unconjugated mouse IgG1 or SMα-actin-Alexa Flour 488 

antibodies. Nonspecific staining was assessed by using isotype controls for intracellular 

staining in place of the primary antibodies. FACS data was analyzed using FlowJo software 

v9.

Cell culture experiments

Primary aortic smooth muscle cells (SMCs) were purified from WT mice (26) and 

RAW264.7 macrophages (ATCC, Manassas, VA) were cultured (0.5 × 106 cells in 12-well 

plates), as per manufacturer’s recommendations. SMCs were exposed to transient elastase 

treatment for 30 min or staurosporine to induce apoptosis and was followed by washing 

with PBS and replacement of the medium. Separately, macrophage cultures were incubated 

with/without MaR1 (100nM) for 1hr at 37°C. For knockdown of LGR6, macrophages 

were transfected with LGR6 siRNA or scramble-control siRNA (ThermoFisher, Waltham, 

MA) prior to treatment with/without MaR1. Transfection of RAW264.7 macrophages with 

LGR6 siRNA demonstrated an 82.3±2.9% decrease in LGR6 expression compared to 

control siRNA. Following the respective treatments, apoptotic SMCs and macrophages (1:2 

ratio) were co-cultured for 24hrs and supernatants were analyzed for TGF-β2 and MMP2 

expressions. Controls consisted of co-cultures of untreated SMCs and macrophages and 

supernatants were collected after 24 hrs. Flow cytometry analysis was done on apoptotic 

SMCs and macrophages to analyze efferocytosis, as described above.

TGF-β2 and MMP2 expression assay

Murine aortic tissue and cell culture supernatants were analyzed for the quantification of 

TGF-β2 expression using an ELISA kit, as suggested by the manufacturer’s instructions 

(R&D Systems, Minneapolis, MN). MMP2 expression was measured using a luminex bead 

array assay per the manufacturer’s assay (Millipore Sigma, Burlington, MA).

Statistical analysis

Statistical analysis was completed with GraphPad 7 (GraphPad Software, La Jolla, CA) 

software. One-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test 
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was used to compare means between groups three or more groups. An unpaired students 

t-test with nonparametric Mann-Whitney or Wilcoxon rank sum test was also used for 

pairwise comparison of groups. Results are displayed as mean ± standard error of mean and 

p<0.05 was considered statistically significant.

RESULTS

Maresin-1 prevents experimental murine AAA formation

Using the topical elastase model, mice were treated with either elastase or heat-inactivated 

elastase on day 0 and injected with vehicle or MaR1 (4ng/g bodyweight) on post-operative 

days 1, 3, 5, 7 and harvested on day 14 (Figure 1A). A significant increase in mean aortic 

diameter was noted in elastase treated mice compared to heat-inactivated elastase treated 

control mice (132.1±6.1% vs. 1.28±0.64%; p<0.001). When mice were administered MaR1 

(4ng/g bodyweight), elastase-treated mice demonstrated significantly decreased mean aortic 

dilation compared to mice treated with vehicle alone (95.1±5.3% vs. 132.1±6.1%; p<0.001, 

Figure 1B–C). The expression of TGF-β2 in aortic tissue was significantly increased after 

MaR1 treatment compared to untreated controls (44.4±10.4 vs. 14.2±2.4 pg/ml; p=0.01; 

Figure 1D). Conversely, the expression of MMP2 was significantly attenuated in MaR1-

treated mice compared to untreated elastase controls (181.7±29 vs. 351.9±39.9 pg/ml; 

p=0.003; Figure 1E). Additionally, MaR1 treated mice demonstrated significantly increased 

expression of smooth muscle alpha actin (SM-αA) compared to mice treated with vehicle 

alone (18.5 ± 1.1% vs. 13.8% ± 0.9%; p=0.02, Figure 1F–G).

To test the dose-dependent effect of MaR1 on AAA formation, a separate group of elastase 

treated mice were administered vehicle or higher dose MaR1 (40ng/g bodyweight) on 

post-operative days 1, 3, 5, and 7 and harvested on day 14 (Supplement Figure S1A). MaR1 

(higher dose) treated mice again demonstrated a significantly decreased mean aortic dilation 

compared to vehicle treated mice (99.2 ± 4.8% vs. 124.1 ± 9%; p=0.01, Supplement Figure 

S1B). However, there was no significant difference in mean aortic dilation between mice 

receiving MaR1 (lower dose) vs. MaR1 (higher dose) (95.1±5.3% vs. 99.2±4.8%; p=0.81, 

Supplement Figure S1C).

