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Abstract

Abdominal aortic aneurysm (AAA) formation is characterized by inflammation, leukocyte
infiltration, and vascular remodeling. Resolvin D1 (RvD1) is derived from w-3 polyunsaturated
fatty acids and is involved in the resolution phase of chronic inflammatory diseases. The

aim of this study was to decipher the protective role of RvD1 via formyl peptide receptor

2 (FPR2) receptor signaling in attenuating abdominal aortic aneurysms (AAA). The elastase-
treatment model of AAA in C57BL/6 (WT) mice and human AAA tissue was used to confirm
our hypotheses. Elastase-treated FPR2~/~ mice had a significant increase in aortic diameter,
proinflammatory cytokine production, immune cell infiltration (macrophages and neutrophils),
elastic fiber disruption, and decrease in smooth muscle cell a-actin expression compared to
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elastase-treated WT mice. RvD1 treatment attenuated AAA formation, aortic inflammation, and
vascular remodeling in WT mice, but not in FPR2~/~ mice. Importantly, human AAA tissue
demonstrated significantly decreased FPR2 mRNA expression compared to hon-aneurysm human
aortas. Mechanistically, RvD1/FPR2 signaling mitigated p47Ph°* phosphorylation and prevented
hallmarks of ferroptosis, such as lipid peroxidation and Nrf2 translocation, thereby attenuating
HMGB1 secretion. Collectively, this study demonstrates RvD1-mediated immunomodulation of
FPR2 signaling on macrophages to mitigate ferroptosis and HMGBL release, leading to resolution
of aortic inflammation and remodeling during AAA pathogenesis.

Keywords

abdominal aortic aneurysms; ferroptosis; formyl peptide receptor 2; HMGB1; macrophages;
resolvin D1

1| INTRODUCTION

The pathophysiology of abdominal aortic aneurysm (AAA) remains elusive, but likely
involves vascular inflammation characterized by leukocyte infiltration of the aortic

wall associated with the production of proinflammatory cytokines.! The resolution of
inflammation is now recognized as an active process mediated by specialized pro-resolving
lipid mediators (SPMs) and dysregulation of inflammation resolution can significantly
contribute to chronic inflammatory diseases.2# SPMs include several structurally different
families, including lipoxins from arachidonic acid, resolvins of the D- and E-series,
protectins, and maresins, which are derived from the omega-3 fatty acids eicosapentaenoic
acid and docosahexanoic acid (DHA).> The role of SPMs in the resolution of inflammation
in AAAs has yet to be fully elucidated, as the unique properties of these bioactive lipid
derivatives are postulated to modulate inflammation-resolution signaling pathways, thereby
demonstrating a clinically applicable therapeutic strategy for the treatment of chronic
vascular diseases.?

RvD1 (7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-docosahexaenoic acid) is a
metabolite of docosahexaenoic acid (DHA) that modulates the resolution phase of the
inflammatory response.®’ These immunomodulatory functions are mediated by FPR2, a
type of G-protein-coupled receptors (GPCRs).810 FPRs are a diverse family of seven
transmembrane chemoattractant GPCRs that are classified as pattern recognition receptors
located on immune cells and have the unique ability to recognize both pathogen-associated
and damage-associated molecular patterns (PAMPs and DAMPs).11 FPR2 can bind to
various peptides and ligands, including RvD1, Lipoxin A4, human peptide humanin,

and chemokine variant SCKb8-1, to convey contrasting biological signals.1213 We have
previously described that exogenous treatment with RvD1 inhibits aortic dilation via
mitigation of neutrophil extracellular traps (NET) formation during AAA.14 However,

the complexities of mechanistic signaling relative to ligand—receptor-mediated interactions
associated with RvD1-mediated attenuation of aortic inflammation and cell death pathways
remain unknown in aneurysmal pathology.
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One of the characteristics of AAA formation and rupture is programmed cell death

that involves progressive smooth muscle cell loss, as well as endothelial cell injury and
death leading to aortic degeneration.1®> While apoptosis and NETosis have been shown to
mediate AAA formation, other types of cell death have also been recently characterized in
cardiovascular pathologies, that is, necroptosis, pyroptosis, and autophagy. In particular,
the role of ferroptosis which is an iron-dependent cell death, and characterized by
accumulation of lipid peroxides and redox disequilibrium, remains to be deciphered in
the pathophysiology of AAA. Excessive iron accumulation in the aneurysm wall from
luminal thrombus triggers lipid peroxidation and ROS generation leading to ferroptosis,
aortic degeneration, and subsequent rupture.16-18 Ferroptosis has been recently described
to involve lipid peroxidation and release of danger-associated molecular pattern molecule,
HMGB1.19 We have previously described the putative role of macrophage-dependent
HMGB1 via a NADPH oxidase (Nox2)-dependent pathway in AAA formation.2% However,
the role of ferroptosis in macrophage activation and HMGBL1 release has not been fully
evaluated from the perspective of AAA formation.

Therefore, the objective of this study was to determine if RvD1-mediated protection

against AAA formation involves FPR2-dependent signaling, and to decipher the mechanistic
pathways involved in macrophage activation during this process. Using a topical elastase-
treatment murine model, we investigated if RvD1-mediated protection from AAAS is
regulated via FPR2 on macrophages leads to attenuation of inflammation, immune cell
activation, and proinflammatory cytokine production, as well as maintenance of smooth
muscle cell integrity. The RvD1/FPR2 signaling on macrophages was mechanistically
deciphered by Nox2 activation, ferroptosis, and HMGB1 release to delineate the
contributory role of this inflammation-resolution pathway in modulating aortic inflammation
and vascular remodeling during AAA formation.

