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Abstract: Skeletal muscle ischemia reperfusion is very frequent in humans and results not only in
muscle destruction but also in multi-organ failure and death via systemic effects related to inflam-
mation and oxidative stress. In addition to overabundance of pro-inflammatory stimuli, excessive
and uncontrolled inflammation can also result from defects in resolution signaling. Importantly,
the resolution of inflammation is an active process also based on specific lipid mediators including
lipoxins, resolvins and maresins that orchestrate the potential return to tissue homeostasis. Thus,
lipid mediators have received growing attention since they dampen deleterious effects related to
ischemia-reperfusion. For instance, the treatment of skeletal muscles with resolvins prior to ischemia
decreases polymorphonuclear leukocyte (PMN) infiltration. Additionally, remote alterations in lungs
or kidneys are reduced when enhancing lipid mediators’ functions. Accordingly, lipoxins prevented
oxidative-stress-mediated tissue injuries, macrophage polarization was modified and in mice lacking
DRV?2 receptors, ischemia/reperfusion resulted in excessive leukocyte accumulation. In this review,
we first aimed to describe the inflammatory response during ischemia and reperfusion in skeletal
muscle and then discuss recent discoveries in resolution pathways. We focused on the role of special-
ized pro-resolving mediators (SPMs) derived from polyunsaturated fatty acids (PUFAs) and their
potential therapeutic applications.

Keywords: lipid mediators; lipoxin; resolvins; protectins and maresins; inflammation; oxidative
stress; ischemia/reperfusion; muscle

1. Introduction

Acute inflammation is a protective and indispensable response of the host to tissue
injury, infection or metabolic stress, that has been developed throughout evolution [1]. In
physiological conditions, the acute inflammatory response is self-limited and classically
divided into initiation and resolution phases with the ultimate aim of restoring tissue
integrity and homeostasis.

Until the beginning of this century, acute inflammation was thought to resolve pas-
sively. Decreased expression of pro-inflammatory cytokines, dilution of chemokine gradi-
ents over time and natural catabolism of pro-inflammatory mediators likely explained the
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arrest of leukocyte migration from blood into tissues. However, more recent investigations
focused on inflammation have shown critical molecular and cellular processes that are
specifically engaged in the inflammatory response to actively promote resolution enabling
tissues to restore their functions. Indeed, pro-resolving mediators have been identified
that act on specific receptor targets and induce key cellular steps inducing resolution:
stopping polymorphonuclear neutrophil (PMNs) recruitment, induction of leukocyte apop-
tosis, activation of clearance of apoptotic cells and macrophage reprogramming from a
pro-inflammatory to a pro-resolving phenotype [2].

Ischemia is a pathological condition secondary to restriction or total lack of blood flow
to an area or organ. Prompt reperfusion of an ischemic organ is mandatory to prevent
tissue infarction and permanent loss of function. However, reperfusion may exacerbate
oxidative-stress-related local tissue injury and generate remote systemic inflammation
with multiple organ failure. This fast paradoxical reaction is called ischemia-reperfusion
injury (IRI).

Mechanisms contributing to the pathogenesis of IRI are numerous and complex.
Nevertheless, it is now clear that excessive and unresolved inflammation is one of the
keystones of IRI and the identification of the dysfunctioning pro-resolution mechanisms in
IRI injury is of wide interest. Besides ischemic and/or pharmacologic conditioning [3,4],
more effective preventive therapy of IRI injury is still lacking and a better understanding of
inflammatory mechanisms may open windows to therapeutic approaches.

If IRI can occur in almost every organ, it is critically important when it involves
skeletal muscle. Although skeletal muscle is not considered a vital organ, it is vulnerable to
ischemia and reperfusion of large muscular mass invariably leads to multi-organ failure and
death via systemic effects [5]. IRI of skeletal muscle is a common issue in vascular surgery
procedures such as extremity revascularization, vascular reconstruction and abdominal
aortic aneurysm repair.

In this review, we first aimed to describe the reactive oxygen species (ROS) and
inflammatory responses during ischemia and reperfusion in skeletal muscle and then
discuss recent discoveries in resolution pathways. We focused on the role of (SPMs)
derived from (PUFAs) and their potential therapeutic applications in skeletal muscle
ischemia-reperfusion injury.

2. Inflammatory Response to Ischemia and Reperfusion in the Skeletal Muscle

During ischemia, the deprivation of oxygen and nutrients to the tissue triggers a series
of events leading to cell injury and cell death. As oxygen levels decrease, the metabolism
switches from aerobic to anaerobic with the accumulation of metabolic byproducts and cel-
lular acidification. Metabolic demand can exceed compensatory ATP production and ATP
levels fall to critically low levels. ATP-dependent membrane pumps become nonfunctional
and intracellular sodium and calcium accumulate. Ionic unbalance leads to cell swelling,
membrane rupture and oncotic cell death.

Prompt restoration of perfusion is crucial to limit ischemia-related damages. However,
reperfusion triggers an intense local inflammation that can paradoxically exacerbate injury
and cell death, especially during the first few hours of reperfusion [4,6]. Several mechanisms
that temporally overlap from the beginning of the reperfusion will be responsible for
the onset of IRI: mitochondrial failure and production of reactive oxygen species (ROS),
release of endogenous danger molecules from necrotic and injured cells, secretion of
chemokines and pro-inflammatory cytokines, activation of the complement and recruitment
of neutrophils. These nonspecific signals cause vasodilation, endothelial dysfunction with
increased vascular leakage followed by a self-amplifying network of pro-inflammatory
pathways. Leukocytes are continuously recruited and activated [7].

Initially confined in the muscle itself, the post-ischemic inflammation is afterwards
observed at remote sites as a consequence of systemic activation with potential multiple
organ failure.