Maresin-1 attenuates the growth of pre-formed AAAs

To test the potential of MaR1 in mitigating clinically applicable scenario of preformed 

AAAs, mice were administered either vehicle or MaR1 beginning on days 7, 9, 11, and 13 

and harvested on day 14 (Figure 2A). Mice treated with MaR1 demonstrated significantly 

attenuated mean aortic dilation compared to mice treated with vehicle alone (113±5.6% 

vs. 165±9.4%; p<0.001, Figure 2B and 2C). MaR1 treated mice demonstrated significantly 

increased expression of SM-α actin compared to mice treated with vehicle alone (27.1±3.4% 

vs. 14.2 ± 2.4%, respectively; p=0.03, Figure 2D–E).

Maresin-1 mediated mitigation of aortic remodeling is regulated by TGF-β signaling

To investigate the effects of MaR1 on SMC activation and aortic remodeling via TGF-

β signaling, AAA formation was analyzed in tamoxifen-treated SMC-Tgfβr2−/− mice 

(Figure 3A). There was no significant difference in aortic diameter in elastase-treated SMC-
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Tgfβr2−/− mice compared to elastase-treated WT mice (119.1± 8.5% vs. 133.9±11.9%; 

p=0.59; Figure 3B–C). MaR1 administration failed to attenuate AAA formation in elastase-

treated SMC-Tgfβr2−/− mice compared to vehicle administered and elastase-treated SMC-

Tgfβr2−/− mice (131.6± 12% vs. 119.1± 8.5%; p=0.410). Similarly, no significant difference 

was observed in expression of SM-α actin after MaR1 treatment in elastase-treated SMC-

Tgfβr2−/− compared to vehicle-treated SMC-Tgfβr2−/− mice (Figure 3D–E).

Maresin 1-dependent protection against AAA formation is mediated by LGR6 receptors

In order to assess the molecular target and ligand-receptor interactions of MaR1, the effect 

of in vivo knockdown of endogenous murine LGR6 was examined. Treatment with LGR6 

siRNA obliterated the protective effect of MaR1 as seen by increased aortic diameter as 

compared with mice that were administered with control siRNA+MaR1 (108.0 ± 11.5% 

vs. 71.4±9.9%; p=0.04, Figure 4A–B) Expression of smooth muscle-α actin was decreased 

in mice administered with MaR1 and treated with siRNA for LGR6 compared to control 

siRNA+MaR1 (Figure 4C). Endogenous MaR1 levels in murine aortic tissue after topical 

elastase and heat-inactivated (control) elastase treatment were measured at days 1, 3, 7 

and 14 in mice and were found to be the highest on day 7 corresponding with the largest 

progression of aortic dilation (Supplement Figure S2A–S2B). The expression of LGR6 

receptor in murine aortic tissue was significantly downregulated in AAA tissue compared 

to respective controls on days 7 and 14 (Supplement Figure S2C–S2D). Similarly, LGR6 

expression in human aortic tissue from AAA patients was also significantly decreased as 

compared to controls (Supplement Figure S3).

Efferocytosis of SMCs is increased by Maresin-1 in aortic wall of murine AAAs

Previous studies have shown that murine and human aneurysm tissues is accompanied 

by biochemical, morphological and molecular changes consistent with SMC apoptosis. To 

investigate the clearance of apoptotic SMCs by phagocytic macrophages i.e. efferocytosis, 

and its modulation by MaR1, we analyzed murine aortic tissue in the elastase AAA 

model. Flow cytometry analysis of murine aortic tissue demonstrated increased levels of 

co-expression CD11b+SM-αA+ cell population in MaR1 treated mice compared to mice 

treated with vehicle alone on post-operative day 7 (46.4±2.6% vs. 17.2±3%; p<0.001, 

Figure 5A) and post-operative day 14 (50.3±1.2% vs. 32.8±4.2%; p=0.01, Figure 5B). These 

results suggest that MaR1 upregulates macrophage-dependent uptake of SMCs during AAA 

formation.