2| MATERIALS AND METHODS

2.1| Human aortic tissue analysis

Collection of human aortic tissue was approved by the University of Florida Institutional
Review Board (#IRB201902782). Consent was obtained from all patients before surgery.
Aortic tissue from male patients was resected during open surgical AAA repair, as well as
during organ transplant donor operations (controls). Tissue was homogenized in Trizol, and
RNA was purified per manufacturer’s protocol (Qiagen, Valencia, CA).

2.2| Animals

Adult male 8-12-week-old C57BL/6 (wild-type; WT) and FPR2™~ mice were obtained
from Jackson Laboratory (Bar Harbor, ME, USA) and Idorsia Pharmaceuticals, Switzerland,
respectively. Mice were maintained in a temperature-controlled room (25°C) on a 12-h light/
dark cycle with free access to food and water. All animal experimentation was approved

by the University of Florida Institutional Animal Care and Use Committee (protocol #
201910902).
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2.3 | Murine elastase model of aneurysm formation

AAA formation was induced using a topical elastase model, as previously described.?
Porcine pancreatic elastase (5 pl; Sigma-Aldrich, St. Louis, MO, 7 units/mg protein) or
heat-inactivated elastase (at 90°C for 30 min) as a control was applied topically to the
exposed aortic adventitia for 5 min. Aortas were collected on days 3, 7, or 14 after elastase
application. Aortic diameters were determined by video micrometry using Leica Application
Suite 4.3 software (Leica Microsystems). The aortas were collected and stored at —80°F or
incubated overnight in paraformaldehyde solution for histology. Iron concentration in aortic
tissue extracts was measured using an iron assay kit, per the manufacturer’s instructions
(Millipore Sigma, St. Louis, MO).

2.4 | FPR2 expression quantification

RNA was isolated from human aortic tissue from AAA patients and control subjects using
Total Exosome RNA and Protein Isolation Kit (Thermo Fisher Scientific). 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), as previously
described.22 To evaluate expression of FPR2 receptor in human aortic tissue, the

following primers were used: FPR2 Fwd: GGCTACACTGTTCTGCGGAT, FPR2 Rev:
CACCCAGATCACAAGCCCAT, GAPDH Fwd: TTGATGGCAACAATCTCCAC, GAPDH
Rev: CGTCCCGTAGACAAAATGGT. Gene expression was calculated by using the relative
quantification method according to the following equation: 2(-ACT), where ACT = (average
gene of interest) — (average reference gene), where GAPDH was used as the reference gene.
Each PCR reaction was carried out in triplicate, and the relative quantification of gene
expression was quantified as fold change.

2.5] Cytokine multiplex assay

Cytokine content in murine aortic tissue homogenates and cell culture supernatants was
quantified using the Bioplex Bead Array technique using a multiplex cytokine panel assay
(Bio-Rad Laboratories, Hercules, CA) per the manufacturer’s instructions. HMGB1 was
measured in cell culture supernatants using an ELISA kit per the manufacturer’s instructions
(IBL International, Hamburg, Germany).

2.6 | Histology and Immunohistochemistry

Aortic tissue was fixed in 4% buffered formaldehyde overnight, transferred to 70% ethanol,
and embedded in paraffin. Antibodies for immunohistochemical staining were anti-rat
Mac-2 for macrophages (1:10000; Cedarlane Laboratories, Burlington, ON, Canada), anti-
mouse neutrophils for polymorphonuclear neutrophils (PMNs) (1:10000; AbD Serotec,
Oxford, United Kingdom), and anti-mouse a smooth muscle actin (a-SMA) for a-SMA
(1:1000; Santa Cruz Biotechnology). 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 by independent observers blinded to study groups.
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2.6.1| Immunofluorescence staining—Harvested human aortic tissue was fixed in
10% buffered formalin overnight and embedded in paraffin. Immunofluorescence staining
on aortic sections was performed to identify co-localization of CD68 and FPR2 expressions.
Slides underwent deparaffinization using Xylene (Millipore Sigma, Burlington, MA) and
were hydrated in a series of graded ethanol solutions. Sections underwent antigen retrieval
via heat and citrate buffer (\Vector Labs, Burlingame, CA). Tissue sections were blocked
for 30 min with 2.5% normal Horse Serum (Vector Labs), and incubated with primary
CD68 (1:500; Invitrogen, Waltham, MA) and FPR2 (1:50; Invitrogen) antibodies diluted
in 1% BSA overnight at 4°C. Sections were washed with PBS containing 0.01% tween
and incubated with donkey a-mouse Alexa Fluor 488 (1:200; Invitrogen) and donkey
a-rabbit Alexa Fluor 647 (1:200; Invitrogen) secondary antibodies diluted in 1% BSA

for 1 h at room temperature. Autofluorescence was quenched with Vector® TrueVIEW®
Autofluorescence Quenching Kit (MVector Labs) per manufacturer’s instructions. Sections
were mounted with VECTASHIELD Vibrance® Antifade Mounting Medium containing
DAPI for nuclear staining (Vector Labs). Triple staining was visualized using a Zeiss
LSM 710 confocal microscope (Zeiss Group, Oberkochen, Germany) and captured at 63x
magnification.

2.6.2| In vitro experiments—Primary F4/80+ macrophages were purified from WT
or FPR27/~ mice spleens per the manufacturer’s protocol (Miltenyi Biotec, Germany).
Primary aortic smooth muscle cells (SMCs) were purified from C57BL/6 mice as previously
described.23 Macrophages were exposed to transient elastase treatment for 5 min followed
by washing the cells with PBS and replacing the media with/without RvD1 (100 nM).