Antioxidants 2022, 11, 1213

30f16

2.1. Oxidative Stress
2.1.1. Deleterious Action of ROS

Aberrant production of ROS and accumulation of oxidative products within the tissues
are probably the keystone initiators of IRI. Indeed, ROS are massively produced during
reperfusion, as restored blood supply reintroduces a large amount of oxygen in ischemic
tissues [8]. ROS have strong oxidative properties in ischemic tissues and lead to cell death
via DNA damage, protein carbonylation and lipid peroxidation [9].

This crucial role of ROS in IRI is underlined by many studies that generally showed a
protective effect of antioxidant therapies during ischemia-reperfusion of skeletal muscles [1,10].
Accordingly, oxidative skeletal muscles are less prone to IRI damages than glycolytic ones,
thanks to their antioxidant pool [10-14].

Thus, excessive generation of ROS beyond antioxidant-scavenging capacity upon
reperfusion will exacerbate the inflammatory response and lead to tissue injuries at the local
level. Indeed, alteration of cellular components and oxidant formation during reperfusion
can alter the microcirculation, increasing vascular permeability and formation of oedema.
In addition, ROS favor a pro-inflammatory environment promoting the formation of the
NLR family pyrin domain containing 3 (NLRP3) inflammasome, formation of chemotactic
stimuli and pro-inflammatory cytokines (i.e., IL-1p3) and expression and/or activation of
adhesion molecules, which leads to neutrophil infiltration [15].

Of note, under physiological conditions, ROS also play a key role. When the ROS level
is low and short-lasting, likely in relation with electron leakage from the mitochondrial
electron transport chain, it contributes to normal cellular functions, including important
signal transduction [15,16].

2.1.2. Sources of ROS

There are several mitochondrial sources of ROS production depending on cellular
conditions [17-20]. During ischemia-reperfusion, the main source of ROS may be the
dysfunctioning of the mitochondrial respiratory chain. Animal models such as aortic cross-
clamping or leg tourniquet induced reduction in mitochondrial oxidative capacity and
increased ROS production in lower limb IR [21,22]. During IRI, the metabolic substrates
accumulating at complex I will be rapidly oxidized and the accumulation of succinate will
lead to a reverse electron transport from complex II to complex I, therefore increasing ROS
production by complex I. Such reverse electron transport is critical, particularly in IRI [23].

The second source of ROS seems to be a dysfunctioning xanthine oxidase (XO). XO
is localized in microvascular endothelial cells of skeletal muscle under an oxidized nicoti-
namide adenine dinucleotide (NAD)-dependent dehydrogenase form in nonischemic cells.
During ischemia, xanthine dehydrogenase is converted to xanthine oxidase in hypoxic
endothelial cells. When oxygen is supplied in large amounts during reperfusion, electrons
from xanthine oxidase are transferred to molecular oxygen, forming large quantities of
superoxide anions [24].

In addition to XO and mitochondprial respiratory chain in endothelial and muscle
cells, the activation of neutrophils will generate ROS by nicotinamide adenine-dinucleotide
phosphate (NADPH) oxidase [25].

2.2. Mitochondrial Failure

The role of mitochondria extends far beyond ROS generation. The mitochondrial
permeability transition pore (mPTP) is activated under ROS exposure and increases mi-
tochondrial calcium levels [26], leading to the disruption of the electrochemical gradient,
uncoupling of oxidative phosphorylation and ATP depletion. In addition, the increase in
osmotic pressure leads to mitochondrial swelling and membrane rupture with necrosis or
apoptosis [26].
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2.3. Endogenous Danger Molecules

IRI shares many phenotypic parallels with the immune response toward
invading microorganisms.

Indeed, several danger-associated molecular patterns (DAMPs) are released by in-
jured and necrotic cells during reperfusion including high-mobility group box-1 (HMGB1),
heparan sulfate, adenosine triphosphate (ATP), nuclear DNA and RNA [27,28]. The mito-
chondria will also release DAMPs including mitochondrial DNA (mtDNA) and N-formyl
peptides [28].

DAMPS are recognized by highly conserved host receptors, called pattern recognition
receptors (PRRs), that also mediate the immune response to microorganisms. This hetero-
geneous group of receptors includes Toll-like receptors (TLR), nucleotide oligomerization
domain-like (NOD) receptors (NLR), C-type lectin receptors (CLR) and RIG-I-like receptors
(RLR). PRRs are expressed by all cells of the innate immune system (neutrophils, monocytes,
macrophages, dendritic cells and natural killer) [29] and some non-immune cells such as
endothelial and epithelial cells.

Ligation of PRRs leads to the activation of downstream signaling pathways (nuclear
factor kappa B (NF-k B), mitogen-activated protein kinase (MAPK) and type I interferon)
with the induction of pro-inflammatory cytokine and chemokine secretion [30].

Interestingly, oxidative stress may upregulate TLR4 expression and prime inflamma-
tory cells for increased responsiveness to subsequent stimuli [31].

In particular, formylated peptides and mDNA released from mitochondria are struc-
turally similar to bacterial components. In skeletal muscle necrosis, these mitochondrial
DAMPs promote neutrophil activation and their recruitment to inflamed tissues [32].

2.4. Chemokines and Cytokines

Ischemia reperfusion-induced inflammation is characterized by the production of
cytokines and chemokines. Leukocytes and endothelial cells seem to be the major sources of
cytokines production [33]. Cell injury activates cyclooxygenase and lipoxygenase pathways
along with transition metal ions, which increases lipid peroxidation in the surrounding
tissues. Products of the lipoxygenase pathway are responsible for neutrophil activation.