Maresin-1 interacts with LGR6 on macrophages to upregulate TGF-β secretion during 
phagocytosis of apoptotic SMCs

To investigate the mechanistic crosstalk between MaR1-activated macrophages and 

apoptotic smooth muscle cells, we used in vitro studies involving RAW264.7 macrophages 

and murine SMCs. Transient elastase-treatment (30 minutes) treatment induced apoptosis in 

SMCs after 6hrs as measured by Annexin V/FITC analysis (data not shown). Co-culture of 

elastase-induced apoptotic SMCs with macrophages (separately treated with/without MaR1) 

were performed for 24 hrs and culture supernatants were analyzed for TGF-β2 and MMP2 

expression. A significantly increased TGF-β2 secretion was observed in supernatants from 

co-cultures treated with MaR1 compared to untreated controls (252.2±30.1 vs. 86.9±14.5 

Elder et al. Page 7

FASEB J. Author manuscript; available in PMC 2022 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pg/ml; p<0.01; Figure 6A). Moreover, expression of MMP2 was significantly increased in 

elastase-induced apoptotic SMCs compared to controls (254.4±36.2 vs. 44.2±4.8 pg/ml; 

p<0.01; Figure 6B). However, MaR1-treated macrophages significantly decreased MMP2 

expression in supernatants of co-cultures with apoptotic SMCs compared to untreated 

controls (138.7±13.5 vs. 255.5±33.3 pg/ml; Figure 6B). Similar to the in vivo results, a 

significant increase in efferocytosis was observed in MaR1-treated macrophages for the 

uptake of apoptotic SMCs (Supplement Figure S4). Furthermore, the MaR1-dependent 

increase in TGF-β2 was abolished when pre-treatment with siRNA for LGR6 was performed 

and these macrophages were co-cultured with apoptotic SMCs, compared to pre-treatment 

with control siRNA (51.1±8.3 vs. 178.5±27.2 pg/ml; p<0.01; Figure 6C). Finally, LGR6 

blockade of macrophages abolished the MaR1-mediated decrease in MMP2 expression 

when co-cultured with apoptotic SMCs, compared to pre-treatment of macrophages with 

control siRNA (284.2±31.3 vs. 133.3±15.2 pg/ml; p<0.01; Figure 6D). Taken together, the 

in vivo and in vitro results suggest that MaR1-LGR6 signaling on macrophages upregulates 

efferocytosis of SMCs and increases TGF-β signaling to mitigate SMC activation and 

vascular remodeling leading to mitigation of AAA formation (Figure 7).

DISCUSSION

In this study, it was demonstrated that treatment with the SPM isoform, MaR1, prevented 

AAA formation as well as attenuated the growth of small pre-formed aneurysms in an 

experimental murine AAA model. The MaR1-dependent mitigation of AAA formation and 

SMC preservation is abolished in SMC-TGFβ2r−/− mice suggesting an association between 

MaR1 and SMC-dependent TGF-β2 signaling. In vivo knockdown of LGR6, a previously 

reported target of MaR1 (14), diminished the protective effects of MaR1 on AAA growth, 

suggesting that the therapeutic effects of MaR1 are mediated by this glycoprotein receptor. 

Histologic staining demonstrated that AAA attenuation was accompanied by increased 

levels of SMC preservation within the aortic wall. Additionally, increased efferocytosis 

of apoptotic SMCs in aortic tissue was observed in MaR1 treated mice, indicating that 

MaR1 can upregulate macrophage-specific uptake of apoptotic SMCs leading to mitigation 

of aortic inflammation. In vitro studies reveal that the process of macrophage-dependent 

efferocytosis of apoptotic SMCs upregulates TGF-β2 and is dependent on MaR1-LGR6 

interactions. By using knockdown of LGR6, we uncovered a previously undescribed role for 

LGR6 in mediating MaR1’s pro-resolving actions in vascular inflammation and remodeling 

in an experimental AAA murine model. These results provide a novel mechanism by which 

MaR1 prevents and attenuates AAA formation through the promotion of efferocytosis of 

apoptotic vascular SMCs, mediated by the LGR6 receptor.