For evaluation of reactive oxygen species (ROS), cells were incubated with 10 uM
dichlorofluorescein (DCF dye; Molecular Probes, Grand Island, NY) for 5 min and

washed with PBS and analyzed 6 h later. Quantification of DCF dye in macrophages

was performed using an OxiSelect Intracellular ROS assay kit as instructed (Cell Biolabs,
San Diego, CA). All DCF solutions were protected from light to prevent light-induced
auto-oxidation. Lipid peroxidation (MDA, Millipore Sigma, St. Louis, MO) and glutathione
(GSH; Cayman Chemicals, Ann Arbor, MI) were measured in cell culture or tissue extracts
using colorimetric assay kits, per the manufacturer’s instructions. Separate macrophage
cultures were also treated with erastin (10 uM; ferroptosis activator; Cayman Chemicals,
Minneapolis, MN) with/without ferrostatin-1 (0.5 uM; selective inhibitor of ferroptosis;
Cayman Chemicals) and analyzed for MDA and GSH expressions in macrophage culture
extracts after 6 h. Nrf2 transcription factor activation in nuclear extracts was measured
using a colorimetric assay kit (Abcam, Cambridge, UK). Separate experiments were

also performed for conditioned media transfer (CMT) using macrophages and SMCs.
Macrophages from WT or FPR2™/~ mice were grown to confluency in 6-well plates and
exposed to transient elastase treatment with/without RvD1 treatment. After 6 h, CMT was
performed to SMC cultures and MMP2 activity was measured after 24 h (Luminex bead
array, Millipore Sigma).

2.6.3| NADPH oxidase activity—NADPH oxidase activity was measured by
chemiluminescence in macrophage cell cultures using a Lumimax Superoxide Anion
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Detection Kit (Agilent Technologies, Santa Clara, CA), as per the manufacturer’s
instructions.

2.6.4| pA7PhoX phosphorylation—A colorimetric cell-based ELISA was used to
measure p47PMoX protein phosphorylation (Assay Biotechnology, Sunnyvale, CA). Primary
murine F4/80+ macrophages (2x10%well) were plated, and the expression profile of
phosphorylated versus total p47P"° was measured under various conditions. The absorbance
values obtained for phosphorylated p47P"X were normalized to the absorbance values for
total p47PhX as well as for GAPDH, per the manufacturer’s instructions.

2.6.5| Statistical analysis—Values are means + standard error of mean (SEM), and
statistical evaluation was performed with Prism 6 software (GraphPad, La Jolla, CA, USA).
A Student’s ftest with nonparametric Mann-Whitney or Wilcoxon test was used for pair-
wise comparisons of groups. One-way analysis of variance (ANOVA) after post-hoc Tukey’s
test was used to determine the differences among multiple comparative groups. A value of p
< .05 was considered statistically significant.

3| RESULTS
3.1| AAA formation is exacerbated by deletion of FPR2 receptors

Using the topical elastase model, WT and FPR2~/~ mice were treated with either elastase or
heat-inactivated elastase on day 0 and harvested on day 14 (Figure 1A). Elastase-treated
WT mice had significantly increased aortic diameter compared to controls (127.4% +

8.4% vs. 1.4% + 0.5%; p< .0001, Figure 1B,C). Importantly, elastase-treated FPR27/~
mice had a significant increase in aortic diameter compared to elastase-treated WT mice
(165.4% + 16.3% vs. 127.4% + 8.4%; p = .03, Figure 1B,C). As an important clinical
correlation, aortic tissue from human AAA patients demonstrated significantly decreased
FPR2 mRNA expression compared to controls (Figure S1). Additionally, the co-expression
of FPR2 receptors on human macrophages was also markedly decreased in human AAA
tissue compared to controls (Figure S2).

3.2| Aortic inflammation and remodeling are regulated via FPR2-dependent signaling

Elastase-treated FPR2™/~ mice also demonstrated a marked increase in immune cell
infiltration and disrupted aortic morphology as seen by comparative histology and
immunostaining of aortic tissue, which revealed a significant increase in inflammatory cell
(macrophages and neutrophils) infiltration, and elastic fiber disruption, as well as a decrease
in smooth muscle a-actin expression compared to elastase-treated WT mice (Figure 2).
Elastase-treated FPR2/~ mice also had a significant increase in cytokine production (IFN-7,
IL-1B, IL-17, MIP-2, MCP-1, TNF-a, and HMGB1) and MMP2 expression, compared to
elastase-treated WT mice (Figure 3). There were no significant differences observed for IL-6
and IL-10 expression between elastase-treated WT and FPR2™/~ mice. Taken together, these
results demonstrate that deletion of FPR2 exacerbates aortic inflammation and vascular
remodeling during AAA formation in the murine elastase AAA model.