After the activation of the PRRs by DAMPS in response to ischemia-reperfusion of
skeletal muscles, the production of interleukin 1 (IL-1 3), IL-6, tumor necrosis factor o
(TNF-o), monocyte chemoattractant protein 1 (MCP-1) and IL-8 is induced [25]. The roles
of interleukin-1 (IL-1), interleukin-6 (IL-6) and tumor necrosis factor o (TNF-x) are well
documented in IRI injury [10,34]. These cytokines provide signals between the responding
leucocytes and the vascular endothelial barrier and are believed to be responsible for the
accumulation and activation of leukocytes [35-37].

2.5. Neutrophils and Pro-Inflammatory Macrophages

Neutrophils are the largest circulating fraction of leukocytes. After reperfusion, neu-
trophils are the first leukocytes to arrive at the site of injury.

During injury, neutrophils are mainly recruited by chemokines produced by tissue-
resident immune cells and endothelial cells [38]. Most evidence supports the view that
mononucleated cells that normally reside in muscles are activated by the injury, and then
secrete chemotactic signals to circulating inflammatory cells [39].

The role for neutrophils in the promotion of muscle damage soon after muscle injury is
now clearly established [25,40-44]. In experimental IRI models, the inhibition or depletion
of neutrophils before ischemia—reperfusion protects from muscle damage [45-53]. These
data suggest that neutrophil accumulation into postischemic tissue is a cause rather than
an effect of reperfusion injury.

Rolling and tight adhesion of neutrophils are initiated through the upregulation of
adhesion molecules on endothelial cells. Once they transmigrate through the endothelium,
neutrophils are able to damage the injured muscle and healthy bystander tissues by the
release of proteases and ROS (‘respiratory burst’) [53]. Cytotoxicity assays in which muscle
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cells were cocultured with activated neutrophils showed that neutrophil lysis of muscle
cells could be largely prevented by the addition of superoxide dismutase (SOD) [54].

Moreover, neutrophils release interleukins and leukotrienes that attract and activate
additional leukocytes and produce neutrophil extracellular traps (NETs) by releasing
nuclear chromatin and granule proteins. Their implications have been demonstrated in
TLR4 knock-out (KO) mice with decreased NET levels showing reduced muscle damage
subsequent to hind limb injury [55]. Neutrophil products also have a role in complement
activation [56].

The early wave of polymorphonuclear neutrophils (PMNs) is followed by the re-
cruitment of blood monocytes, which differentiate into macrophages, sources of pro-
inflammatory cytokines. Macrophages can promote muscle damage in vivo and in vitro
through the release of free radicals [57]. Cytotoxicity assays have shown that macrophages
lyse target muscle cells by a nitric oxide (NO)-dependent, superoxide-independent mech-
anism and that their cytolytic capacity is increased by the presence of neutrophils [54].
However, the prevalence of this pro-inflammatory phenotype is gradually superseded by
the emergence of a more anti-inflammatory, proregenerative phenotype [57].

2.6. Activation of Complement

Complement system is one of the mediators of innate immune systems. Three path-
ways can initiate the complement system: classical, alternative and mannose binding lectin
(MBL) pathways. They are composed of circulating precursor proteins that can be enzy-
matically activated. While the activation of each pathway is distinct, they converge to
the activation of C3 convertase, leading to the formation of the membrane attack complex
(MAC) that is capable of forming a lytic pore into the target’s ischemic cell wall [58].

Complement increases vascular permeability, oedema generation and infiltration of
leukocytes. Moreover, several animal models demonstrated a key role of complement
activation in inducing lesions in remote organs (e.g., lung and liver) after IRI of skeletal
muscle [51,59,60].

All three pathways are thought to be activated in IRI of skeletal muscle, but the clas-
sical and the MBL pathways seem to have a critical role. Indeed, in humans, the role of
complement activation has been demonstrated by increased C3a and C5a serum concen-
trations after lower extremity ischemia [61,62]. During reperfusion, lysis of parenchymal
cells by the MAC [63], recruitment of leukocytes through chemotaxis by C3a and C5a and
production of inflammatory cytokines and chemokines [64] are also implicated in IRI.

3. Principles of Resolution of Inflammation

A new paradigm considers the resolution of inflammation as a coordinated and active
process aiming to restore tissue integrity and function [65]. If inflammation is not stopped
and/or overwhelming, it may have debilitating consequences as encountered in IRI.

Several cellular mechanisms favor the repair of inflamed or injured tissues and restore
homeostasis. First, PMN recruitment will cease and chemokine and cytokine gradients are
counter-regulated. After having performed their action at the inflamed site, neutrophils
undergo apoptosis. Then, monocytes are recruited non-phlogistically and death signals
induce cell death or apoptosis of the inflammatory granulocytes, partly mediated through
natural killer (NK) cells [66]. Apoptosis of neutrophils, in contrast to necrosis, will pre-
vent bystander tissue injury occurring from the release of the potentially toxic cellular
constituents. In the third phase, phagocytosis of apoptotic neutrophils by macrophages will
prompt a switch from pro- (M1) to anti-inflammatory (M2) macrophage phenotype. This
initiates the repair of tissue architecture and function in response to anti-inflammatory cy-
tokines, growth factors and pro-resolving mediator release. When phagocytosis is realized,
draining blood or lymph vessels (egress) allow macrophages to leave the inflammation site.

A large, growing class of molecules with pro-resolving functions promotes many of
those cellular processes. These mediators are produced during the inflammatory response
in a coordinated temporal and spatial manner, in order to restrain and resolve inflamma-
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tion. Interestingly, unlike anti-inflammatory mediators, pro-resolving mediators are not
immunosuppressive but rather tissue protective and reparative [67].

Enhancing the host immune response, they promote key cellular steps of resolution
of inflammation. Thus, these molecules favor a non-phlogistic recruitment of monocytes
(without pro-inflammatory mediators), granulocyte apoptosis, macrophage phagocytosis of
apoptotic cells, switch of macrophages and the return of non-apoptotic cells to lymphatics
and blood vessels. They also stimulate tissue regeneration, allowing the restitution of
barrier integrity [68,69].