Once thought as a passive process, the resolution of inflammation is now known to be an 

active process involving endogenous SPMs, including Lipoxins, Resolvins, Protectins, and 

Maresins (27). Each of these SPMs has been shown to alter inflammation in a variety of 

disease models involving many different organ systems. In AAA disease, SPMs resolvin 

D1 (RvD1) and D2 (RvD2) were shown to both prevent and treat murine AAA. We 

previously reported that RvD1 and RvD2 treatment resulted in decreased pro-inflammatory 

cytokines, decreased immune cell infiltration, reduction of MMP activity, and promoted 

macrophage polarization toward an M2 phenotype (10). The result was preservation of 
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elastin and overall reduction of AAA diameter when compared with controls. Additionally, 

our studies demonstrated that RvD1 decreased AAA formation through inhibition of 

neutrophil extracellular traps (NETosis) which is a downstream event of IL-1β mediated 

neutrophil activation and infiltration in the aortic wall (9, 11). The mechanistic aspects 

of SPMs can be mediated via specific receptors that elucidate anti-inflammatory activities 

in a cell- and tissue-specific manner (14, 28–31). RvD1 has been shown to exhibit its 

pro-resolving function by signaling through two G protein-coupled receptors (GPCRs), A 

lipoxin/formyl peptide receptor 2 (ALX/FPR2) and GPR32 resulting in decreased PMN 

infiltration as well as stimulating macrophage phagocytic function (32). In fact, Petri et al 
showed that the deletion of ALX/FRP2 resulted in exacerbation of angiotensin II induced 

murine AAA (29). More recently, MaR1 was shown to bind LGR6, expressed in phagocytes 

with downstream effects of promoting phagocytic and efferocytic activity (14). Our results 

also demonstrated similar protective benefit of MaR1 via LGR6 in attenuating AAA disease 

suggesting the mechanistic process of ligand-receptor interactions of this isoform of SPMs.

Maresins have previously been shown to mitigate inflammation through various mechanisms 

in several disease processes. In models of experimental colitis, MaR1 was shown to 

inhibit the NFκB pathway resulting in downregulation of multiple inflammatory cytokines 

including IL-1β, TNF-α, IL-6, and IFN-γ, while promoting macrophage class switching 

to M2 phenotype (15). In an LPS induced acute lung injury model, MaR1 decreased the pro-

inflammatory cytokines TNF-α, IL-1β, and IL-6 while also decreasing neutrophil infiltration 

and decreasing pulmonary myeloperoxidase activity (17). Serhan et al. demonstrated the 

role of MaR1 in resolution of inflammation, stimulating tissue regeneration in planaria, 

and controlling neuropathic pain in mice (16). Specific to vascular disease, MaR1 has been 

shown to promote vascular homeostasis through limiting both neutrophil and macrophage 

recruitment to the site of vascular injury as well as promoting increased macrophage 

polarization to an M2 phenotype (19). MaR1 has also been shown in multiple studies 

to promote efferocytosis in both infectious and injury induced inflammation, a key 

characteristic of resolution physiology in limiting ongoing both direct effects of neutrophil 

activity as well as downstream effects of apoptotic signaling (12, 33).

However, MaR1 did not appear to confer its protective effects on AAA formation 

through classically described inflammatory cytokines, but rather primarily affected SMC 

preservation via increased TGF-β2 and mitigation of MMP2 to attenuate vascular 

remodeling. The process of SMC apoptosis can trigger a cytotoxic milieu thereby attracting 

immune cell mediated infiltration and activation leading to further damage and remodeling 

of the aortic wall (34, 35). This led us to examine how MaR1 may affect the clearance of 

apoptotic SMCs within the aortic wall. Apoptosis of vascular SMCs is a key characteristic 

in AAA pathogenesis (35). This loss not only contributes to weakening of vascular wall 

integrity, but also decreases the connective tissue repair function directed by vascular 

SMCs (36). Clearance of these apoptotic cells is important in limiting the inflammatory 

response generated by dying cells and the resultant preservation of existing cell populations. 

Kojima et al. suggest that defective efferocytosis contributes to AAA formation as evidenced 

by the upregulation of the anti-phagocytic marker CD47 in aneurysmal tissue of both 

humans and mice. Further, they demonstrated that restoration of efferocytic function 

through administration with anti-CD47 antibodies resulted in attenuation of murine AAA 
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development through clearance of apoptotic bodies within the aortic wall (37). Our data 

suggests that MaR1 confers protective effects on AAA development through the increase 

in efferocytosis of apoptotic smooth muscle within the aortic wall thereby preserving 

the vascular architecture and preventing aortic remodeling. This process allows for both 

the preservation of SMCs by limiting progressive necrotic dysfunction as well as the 

regeneration and proliferation of vascular SMCs resulting in stabilization of the aortic wall 

and AAA prevention and formation.

The role of TGF-β signaling in modulation of aortic aneurysms remains controversial. 