FASEB J. Author manuscript; available in PMC 2024 May 30.
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3.3| RvD1l-mediated protection against AAA formation is mediated via an FPR2-
dependent mechanism

Mice were treated with either elastase or heat-inactivated elastase on day 0 and injected with
vehicle or RvD1 (4 ng/g body weight) on postoperative days 1 through 13 and harvested

on day 14 (Figure 4A). RvD1 administration attenuated AAA formation in elastase-treated
WT mice compared to untreated mice (62.9% =+ 8.3% vs. 134% + 8.1%; p=.0004).
However, RvD1 administration did not mitigate AAA formation in elastase-treated FPR27/~
mice compared to untreated elastase-exposed FPR2™/~ mice (143.7% + 9.5% vs. 175.4% +
14.9%; p = .15; Figure 4B,C). Immunohistology analyses demonstrated a marked decrease
in neutrophil and macrophage infiltration, and elastin fiber disruption as well as increase

in SM a-actin expression in RvD1-treated WT mice compared to RvD1-treated FPR27/~
mice (Figure 5). A significant attenuation of proinflammatory cytokine expression (IFN-y,
IL-1B, IL-17, MIP-2, MCP-1, TNF-a, IL-6, and HMGBL1), and MMP2 expression as well
as an increase in anti-inflammatory IL-10 expression in aortic tissue was observed in
RvD1-treated WT mice compared to untreated mice (237 + 25 vs. 63.1 + 15.5 pg/ml; p
<.0001; Figure 6). However, RvD1 administration in elastase-exposed FPR2~/~ mice did not
mitigate proinflammatory cytokine expression and MMP2 expression, or upregulate IL-10
expression, compared to untreated elastase-exposed FPR2™~ mice.

3.4 | RvD1l/FPR2 signaling attenuates ferroptosis in AAA tissue

To investigate the mechanistic signaling of RvD1-mediated protection in murine AAAS,

we focused on the excessive iron-mediated cell death (ferroptosis) pathway. Therefore, we
analyzed the expression of key ferroptosis markers, that is, iron content, malondialdehyde
(MDA), and glutathione (GSH) levels in murine aortic tissue from the experimental elastase-
treatment model. The measurement of total iron content and Fe?* in elastase-treated WT
mice was significantly elevated at day 14 (Figure 7A). Moreover, the expression of lipid
peroxidation product (MDA), a mediator of ferroptosis, was significantly increased in
elastase-treated WT mouse AAA tissue at days 3, 7, and 14 compared to respective heat-
inactivated elastase controls (Figure 7B). Also, depletion of glutathione (GSH) levels was
observed in elastase-treated WT mice on days 3, 7, and 14 compared to controls (Figure
7C). Next, we delineated the effect of RvD1/FPR2 signaling on the signaling mediators

of ferroptosis during AAA formation. Treatment with RvD1 significantly mitigated MDA
expression and increased GSH levels in aortic tissue from elastase-treated WT mice, but not
in elastase-treated FPR2~/~ mice, compared to untreated controls on day 14 (Figure 7D,E).
These results demonstrate that ferroptosis during murine AAA can be negatively modulated
by RvD1 treatment via FPR2-dependent signaling.

3.5| Nox2 inactivation by RvD1/FPR2 mitigates ferroptosis in macrophages

We previously demonstrated that Nox2 activation in macrophages upregulates danger-
associated molecular pattern (DAMP) signaling to regulate aortic inflammation in AAA.20
Also, we have shown that RvD1 treatment can modulate M2 macrophage polarization to
decrease vascular inflammation.1* Therefore, we investigated the correlation between RvD1-
mediated protection in macrophages during AAA via FPR2-dependent signaling to modulate
the NADPH oxidase subunit, p47P"°X, in regulating oxidative stress, lipid peroxidation, and
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ferroptosis. First, we measured superoxide anion production and reactive oxygen species
(ROS) generation in F4/80+ macrophages from WT and FPR2~/~ mice. A significant
increase in superoxide anion and ROS was observed after transient elastase treatment of
macrophages, which was significantly decreased by RvD1 treatment in WT mice, but

not in FPR2~~ mice (Figure 8A,B). Furthermore, phosphorylation of p47Ph%% subunit,
which leads to activation of NADPH oxidase (Nox2) complex, was significantly increased
by elastase treatment of WT and FPR2™~ macrophages compared to respective controls
(Figure 8C). However, RvD1 treatment mitigated p47Ph°X phosphorylation in elastase-
treated macrophages from WT mice, but not in elastase-treated FPR2~/~ macrophages.
Moreover, RvD1 treatment attenuated MDA expression and increased GSH levels in cell
culture extracts of elastase-exposed WT macrophages, but not in elastase-exposed FPR2~
~ macrophages (Figure 8D). Separate cultures of macrophages from WT or FPR27/~

mice were treated with erastin (ferroptosis activator), ferrostatin-1 (ferroptosis inhibitor),
or RvD1. A significant increase in MDA expression and decrease in GSH levels was
observed in erastin-treated macrophage cultures which was inhibited by RvD1 treatment

in macrophages from WT mice, but not in macrophages from FPR2~~ macrophages
(Figure S3). We also measured the nuclear translocation of antioxidant transcription factor,
Nrf2, which was significantly increased in elastase-treated macrophages compared to
controls (Figure 8E). RvD1 treatment significantly decreased Nrf2 nuclear translocation,
as well as HMGBL release, in elastase-treated macrophages from WT mice, but not in
FPR2~/~ mice (Figure 8E-G). Finally, a multifold increase in HMGB1 expression was
observed in erastin-treated macrophage cultures that was attenuated by RvD1 treatments in
macrophages from WT mice, but not in macrophages from FPR2~~ macrophages (Figure
S4). Collectively, these results demonstrate that RvD1/FRP2 signaling leads to blockade of
p47Phox phosphorylation, which protects against lipid peroxidation, GSH depletion and Nrf2
translocation, all hallmarks of ferroptosis (Figure 8H).