Pro-resolving mediators are of a different nature and many display overlapping
functions. They include SPMs (lipoxins, resolvins, protectins and maresins), proteins
and peptides (annexin Al (AnxAl), galectins, adrenocorticotropic hormones (ACTH)
and IL-10), gaseous mediators including hydrogen sulfide (H2S) and carbon monoxide
(CO), nucleotides (e.g., adenosine) and neuromodulators released under the control of the
vagus nerve such as acetylcholine and neuropeptides released from non-adrenergic non-
cholinergic neurons [70]. There is now increasing evidence that ROS, beyond the initiation
and the progression of the inflammatory response, are also involved in the resolution at
later steps of the inflammatory response [71].

The mediators of resolution can be produced and act locally in paracrine and autocrine
manners and they can be produced at remote sites, acting through their systemic release
and extravasation to sites of inflammation.

Some evidence from animal models suggests that different cellular and biological
mechanisms involved in resolution (i.e. the clearance of apoptotic cells by macrophages,
production of pro-resolving mediators) are impaired with age [72].

4. Specialized Pro-Resolving Lipid Mediators

Experimental models of acute inflammation that are self-limiting and naturally re-
solved have led to the identification of a novel family of SPM generated from PUFAs.

SPMs are generated via lipoxygenase (LOX)-catalyzed reactions. Most of the SPMs
are produced during intercellular interactions between various leukocytes (neutrophils,
macrophages, etc.) and other cells such as epithelial and endothelial cells, expressing the re-
quired biosynthetic and compartmentalized enzymes and sharing intermediate metabolites
bidirectionally [73]. Among leukocytes, neutrophils are key producers of SPMs, including
lipoxins, leading members of the SPM family [74]. While structurally and functionally
distinct from prostaglandins and leukotrienes, lipoxins are also products of omega-6 arachi-
donic acid (AA) (20:4n — 6) present as phospholipids in cell membranes. When the cells
are activated, specific phospholipase A2 (PLA2) enzymes liberate AA from the sn-2 fatty
acyl bond of these phospholipids [75].

Moreover, during acute inflammation, SPM biosynthesis in leukocytes is initiated by
lipid-mediator class switching. Early pro-inflammatory lipid mediators, such as
prostaglandins and leukotrienes, are pivotal and activate the biosynthetic machinery for
the later conversion of PUFA to SPMs [74]. For example, human PMNs exposed to PGE2 or
PGD2 induce 15-lipoxygenase (15-LOX) switch their phenotype from LTB, production to
lipoxin production [74]. Macrophages also have the capacity to produce SPMs, including
lipoxins [73]. In addition to AA-derived lipoxins, the omega-3 PUFAs eicosapentaenoic
acid (EPA, C20:5n — 3) and docosahexaenoic acid (DHA, C22:6n — 3) can be enzymati-
cally converted by LOX-catalyzed reactions to SPMs, including resolvins, protectins and
maresins. Although EPA and DHA are merely synthesized in humans, they are compo-
nents of seafood, particularly oily fish, liver oil, krill oil and algal oil supplements and of a
small number of highly concentrated pseudopharmaceutical products [70]. SPMs shows
biological effects in the nanomolar range and signal through cognate receptors expressed
by a wide range of cell types, including immune and structural cells. To date, four human
SPM receptors are identified: ALX/FPR2, ERV1, resolvin D1 receptor (DRV1) and resolvin
D2 receptor (DRV2). While identified depending on the ligand used (LXA4, RvE1, RvD1
and RvD2, respectively), each receptor is capable of interactions with additional SPMs [76].
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Globally, the pro-resolving actions of SPMs include the stimulation of non-phlogistic
(without elaborating pro-inflammatory mediators) recruitment of monocytes, inducing
granulocyte apoptosis, enhancing macrophage phagocytosis of apoptotic cells, switch-
ing macrophages from classically to alternatively activated cells, promoting the return
of non-apoptotic cells to the lymphatics and blood vessels and stimulating tissue regen-
eration to restitute barrier integrity [2]. During efferocytosis, SPM production is further
increased, enhancing the clearance of debris and apoptotic cells through autocrine and
paracrine pathways.

5. Resolution Mechanisms in IRI: Involvement of Immune Cells and of Specialized
Pro-Resolving Mediators

Mechanisms of inflammation resolution are of major importance in IRI (Figure 1).
During the early phase of reperfusion after ischemia, the accumulation of neutrophils has
to be tightly controlled as too many granulocytes can promote uncontrolled inflammation
with local and remote tissue injury. Moreover, rapid clearance of inflammatory leukocytes
is essential for a successful resolution response and the restoration of function within the
skeletal muscle following IRI.
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Figure 1. Resolution of inflammation in ischemia—perfusion injury in skeletal muscle.

During the initial state of perfusion after ischemia, a vast array of pro-inflammatory
mediators (closed red circles) are secreted (ROS) and danger-associated molecular patterns
(DAMPs) are released. The resolution of inflammation is now recognized as an active
process brought about by the biosynthesis of active endogenous anti-inflammatory and
pro-resolving mediators released from various cell types (open blue circles), which act on
key cellular events of inflammation to promote the return to homeostasis. PMN: neutrophil;
NK cells: natural killer cells; IL-4: interleukine-4; Eos: eosinophils; M1: classically activated
macrophages; M2: alternatively activated macrophages.