Several previous studies have reported that SMC TGF-β signaling can be the primary 

cause of aortic aneurysms and disruption of TGF-βR1 or TGF-βR2 has been reported 

to lead to dilatation of the aorta and enhance aneurysm development (23, 38–41). A 

recent study by Chen et al. demonstrate that abrogation of TGF-β signaling in SMCs in 

combination with hypercholesterolemia results in formation of aortic aneurysms due to 

reprograming of normal SMCs into mesenchymal-like stem cells as well as macrophage-like 

cells (42). Moreover, AngII-induced aortic rupture has been shown to be enhanced by TGF-

β neutralization providing further evidence of the immunomodulation of aortic aneurysm 

progression by TGF-β signaling (43). However, the crosstalk between macrophages and 

SMCs in vascular pathologies i.e. aortic aneurysms, via TGF-β had not been previously 

elucidated. Macrophages have the unique ability to inhibit inflammation via autocrine or 

paracrine mechanisms involving TGF-β after ingesting apoptotic cells (44). Our findings 

provide a previously undescribed mechanistic pathway wherein ingestion of apoptotic 

SMCs by MaR1/LGR6 activated macrophages stimulate TGF-β signaling that protects SMC 

activation and MMP2-mediated vascular remodeling. The implications of this study further 

supports the effects of disrupted SMC TGF-β signaling which can be enhanced by SPMs 

and prevent SMC reprogramming to accelerate resolution of aneurysm formation.

Several limitations to our study exist. Translation to human subjects remains to be 

determined in a large animal model as clinical trials for pharmacotherapy based on murine 

data alone are rare. Additionally, the effect of SPMs on chronic AAA and subsequent 

aortic rupture remains to be elucidated and will be the next logical step to determine 

the immunomodulation of aortic remodeling in our recently described murine aortic 

rupture models (45, 46). Furthermore, a combined therapeutic strategy using various 

bioactive isoforms of SPMs will be more prudent as an effector strategy to mitigate 

aortic inflammation and vascular remodeling. The synergistic effect of RvD1 on the aortic 

inflammation and MaR1 on apoptotic SMC uptake underscores the multifaceted approach of 

combined therapeutic intervention by bioactive isoforms of SPMs that will be deciphered in 

our recently described large animal porcine model as well as chronic aortic aneurysm and 

aortic rupture models (25, 45, 47).

In conclusion, treatment with MaR1 can significantly prevent, as well as slow the growth 

of small preformed AAAs in a murine model. The mechanistic approach of MaR1 mediated 

mitigation of aortic inflammation is conferred through increased efferocytosis of apoptotic 

vascular SMCs within the aortic wall via LGR6-MaR1 interaction. This provides a newly 

described mechanism by which SPMs have the potential to inhibit AAA formation. Further 

research is needed in order to decipher the combined therapy of various SPM bioactive 

Elder et al. Page 10

FASEB J. Author manuscript; available in PMC 2022 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



isoforms to provide insight into a clinically translatable approach for patients with aortic 

aneurysms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MaR1 administration attenuates AAA formation and preserves smooth muscle-α actin 

within the aortic wall. A, Schematic description of topical elastase treatment design. Mice 

were divided into three groups and treated with either heat inactivated elastase or elastase 

on day 0. Mice were then administered either vehicle or MaR1 on days 1, 3, 5, and 7. 

Aortic diameter was measured on day 14 and tissue harvested for additional analysis. B, 

MaR1 treated mice demonstrated a significant decrease in aortic diameter compared to 

vehicle treated mice; *p<0.001 vs. other groups; n=20–32 per group). C, Representative 

images of aortic phenotype in the respective groups. D, TGF-β2 expression in aortic tissue 

was significantly increased after MaR1 treatment in elastase-treated WT mice compared 

to untreated controls (*p<0.05 vs. other groups; n=5/group). E, Expression of MMP2 in 

aortic tissue was significantly attenuated in MaR1-treated mice compared to untreated 

controls (*p<0.01 vs. other groups; n=5/group). F, Expression of smooth muscle-α actin 

is significantly increased in mice treated with MaR1 compared to mice treated with vehicle 

alone (*p<0.02 vs. other groups; n=4–9 per group). G, Representative histological images 

of smooth muscle-α actin staining in the respective groups. Arrows indicate areas of 

immunostaining.
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Figure 2. 
MaR1 attenuates the growth of pre-formed experimental murine AAA and preserves smooth 

muscle-α actin expression. A, Schematic description of treatment design. B, MaR1 treated 

mice demonstrated a significant decrease in aortic diameter compared to vehicle treated 

mice (*p<0.001 vs. other groups; n=8–10 per group). C, Representative images of aortic 

phenotype in the respective groups. D, Expression of smooth muscle-α actin is significantly 

increased in mice treated with MaR1 compared to mice treated with vehicle alone (*p<0.03 

vs. Elastase+MaR1; n=3–4 per group). E, Representative histological images of smooth 

muscle-α actin staining in the respective groups is shown. Arrows indicate areas of 

immunostaining.
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Figure 3. 
Maresin-1 mitigates AAA formation via smooth muscle cell-dependent TGF-β2 signaling. 