Conditioned media transfer of elastase-exposed macrophages increased MMP2 activity by
SMCs, which was mitigated by RvD1 treatment in WT macrophages, but not in FPR2~/~
macrophages (Figure 81,J). These results suggest that the crosstalk between macrophages
and SMCs to mediate AAA formation is negatively modulated by RvD1/FPR2 mediated
signaling, which prevents macrophage activation and HMGB1 release to attenuate aortic
tissue inflammation and remodeling (Figure 8K).

4| DISCUSSION

Dysregulation of inflammation resolution can initiate a cascade of events that leads

to tissue damage and defective clearance of dead cell debris, leading to chronic
inflammatory cardiovascular disorders.24-26 To investigate the pathways involved in failure
of inflammation resolution, this study characterized the role of specialized pro-resolving
lipid mediator, RvD1, and the downstream signaling executed via the receptor, FPR2, in
mitigating AAA formation. Our results demonstrated that RvD1 treatment can effectively
decrease aortic inflammation, leukocyte transmigration, and vascular remodeling during
AAA formation in a FPR2-dependent manner. Furthermore, we observed that the hallmarks
of excessive iron-mediated cell death (ferroptosis) pathways, which are elevated in AAA
formation, can be subdued by RvD1/FPR2-dependent signaling. Mechanistically, we further
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defined that macrophage activation leads to aortic inflammation and triggers smooth muscle
cell-dependent vascular remodeling, which can be mitigated by RvD1/FPR2 signaling

via inactivation of Nox2 and ferroptosis-related signaling pathways. Collectively, these
results demonstrate the ability of RvD1/FPR2 to prevent ferroptosis-induced macrophage
activation, thereby promoting the resolution of inflammation during AAA formation.

Protective actions of SPMs have been demonstrated in numerous models of inflammation,
including atherosclerosis, diabetes, peritonitis, colitis, and airway inflammation, but remain
to be elucidated in the pathogenesis of AAA.27 AAA is a morbid vascular condition
characterized by inflammation of the aortic wall, elevated protease activity and impaired
resolution. Infiltration of lymphocytes and macrophages into the aortic wall promotes

a matrix degradation, and SPMs have been shown to play a role in attenuation of

aortic inflammation through alterations in matrix metabolism.14:28:29 \We have previously
demonstrated the ability of Resolvin D2 to influence macrophage polarization toward an
anti-inflammatory M2 profile resulting in decreased aneurysm size via modulation of matrix
metalloproteinases and inflammatory cytokines.4 Also, we have shown that RvD1 can
inhibit neutrophil extracellular trap (NETosis) formation to decrease AAA formation.30
However, the ligand-receptor interaction, especially with RvD1 binding of specific receptor
FPR2, on immune cells like macrophages and mechanistic pathways involved in resolution
of inflammation remain to be delineated in AAA formation.

FPR2 can promote either proinflammatory or pro-resolving signaling, that is dependent

on the ligand, which triggers downstream signaling pathways.*” Previous studies have
shown that interaction of ALX/FPR2 receptor by LxA,4 or RvD1 can promote pro-reparative
phenotype and increases efferocytosis.3! The pro-resolving profile can be mediated by
annexin Al and lipoxin A4, which initiates macrophage efferocytosis, whereas LL-37
peptide and serum amyloid protein A modulates leukocyte activation and recruitment

for a proinflammatory action.32-34 Qur results and a previous report has shown that the
human aortic tissue displays downregulation of FPR2 expression in AAA, thereby showing
the relevance of dysregulation of resolution pathways in a chronic inflammatory state.35
These findings underscore the importance of using exogenous pro-resolving mediators to
target the anti-inflammatory potential of FPR2 to circumvent the ratio of pro- versus anti-
inflammatory signaling mediators. The interaction of RvD1/FPR2 has been shown to play a
role in the resolution of inflammation through the recruitment of monocytes and apoptosis
of neutrophils, regulation of neutrophil migration, and promotion of tissue repair.36-38 Our
results suggest that deletion of FPR2 prevents endogenous SPMs, like RvD1 and likely
LxAA4, to inherently control the resolution of aortic inflammation. Therefore, the FPR2~/

~ mice display enhanced inflammation, vascular remodeling as well as increased aortic
diameter. More importantly, the immunomodulation of FPR2 signaling by exogenous RvD1
identifies a novel mechanism in resolution of aortic inflammation and vascular remodeling
during AAA pathogenesis.

Progressive SMC loss is a crucial feature of AAA pathogenesis that contributes to aortic
dysfunction and degeneration, aortic dissection, and ultimately, rupture. A growing body
of evidence supports a critical role for programmed cell death in the pathogenesis of
AAA formation, and the relative inhibitors of various types of programmed cell death

FASEB J. Author manuscript; available in PMC 2024 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Filiberto et al.

Page 10

represent a promising therapeutic strategy. Although the literature has defined programmed
cell death, like apoptosis, in mediating SMC and endothelial cell loss, there are also other
non-apoptotic cell death pathways like ferroptosis, necroptosis, pyroptosis, and NETosis that
are now being increasingly implicated in aneurysm formation.1®> One of the hallmarks of
AAA formation is a thrombus formation which involves increased accumulation of iron.17:18
Ferroptosis is a programmed iron-dependent cell death, characterized by accumulation of
lipid peroxides (LOOH) and redox disequilibrium. Iron overload causes excessive iron
deposition in various cells resulting in nonreversible tissue damages and organ failure via
oxidative damage characterized by mitochondrial changes due to excessive accumulation

of iron-dependent lipid peroxidation products. The mechanisms of ferroptosis, that is,
intracellular iron accumulation, depletion of glutathione, increase in lipid peroxidation

and ROS formation, as well as Nrf2 nuclear translocation are closely related to many
physiological processes, including iron metabolism, amino acids metabolism, and lipid
metabolism.39 Further exploration of ferroptosis indicator proteins such as SLC7A11 and
GFX4, as well as the applicability of ferroptosis inhibitors such as ferrostatin-1 and
liproxstatin-1, in aneurysm pathology remain to be elucidated.