5.1. Macrophages

Following skeletal tissue injury, circulating classically activated (M1) monocytes in-
filtrate the involved muscle and promote inflammation through cytokine production and
ROS release. Depletion of macrophages (MP) prior to IRI is known to reduce injury in an
experimental murine kidney IRI model [77].
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However, macrophages with pro-resolving functions present at later stages of the
inflammatory response are important to direct the outcome. Indeed, when macrophages
are depleted or their migration is blocked through genetic or pharmacological means
days after the onset of ischemia, a delayed resolution of skeletal muscle inflammation is
observed [78]. Moreover, severe reduction in muscle recovery from ischemia occurs with
the genetic deletion of CCR2 and monocyte chemoattractant protein-1 (MCP-1), which
both substantially impair MP recruitment [79]. Phagocytosis of tissue debris is a crucial
function of MPs in the resolution of inflammation [80-82]. Mouse strains characterized by
slower rates of phagocytic removal of muscle debris appear to have slower rates of muscle
regeneration [83]. Moreover, phagocytose of apoptotic neutrophils and myofiber debris
by macrophages triggers a switch to an alternatively activated anti-inflammatory (M2)
phenotype [39,79]. M2 macrophages are able to modulate muscle progenitor cell activation
and coordinate muscle repair by producing a large variety of pro-resolving mediators,
including SPMs [73]. During the later stages after IRI of the limb, these M2 populations
are predominant [84]. If distinct macrophage populations are related to separate phases of
muscle recovery [85,86], hypoxia-inducible factors (HIFs) in macrophages do not seem to
be implicated in skeletal muscle regeneration [87].

In conclusion, the current data indicate that pro-inflammatory M1 macrophages are
involved in early tissue damage during ischemia and M2 macrophages will have pro-
resolving functions later on during the inflammatory response after reperfusion. A tight
balance between M1 and M2 macrophages is therefore needed.

5.2. Eosinophils

Eosinophils are another key factor of the innate immune cell population, active within
the resolution phase of inflammation. They were recently proven to be indispensable in
the muscle regenerative response to injury. Eosinophils are target cells of a wide range
of pro-resolving mediators but are also able to produce pro-resolving mediators during
the inflammatory response [70]. For example, eosinophils are rapidly recruited during
skeletal muscle injury and they are required for the proliferation of muscle-resident fi-
bro/adipocyte progenitors through the secretion of IL-4 [88]. The binding to high-mobility
group box-1 (HMGB1), a necrosis signaling molecule, by the receptor for advanced glyca-
tion end products (RAGE) expressed on eosinophils can mediate the chemotactic migration
of eosinophils and their response to tissue injury or necrosis [89]. Healing is favored
by eosinophils through actions on the vasculature and elevating epithelial cell prolifer-
ation [90], releasing vascular endothelial growth factor (VEGF), fibroblast growth factor
(FGF) and transforming growth factor-31 (TGF-f31) [91] as well as osteopontin [90].

5.3. Specialized Pro-Resolving Mediators (SPMs)

Because SPMs control unwarranted PMN accumulation and promote their removal,
SPMs may be of interest for tissue recovery during ischemic injury. First, lipoxins prevent
oxidative-stress-mediated tissue injury [92-95]. Moreover, SPM precursors, including
EPA-derived 18-HEPE and 15-HEPE, are produced by vascular endothelial cells during
hypoxia [96]. Under hypoxia, human PMN RvE2 biosynthesis is also enhanced [97] and IR
in the kidneys results in the biosynthesis of D-series resolvins and protectins [98].

Recent studies on experimental models show the protective roles of SPMs in tissue
injury in IRI disease models more specifically.

Many of these animal models show that treatment with SPMs prior to ischemia
decreases PMN infiltration [98-100]. The endogenous protective role of SPMs was also
observed in mice without the Alx/Fpr2 or the Gpr18 (also known as DRV2) receptors, in which
IR resulted in excessive leukocyte accumulation [100,101]. During injury, SPM receptor
signaling induced by one mediator can also upregulate the expression of additional SPMs,
further activating other SPM receptors. Thus, RvD2-DRV2 induced RvD5 and PD1 for
resolution [102].



Antioxidants 2022, 11, 1213

9o0f 16

As a perspective, one approach to overcome tissue loss after IRI relies on the implan-
tation of biomaterials in order to restore or regenerate the functions of damaged muscles.
In particular, porous scaffolds can provide space for cell colonization, proliferation and
neo-vessel formation, followed by its gradual dissolution. Hydrogels are of prime inter-
est as they provide a well-hydrated environment along with an extracellular matrix-like
architecture, suitable to sustain the functions of resident cells (98). Biomaterials can also
participate in the modulation of the inflammatory process mostly through carrying bioac-
tive molecules including growth factors and cytokines which are subsequently exposed to
the adherent cells or passively released from the material. For instance, alginate hydrogels
loaded with growth factors including VEGF or insulin growth factor-1 (IGF1) allowed for a
better recovery of the functions of hind-limb muscles in rodents following IRI [103-105].
Moreover, core-shell microparticles could be designed to achieve a stimuli-responsive
oxygen delivery to mesenchymal stem cells (MSCs), which further stimulates proliferation,
vascularization and paracrine secretions to induce the regeneration of skeletal muscles [106].
The use of SPMs in the biomaterial context is still limited and unexplored in the specific
case of IRI since their stability in classical cell culture media can be impaired [107], along
with the hydrophobicity of such molecules, which restricts their loading onto material
surfaces. This issue can be lifted by core—shell particles as described by Wang et al. [108]
who encapsulated lipoxin A4 into poly(lactic-co-glycolic) acid (PLGA) microspheres to
achieve a gradual release. However, the processing conditions led to substantial loss of
lipoxin. Some examples recently highlighted the ability of SPMs to drive the phenotypic
switch from classically to alternatively activated macrophages, allowing better integra-
tion of biomaterials and triggering the restoration of tissues. This was shown for mice
subjected to the implantation of a poly(ethylene) glycol (PEG)-based hydrogel loaded
with IL-10 and pro-resolving lipid mediator aspirin-triggered resolvin-D1 (AT-RvD1) [109].
Poly(caprolactone) (PCL)-based vascular grafts functionalized with AT-RvD1 allowed the
recruitment of CD49d+ neutrophils at the implant site which are actively involved in
vascular remodeling and neovessel formation [110]. The regenerative potential of resolvin
D1 embedded into a chitosan scaffold was also demonstrated in a femoral defect in rats
after 2 months, the extent of bone formation was found to be higher compared to animals
implanted with chitosan scaffolds solely [111].