A, Schematic description of elastase AAA model in tamoxifen-treated SMC-Tgfβr2−/− mice. 

B, MaR1 treated SMC-Tgfβr2−/− mice showed no difference in aortic diameter compared to 

vehicle treated SMC-Tgfβr2−/− mice or elastase-treated WT mice (n=9–11 mice per group; 

ns, not significant). C, Representative images of aortic phenotype in respective groups. D, 

Expression of smooth muscle cell-α actin is similar in SMC-Tgfβr2−/− mice treated with 

MaR1 compared to mice treated with vehicle alone (n=4–5/group; ns, not significant). E, 

Representative histological images of smooth muscle-α actin staining in respective groups. 

Images were acquired using 20X magnification.
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Figure 4. 
In vivo LGR6 knockdown reduces protective effect of MaR1. A, LGR6-siRNA treatment 

of WT mice demonstrated a significant increase in aortic diameter as compared to control 

(c)-siRNA treated mice after administration of MaR1 in respective groups (*p=0.04, n=5–7 

per group). B, Representative images of aortic phenotype in respective groups. Images were 

acquired using 20X magnification. C, Expression of smooth muscle-α actin is decreased in 

mice administered with MaR1 and treated with LGR6-siRNAcompared to control-siRNA 

(n=5 per group).

Elder et al. Page 18

FASEB J. Author manuscript; available in PMC 2022 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
MaR1 increases efferocytosis of SMCs in aortic tissue of murine AAA. Flow cytometry 

analysis of murine aortic tissue demonstrated increased levels of co-expression CD11b+SM-

αA+ cell population in MaR1 treated mice compared to mice treated with vehicle alone 

at (A) post-operative day 7 (*p<0.001, n=4–5 per group) and (B) post-operative day 14 

(*p=0.01, n=4–5 per group). Representative flow cytometry panels of day 7 (C) and day 14 

(D) murine aortic tissue analysis.
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Figure 6. 
Maresin-1 upregulates TGF-β2 secretion and decreases MMP2 expression. A, Co-culture of 

apoptotic SMCs with MaR1-treated macrophages upregulates TGF-β2 secretion compared 

to co-cultures of untreated macrophages and SMCs. B, Elastase-induced apoptotic SMCs 

demonstrate increased MMP2 expression which was inhibited by co-cultures with MaR1-

treated macrophages. C, MaR1-treated macrophages upregulate TGF-β2 secretion via LGR6 

receptors when co-cultured with apoptotic SMCs. MaR-1 dependent increase in TGF-β2 

was abolished with LGR6-siRNA blockade of macrophages and co-culture with apoptotic 

SMCs, compared to pre-treatment with control siRNA. D, Inhibition of MMP2 expression 

by MaR1-treated macrophages is dependent on LGR6 receptors. Macrophages treated with 

LGR6-siRNA+MaR1 abolished the decrease in MMP2 expression observed in macrophages 

treated with control siRNA+MaR1. *p<0.05; n=8–10/group.
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Figure 7. 
Schematic description of MaR1 mediated attenuation of vascular remodeling during AAA 

formation. The crosstalk between immune cells and aortic SMCs involves pro- and 

anti-inflammatory pathways that modulates vascular remodeling during AAA formation. 

Apoptosis and transformation of SMC architecture is a hallmark of aortic inflammation and 

remodeling that can be immunomodulated by SPMs. MaR1 acts on LGR6 receptors on 

macrophages to upregulate efferocytosis of apoptotic SMCs during AAA formation. This 

process upregulates TGF-β2 secretion that leads to SMC preservation, decrease in MMP2 

activation and subsequent aortic remodeling as well as AAA formation. MaR1, maresin-1; 

LGR6, leucine-rich repeat-containing G-protein coupled receptor 6; SMCs; smooth muscle 

cells; MФ; macrophages; MMP; matrix metalloproteinases.
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