It is known that the pro-oxidative effects of iron on lipoproteins lead to aortic endothelial
and macrophage activation.#041 Since our recent study showed that Resolvins can
increase M2 macrophage polarization, we focused on the mechanistic signaling of

RvD1 on macrophages via the FPR2 pathway.1# Our current data also corroborate the
immune signatures of ferroptotic pathways in macrophages to induce DAMP signaling

by upregulating HMGB1 secretion, which we have previously shown to critically mediate
aortic inflammation and vascular remodeling during AAA formation.29 Importantly, the
suppression of Nox2-mediated ROS generation and prevention of ferroptotic pathways

by RvD1-mediated protection modulated HMGB1 release and downstream activation of
SMCs. This cytoprotective activity of RvD1 could be attributable to cAMP production and
PKA activation which appears to mediated by FPR2. A recent study has demonstrated that
efferocytosis-induced ROS generation is associated with the activation of Nox2, the major
NADPH oxidase complex present in macrophages.#? The engulfment of apoptotic cells
activates Nox2 in macrophages by inducing the association between the membrane-bound
factor gp91P"°X and cytosolic factor p47P"% on phagosomal membranes. Interestingly, it
has been suggested that the macrophage phenotype, classified into proinflammatory M1
and anti-inflammatory M2, is controlled by cAMP, which can be modulated by RvD1/
FPR2 signaling. Furthermore, recent studies have indicated that mechanisms of clearance of
different modes of dead or dying cells via apoptosis or other modes of cell death, such as
ferroptosis, can lead to efferocytosis and distinct physiological outcomes.#3:44 The process
of efferocytosis specifically in aging diseases like AAA could be limited due to senescent
cell-induced MerTK cleavage, a process that can be reversed by RvD1.645 Therefore,

it is conceivable that RvD1/FPR2 signaling on macrophages upregulates efferocytosis by
inhibiting p47P"°X phosphorylation and blocking ROS generation and ferroptosis. Future
studies will be focused on delineating the RvD1-stimulated macrophages in preventing
p47PNoX phosphorylation to culminate in proteolysis of MerTK. Additionally, FPR1 and
FPR2 receptor signaling on neutrophils has been shown to modulate chemotaxis and Nox2
activation causing oxidative stress and neutrophil activation in various diseases.*64” Our
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previous study has shown that FPR1 receptors on activated neutrophils in AAA can be

used as an SPECT imaging tool using a radiolabeled peptide, c-FLFLF.48 Therefore, RvD1/
FPR2 signaling on other pertinent immune cells like neutrophils, as well as resident cells
such as aortic smooth muscle cells and endothelial cells, could also play a significant

role in the pathogenesis of AAA and remains to be delineated. These findings will help

our understanding of how innate pattern recognition receptor signaling links to proteolytic
inactivation of MerTK thereby affecting efferocytosis efficiency of immune and resident
cells and inflammation resolution in AAA.

A few limitations of our study exist for a translational strategy. First, although the

topical elastase model provides an excellent experimental tool to investigate the early
inflammatory signaling pathways in the vasculature and aortic wall during AAA, as it
represents the hallmarks of human aneurysmal pathology such as macrophage infiltration,
matrix degradation, increased MMP activation, elastin fiber degradation, and loss of
smooth muscle integrity, but it lacks the chronicity and aortic rupture observed in clinical
scenario.#® Thus, these findings will be further delineated in our recently described chronic
aortic aneurysm and rupture models.?0->1 Second, an effective strategy to mitigate chronic
aortic inflammation and vascular remodeling will likely involve a combined therapeutic
strategy using additional bioactive isoforms of SPMs such as MaR1, in combination with
RvD1, for a synergistic and multifaceted approach to mitigate this vascular pathology.>2
The mechanistic approach of MaR1-dependent upregulation of SMC efferocytosis in
combination with RvD1-mediated decrease in ferroptosis will be further deciphered in our
large animal preclinical porcine AAA model.>3

Taken together, our findings suggest that the pro-resolving lipid mediator RvD1 plays a
pivotal role in the inactivation of macrophage-dependent ferroptosis and HMGBL1 release

to mitigate SMC-regulated vascular remodeling and AAA formation. RvD1-mediated
protection is attributable to FPR2-dependent signaling on macrophages through inhibition
of assembly of the Nox2 complex via prevention of p47P"% phosphorylation. RvD1/

FPR2 signaling also potently reversed ferroptosis-triggered signaling, and stimulated the
antioxidant pathway via Nox2, thereby assisting in prevention of active and passive release
of HMGB1 to mitigate downstream tissue inflammation and remodeling of the aortic tissue.
These results suggest a novel mechanism that can be harnessed to alter the inflammation-
resolution dysregulation, via the use of bioactive SPMs and synthetic derivatives, as targeted
therapies for management of chronic inflammatory vascular diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