Although there is plenty of evidence supporting the potent role of SPMs in the resolu-
tion of inflammation, the signature profile of SPMs is not straightforward to detect since
these mediators such as maresin-1 or lipoxin-A4 are secreted in tiny amounts (i.e., in the
nanomolar to the picomolar range) [112]. Accordingly, the techniques employed to detect
and quantify SPMs need to be carefully chosen; for instance, as these small concentrations
are close to the resolution limits of mass spectrometers, the ELISA method proved to not be
very selective between different isomers [113]. Furthermore, the exact mechanism and the
receptors involved in the SPM signaling pathways still need to be ascertained in knock-out
mice [114].

6. Conclusions

IRI in the skeletal muscle is a serious condition with potentially local and general
devastating consequences that remain a common concern in vascular surgery. During
reperfusion, blood flow is again supplied to the ischemic muscle but regulatory mech-
anisms appear to not be totally effective to avoid cell deaths [115]. IRI manifests as a
paradoxical unadapted inflammation with the release of ROS, breakdown of lipidic cell
membranes and attraction of neutrophiles and activation of the complement system. Cur-
rently, a very effective preventive therapy of IRI is still lacking. Most commonly used
strategies try to limit pro-inflammatory pathways by means of pharmacological interven-
tion, hypothermia, hyperbaric oxygen or pre/post-injury conditioning. Those conven-
tional anti-inflammatory strategies have two main drawbacks: they are only partially
effective they and nonspecifically blunt the production of inflammation “initiators” with
potential immunosuppression.
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It appears that, in IRI, the problem is not mainly how inflammation starts, but why
it fails to resolve. Therefore, another promising approach to prevent IRI may be an early
promotion of pro-resolving pathways. Pro-resolving mediators resolve inflammation
without compromising host defense and stimulate distinct processes necessary for tissue
repair and regeneration.

To date, only limited data for pro-resolving mechanisms during IRI exist. Interestingly
however, in severe sepsis, a similar condition with uncontrolled systemic inflammation,
producing organ dysfunction, pro-resolving pathways are activated [116]. In a randomized
trial, immunonutrition increased RvE1 in patients undergoing hepatobiliary surgery, giving
lower rates of infection complications and severity [117]. Accordingly, increased dietary
intake of EPA and DHA—substrates for the biosynthesis of potent SPMs such as resolvins,
protectins, and maresin—results in their enrichment in the blood and in many cells and
tissues [118].

Although studies already reported a role of SPMs in skeletal muscle IRI (Table 1),

[95,98-100,119-121] and on other IRI models (Table 2), [98,122—125] further work are war-
ranted to determine whether enhancing SPMs via substrate supplementation or locally
targeted therapy associated with biomaterials and SPM release might potentially prevent
or at least mitigate the exacerbated ROS and inflammatory responses following IRI and in
turn restore the functions of damaged skeletal muscles.

Table 1. Role of specialized pro-resolving mediators in skeletal muscle IRI disease models.

Mediator Disease Model Action(s) Ref
L R Attenuate hind-limb IRI—induced lung
Lipoxin Az /ATL Mouse/hind-limb IRT injuryDetachment of adherent PMN in mesenteric IRI [119]
Lipoxin Ay Rat/hind-limb IRI Decreases inflammatory response, oxidative stress and [95]
cell apoptosis.

Resolvin D1 Mouse/ hind-limb IRI Enhances perfusion recovery during ischemia, [120]
Resolvin D1 Mouse/hind-limb IRI Reduces PMN recruitment into the lungs [99]
Resolvin D2 Mouse/hind-limb IRI Reduces PMN recruitment into the lungs [100]
Resolvin D2 Mouse/CTX-induced muscle injury Enhances macrophage M2 efferocytosis [121]

Protects from ischemia—reperfusion-induced kidney
Protectin D1 Mouse/kidney IRI damage and loss of function; Regulates macrophage [98]
M1 function

Table 2. Role of specialized pro-resolving mediators in other IRI disease models.

Mediator Disease Model Action(s) Ref
Inhibits PMN rolling and adherence in

Lipoxin Ay Rat/superfusing of the mesentery mesenteric circulation [122]
Lipoxin A, Rat/Intestinal IRI Attenuates intestinal ischemia—reperfusion injury [123]
Resolvin E1 Rat/Cardiac IRI Cardioprotective; Limits infarct size [124]

Protects from ischemia-reperfusion-induced kidney
Resolvin D1 Mouse/kidney IRI damage and loss of function; Regulates macrophage [98]
M1 function

Reduces accumulation of PMN and fibrosis; Leads to

Resolvin D1 Rat/Cardiac IRI . - .
improved cardiac function

[125]

Protects from ischemia—reperfusion-induced kidney

Protectin D1 Mouse/kidney IR damage and loss of function; Regulates macrophages

[98]
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Table 2. Cont.

Mediator Disease Model Action(s) Ref

Decreases PMN infiltration and tissue fibrosis;

Resolvin D1 Mouse/kidney IRI .
Organ protective

[98]

Protects from ischemia-reperfusion-induced kidney
Protectin D1 Mouse/kidney IRI damage and loss of function; Regulates macrophage [98]
M1 function

Author Contributions: Conceptualization, C.B., G.L. and B.G.; methodology, C.B., G.L. and B.G.;
validation, C.B., G.L, M.G,, AL, A-L.C,, AM. and B.G,; formal analysis, C.B.,, G.L. and. B.G;
investigation, C.B. and G.L.; data curation, C.B. and G.L.; writing—original draft preparation, C.B.,
G.L. and B.G. writing—review and editing, C.B., G.L., M.G., A.L,, A-L.C., AM. and B.G,; supervision,
B.G.; project administration, B.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Medzhitov, R. Origin and Physiological Roles of Inflammation. Nature 2008, 454, 428-435. [CrossRef]

2. Serhan, C.N. Treating Inflammation and Infection in the 21st Century: New Hints from Decoding Resolution Mediators and
Mechanisms. FASEB J. 2017, 31, 1273-1288. [CrossRef]

3. Pizzimenti, M,; Riou, M.; Charles, A.-L.; Talha, S.; Meyer, A.; Andres, E.; Chakfé, N.; Lejay, A.; Geny, B. The Rise of Mitochondria
in Peripheral Arterial Disease Physiopathology: Experimental and Clinical Data. JCM 2019, 8, 2125. [CrossRef] [PubMed]

4. Merchant, S.H.; Gurule, D.M.; Larson, R.S. Amelioration of Ischemia-Reperfusion Injury with Cyclic Peptide Blockade of ICAM-1.
Am. ]. Physiol. Heart. Circ. Physiol. 2003, 284, H1260-H1268. [CrossRef] [PubMed]

5. Defraigne, ].O.; Pincemail, J. Local and Systemic Consequences of Severe Ischemia and Reperfusion of the Skeletal Muscle.
Physiopathology and Prevention. Acta Chir. Belg. 1998, 98, 176-186. [CrossRef] [PubMed]

6. Paradis, S.; Charles, A.-L.; Meyer, A.; Lejay, A.; Scholey, ].W.; Chakfé, N.; Zoll, J.; Geny, B. Chronology of Mitochondrial and
Cellular Events during Skeletal Muscle Ischemia-Reperfusion. Am. J. Physiol. Cell Physiol. 2016, 310, C968-C982. [CrossRef]

7. Larsen, G.L.; Henson, PM. Mediators of Inflammation. Annu. Rev. Immunol. 1983, 1, 335-359. [CrossRef]

8. Guillot, M,; Charles, A.-L.; Chamaraux-Tran, T.N.; Bouitbir, J.; Meyer, A.; Zoll, J.; Schneider, F; Geny, B. Oxidative Stress Precedes
Skeletal Muscle Mitochondrial Dysfunction during Experimental Aortic Cross-Clamping but Is Not Associated with Early Lung,
Heart, Brain, Liver, or Kidney Mitochondrial Impairment. J. Vasc. Surg. 2014, 60, 1043-1051.e5. [CrossRef]

9.  Ghaly, A,; Marsh, D.R. Ischaemia-Reperfusion Modulates Inflammation and Fibrosis of Skeletal Muscle after Contusion Injury.
Int. ]. Exp. Pathol. 2010, 91, 244-255. [CrossRef]

10. Yokoyama, H.; Tsujii, M.; lino, T.; Nakamura, T.; Sudo, A. Inhibitory Effect of Edaravone on Systemic Inflammation and Local
Damage in Skeletal Muscles Following Long-Term Ischemia to Murine Hind Limb. J. Orthop. Surg. 2019, 27, 2309499019874470.
[CrossRef]

11. Rodriguez-Lara, S.Q.; Trujillo-Rangel, W.A.; Castillo-Romero, A.; Totsuka-Sutto, S.E.; Garcia-Cobian, T.A.; Cardona-Mufioz,
E.G.; Miranda-Diaz, A.G.; Ramirez-Lizardo, E.J.; Garcia-Benavides, L. Effect of Telmisartan in the Oxidative Stress Components
Induced by Ischemia Reperfusion in Rats. Oxid. Med. Cell. Longev. 2019, 2019, 1302985. [CrossRef] [PubMed]

12.  Lejay, A.; Paradis, S.; Lambert, A.; Charles, A.-L.; Talha, S.; Enache, I.; Thaveau, F.; Chakfe, N.; Geny, B. N-Acetyl Cysteine
Restores Limb Function, Improves Mitochondrial Respiration, and Reduces Oxidative Stress in a Murine Model of Critical Limb
Ischaemia. Eur. J. Vasc. Endovasc. Surg. 2018, 56, 730-738. [CrossRef] [PubMed]

13.  Smith, J.K,; Grisham, M.B.; Granger, D.N.; Korthuis, R.J. Free Radical Defense Mechanisms and Neutrophil Infiltration in
Postischemic Skeletal Muscle. Am. J. Physiol. 1989, 256, H789-H793. [CrossRef] [PubMed]

14. Charles, A.-L.; Guilbert, A.-S.; Guillot, M.; Talha, S.; Lejay, A.; Meyer, A.; Kindo, M.; Wolff, V.; Bouitbir, J.; Zoll, J.; et al. Muscles
Susceptibility to Ischemia-Reperfusion Injuries Depends on Fiber Type Specific Antioxidant Level. Front. Physiol. 2017, 8, 52.
[CrossRef] [PubMed]

15.  Velayutham, M.; Hemann, C.; Zweier, J.L. Removal of H,O, and Generation of Superoxide Radical: Role of Cytochrome c and
NADH. Free Radic. Biol. Med. 2011, 51, 160-170. [CrossRef]

16. Tschopp, J.; Schroder, K. NLRP3 Inflammasome Activation: The Convergence of Multiple Signalling Pathways on ROS Production?
Nat. Rev. Immunol. 2010, 10, 210-215. [CrossRef]