AAA abdominal aortic aneurysm

FPR2 formy| peptide receptor

HMGB1 high mobility group box 1

MDA malondialdehyde

Nrf2 nuclear factor erythroid factor 2-related factor 2

RvD1 resolvin D1

SPMs specialized pro-resolving lipid mediators

a-SMA alpha-smooth muscle cell actin
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FIGURE 1.
FPR2 deletion exacerbates AAA formation. (A) Schematic description of the elastase-

treatment model of AAA. WT and FPR2™/~ mice were treated with elastase or deactivated
elastase (heat -inactivated; controls) and aortic diameter was measured on day 14, and
tissue was harvested for further analysis. (B) Elastase-treated FPR2~/~ mice demonstrated a
significant increase in aortic diameter compared with elastase-treated WT mice alone. (C)
Representative images of aortic phenotype in all groups, ns, not significant. *p < .0001
versus. WT Control, #p = .04 versus. WT Elastase; ns, not significant; 7= 6-16 mice/group.
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FIGURE 2.
(A) Comparative histology performed on day 14 indicates that elastase-treated FPR2™~ mice

have a marked increase in neutrophil (PMN) and macrophage (Mac-2) infiltration, elastic
fiber disruption (Verhoeff—\Van Gieson staining for elastin) as well as a decrease in smooth
muscle cell a-actin (SM a-actin) expression, compared to elastase-treated WT mice alone.
(B-E) Quantification of immunohistochemical staining demonstrating a significant increase
in macrophages and neutrophils (PMNs) and elastin degradation (VVG) staining, as well

as decrease in smooth muscle a-actin expression in elastase-treated FPR2~/~ aortic tissue
compared with elastase-treated WT mice. No significant differences were observed between
heat-inactivated elastase (control)-treated WT and FPR2™/~ mice. Arrows indicate areas of
immunostaining. *p < .0001 versus WT Control, #p < .04 versus WT Elastase; /7= 5 mice/

group.
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Proinflammatory cytokine production is increased by FPR2 deletion. Aortic tissue
from elastase-treated WT and FPR2~/~ mice showed a significant exacerbation in
proinflammatory cytokine/chemokine production and MMP2 expression compared to
elastase-treated WT mice alone. There was no difference in the expression of anti-
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inflammatory cytokine, IL-10, between elastase-treated FPR2~/~ mice compared to elastase-

treated WT mice. *p < .04 versus WT Control; #p < .01 versus WT Elastase; ns, not
significant; 7= 10 mice/group.
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FIGURE 4.

RvD1-mediated attenuation of AAA formation is mediated via FPR2. (A) Schematic
depicting the elastase-treatment model depicting the RvD1 treatment design. (B) RvD1-
treated WT mice demonstrated significantly decreased aortic diameter compared with
RvD1-treated FPR2~/~ mice. (C) Representative images of aortic phenotype in all groups.
*p=.03; *p=.0004 versus WT Elastase; 8p< .0001 versus WT Elastase+RvD1; ns, not
significant; 7= 8-13 mice/group.
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FIGURE 5.
(A) Comparative histology indicates that RvD1-mediated attenuation of immune cell

infiltration, elastin fiber disruption and increased SM a-actin expression is blocked in
RvD1-mediated FPR2™~ mice. (B-E) Quantification of immunohistochemical staining
shows a significant decrease in polymorphonuclear neutrophil (PMNs) and macrophage
(Mac-2) infiltration, as well as elastic fiber disruption (Verhoeff-Van Gieson staining), and
increase in smooth muscle a-actin (SM a-actin) expression in RvD1-treated WT mice, but
not in RvD1-treated FPR2~/~ mice. Arrows indicate areas of immunostaining. *p < .02; #p
< .01 versus WT Elastase; 8p < .01 versus WT Elastase+RvD1; ns, not significant; 7= 5
mice/group.

FASEB J. Author manuscript; available in PMC 2024 May 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Filiberto et al.

MCP-1 (pg/ml) IFN-y (pg/ml)

HMGB1 (ng/ml)

400 = i
o
— 5 =
= 300 €
£ B - £
S e
= 200 ~
< 00 b
= . =
100
0-
WT  FPR2* WT FPR2*- WT  EPR2- WT FPR2* WT  FPR2* WT FPR2*
Elastase Elastase+RvD1 Elastase Elastase+RvD1 Elastase Elastase+RvD1
ns 5 2509 @ —* L] -
L ¥ - aF v
£ 207 v ~ 600
> £
2 1504 £
] £ 400
) ©
% 100- L g
504 # 200
a
0- 0
WT__ FPR2- WT FPR2* WT _ FPR2* WT FPR2* WT  FPR2- WT FPR2*
Elastase Elastase+RvD1 Elastase Elastase+RvD1

Elastase+RvD1

Elastase

ns
x 3
vy

WT _ FPR2* WT __FPR2* WT  FPR2* WT _FPR2
Elastase Elastase+RvD1 Elastase Elastase+RvD1

MIP-2 (pg/ml)

WT  FPR2* WT FPR2*

Elastase Elastase+RvD1

IL-10 (pg/ml)

WT _ FPR2- WT_FPR2
Elastase+RvD1

Elastase

Aortic inflammation is mitigated by RvD1/FPR2 signaling. Aortic tissue from elastase-
treated WT mice after RvD1 administration showed a significant attenuation in
proinflammatory cytokine/chemokine production and MMP2 expression, and a significant
upregulation of 1L-10 expression, compared to RvD1-treated FPR2™/~ mice. *p< .02; #p
< .01 versus WT Elastase; 8p < .001 versus WT Elastase+RvD1; ns, not significant; 7=

6-10/group.
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FIGURE 7.
RvD1/FPR2 signaling mitigates ferroptosis. A significant change in hallmarks of ferroptosis,

that is, increase in endogenous Fe and lipid peroxidation (MDA), as well as depletion of
glutathione (GSH) occurs in aortic tissue after AAA. (A) Increase in Fe and FeZ* levels

in aortic tissue of elastase-treated WT mice were observed compared to heat-inactivated
controls on day 14. *p < .02 versus respective controls; 7= 8/group. (B) A significant
increase in MDA expression was observed in elastase-treated WT mice compared to
respective controls on days 3, 7, and 14. *p < .02 versus respective controls; /7= 8/group.
(C) A significant decrease in GSH expression was observed in elastase-treated WT mice
compared to respective controls on days 3, 7 and 14. *p < .01 versus respective controls;
n=8/group. (D) RvD1 treatment significantly decreased MDA expression in aortic tissue
of elastase-treated WT mice, but not in FPR2~/~ mice, on day 14. *p < .01 versus WT
Control; **p < .01 versus WT Elastase; #p < .01 versus FPR27/~ Control; ns, not significant;
n=8/group. (E) RvD1 treatment significantly increased GSH expression in aortic tissue of
elastase-treated WT mice, but not in FPR2~~ mice, on day 14. *p< .01 versus WT Control;
**p< .01 versus WT Elastase; #p < .01 versus FPR2™/~ Control; ns, not significant; 7=
8/group.
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FIGURE 8.
RvD1/FPR2 signaling attenuates superoxide generation and p47Ph° phosphorylation in

macrophages to decrease ferroptosis. (A) Total reactive oxygen species (ROS) production
was quantified in murine F4/80+ macrophages from WT and FPR2™~ mice using
dichlorofluorescein dye and measuring relative fluorescence units (RFU). Transient elastase-
treatment markedly increased ROS production, which was markedly reduced by RvD1
treatment in macrophages from WT mice, but not in macrophages from FPR2™~ mice. *p
<.001 versus WT Control; #p < .01 versus WT Elastase; #p < .01 versus FPR2~/~ Control;
ns, not significant; relative fluorescence units (RFUs). (B) Elastase-exposed macrophages
displayed significant superoxide anion generation compared with controls, which was
significantly attenuated by RvD1 treatment in macrophages from WT mice, but not in
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macrophages from FPR2~/~ mice. *p < .0001 versus WT Control; #p< .001 versus WT
Elastase; ns, not significant; 7= 8/group; relative light units (RLUSs). (C) Phosphorylation of
p47PhoX (ratio of phosphorylated to total p47P"% in RLU) in macrophages was significantly
elevated after elastase treatment, which was blocked by RvD1 treatment in macrophages
from WT mice, but not in macrophages from FPR2~/~ mice. *p < .0001 versus WT Control;
#p< .001 versus WT Elastase; #p < .01 versus FPR2~/~ Control; ns, not significant; 7= 8/
group. (D) A significant increase in MDA expression is cell culture extracts was observed in
elastase-treated macrophages which was abolished by RvD1 treatment in WT macrophages
but not in FPR2~/~ macrophages. *p < .0001 versus WT Control; #p < .001 versus WT
Elastase; #p < .01 versus FPR2™/~ Control; ns, not significant; /7= 8/group. (E) A significant
decrease in glutathione levels was observed in elastase-treated macrophages which was
significantly attenuated by RvD1-treatment in macrophages from WT mice, but not in
macrophages from FPR2™~ mice. *p < .001 versus WT Control; #p < .001 versus WT
Elastase; #p < .01 versus FPR2~/~ Control; ns, not significant; 7= 8/group. (F) Nuclear
translocation of Nrf2 was significantly increased in elastase-treated macrophages which
was significantly attenuated by RvD1-treatment in macrophages from WT mice, but not

in macrophages from FPR2~~ mice. *p < .001 versus WT Control; #*p < .001 versus WT
Elastase; #p < .01 versus FPR27/~ control; ns, not significant; /7= 8/group. (G) Measurement
of HMGBJ1 expression from macrophage cultures demonstrated a multi-fold increase

after elastase treatment which was mitigated by RvD1 treatment in WT macrophages

but not in FPR2~/~ macrophages. *p < .0001 versus WT Control; #*p< .01 versus WT
Elastase; #p < .01 versus FPR2™/~ Control; ns, not significant; /7= 8/group. (H) Schematic
description of RvD1/FPR2-mediated signaling in macrophages demonstrating inactivation
of phosphorylated p47P"°X subunit of Nox2 which decreases ROS production and lipid
peroxidation, leading to restoration of glutathione levels and impediment of Nrf2 nuclear
translocation. Prevention of Nox2-mediated ROS and ferroptosis decreases by RvD1/FPR2
leads to decrease in HMGB1 secretion (I and J) Conditioned media transfer (CMT) from
elastase-exposed macrophages to smooth muscle cells (SMCs) induced a significant increase
in MMP2 expression, which was attenuated by RvD1 treatment of macrophages from WT
mice, but not in FPR2~/~ macrophages. *p < .0001 versus WT Control; #p< .01 versus WT
Elastase; #p < .01 versus FPR2™/~ Control; ns, not significant; /7= 8/group. (K) Schematic
representation of signaling events during the crosstalk between macrophages and SMCs to
modulate AAA formation. RvD1/FPR2 signaling prevents Nox2 activation and HMGB1
secretion by macrophages, thereby decreasing SMC activation and inhibition of MMP2
activity. This collective decrease in aortic inflammation and vascular remodeling leads to
decrease in AAA formation. RvD1, Resolvin D1; Nox2, NADPH oxidase 2, SMC, smooth
muscle cells; Macs, macrophages; Nrf2, nuclear factor erythroid 2-related factor 2.
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