17.  Turrens, ].F. Mitochondrial Formation of Reactive Oxygen Species. J. Physiol. 2003, 552, 335-344. [CrossRef]

18.  Murphy, M.P. How Mitochondria Produce Reactive Oxygen Species. Biochem. J. 2009, 417, 1-13. [CrossRef]


http://doi.org/10.1038/nature07201
http://doi.org/10.1096/fj.201601222R
http://doi.org/10.3390/jcm8122125
http://www.ncbi.nlm.nih.gov/pubmed/31810355
http://doi.org/10.1152/ajpheart.00840.2002
http://www.ncbi.nlm.nih.gov/pubmed/12595290
http://doi.org/10.1080/00015458.1998.12098410
http://www.ncbi.nlm.nih.gov/pubmed/9779243
http://doi.org/10.1152/ajpcell.00356.2015
http://doi.org/10.1146/annurev.iy.01.040183.002003
http://doi.org/10.1016/j.jvs.2013.07.100
http://doi.org/10.1111/j.1365-2613.2010.00708.x
http://doi.org/10.1177/2309499019874470
http://doi.org/10.1155/2019/1302985
http://www.ncbi.nlm.nih.gov/pubmed/31354899
http://doi.org/10.1016/j.ejvs.2018.07.025
http://www.ncbi.nlm.nih.gov/pubmed/30172667
http://doi.org/10.1152/ajpheart.1989.256.3.H789
http://www.ncbi.nlm.nih.gov/pubmed/2923239
http://doi.org/10.3389/fphys.2017.00052
http://www.ncbi.nlm.nih.gov/pubmed/28220081
http://doi.org/10.1016/j.freeradbiomed.2011.04.007
http://doi.org/10.1038/nri2725
http://doi.org/10.1113/jphysiol.2003.049478
http://doi.org/10.1042/BJ20081386

Antioxidants 2022, 11, 1213 12 of 16

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Brand, M.D.; Goncalves, R.L.S.; Orr, A.L.; Vargas, L.; Gerencser, A.A.; Borch Jensen, M.; Wang, Y.T.; Melov, S.; Turk, C.N;
Matzen, J.T; et al. Suppressors of Superoxide-H,O, Production at Site IQ of Mitochondrial Complex I Protect against Stem Cell
Hyperplasia and Ischemia-Reperfusion Injury. Cell. Metab. 2016, 24, 582-592. [CrossRef]

Hoffman, D.L.; Brookes, P.S. Oxygen Sensitivity of Mitochondrial Reactive Oxygen Species Generation Depends on Metabolic
Conditions. J. Biol. Chem. 2009, 284, 16236-16245. [CrossRef]

Charles, A.-L.; Guilbert, A.-S.; Bouitbir, ].; Goette-Di Marco, P.; Enache, 1; Zoll, J.; Piquard, E; Geny, B. Effect of Postconditioning
on Mitochondrial Dysfunction in Experimental Aortic Cross-Clamping. Br. . Surg. 2011, 98, 511-516. [CrossRef] [PubMed]
Brandao, M.L.; Roselino, J.E.S.; Piccinato, C.E.; Cherri, J. Mitochondrial Alterations in Skeletal Muscle Submitted to Total Ischemia.
J. Surg. Res. 2003, 110, 235-240. [CrossRef]

Onukwufor, J.O.; Berry, B.J.; Wojtovich, A.P. Physiologic Implications of Reactive Oxygen Species Production by Mitochondrial
Complex I Reverse Electron Transport. Antioxidants 2019, 8, 285. [CrossRef]

Lindsay, T.; Romaschin, A.; Walker, PM. Free Radical Mediated Damage in Skeletal Muscle. Microcirc Endothel. Lymphat. 1989,
5,157-170.

Kvietys, PR.; Granger, D.N. Role of Reactive Oxygen and Nitrogen Species in the Vascular Responses to Inflammation. Free Radic.
Biol. Med. 2012, 52, 556-592. [CrossRef]

Lejay, A.; Meyer, A.; Schlagowski, A.-I.; Charles, A.-L.; Singh, E; Bouitbir, J.; Pottecher, J.; Chakfé, N.; Zoll, J.; Geny, B.
Mitochondria: Mitochondrial Participation in Ischemia-Reperfusion Injury in Skeletal Muscle. Int. |. Biochem. Cell. Biol. 2014, 50,
101-105. [CrossRef]

Kaczmarek, A.; Vandenabeele, P.; Krysko, D.V. Necroptosis: The Release of Damage-Associated Molecular Patterns and Its
Physiological Relevance. Immunity 2013, 38, 209-223. [CrossRef]

Grazioli, S.; Pugin, J. Mitochondrial Damage-Associated Molecular Patterns: From Inflammatory Signaling to Human Diseases.
Front. Immunol. 2018, 9, 832. [CrossRef]

Amarante-Mendes, G.P.; Adjemian, S.; Branco, L.M.; Zanetti, L.C.; Weinlich, R.; Bortoluci, K.R. Pattern Recognition Receptors and
the Host Cell Death Molecular Machinery. Front. Immunol. 2018, 9, 2379. [CrossRef]

Takeuchi, O.; Akira, S. Pattern Recognition Receptors and Inflammation. Cell 2010, 140, 805-820. [CrossRef]

Powers, K.A.; Szaszi, K.; Khadaroo, R.G.; Tawadros, P.S.; Marshall, J.C.; Kapus, A.; Rotstein, O.D. Oxidative Stress Generated by
Hemorrhagic Shock Recruits Toll-like Receptor 4 to the Plasma Membrane in Macrophages. |. Exp. Med. 2006, 203, 1951-1961.
[CrossRef] [PubMed]

Meyer, A.; Laverny, G.; Bernardi, L.; Charles, A.L.; Alsaleh, G.; Pottecher, | ; Sibilia, J.; Geny, B. Mitochondria: An Organelle of
Bacterial Origin Controlling Inflammation. Front. Immunol. 2018, 9, 536. [CrossRef] [PubMed]

Frangogiannis, N.G.; Youker, K.A.; Rossen, R.D.; Gwechenberger, M.; Lindsey, M.H.; Mendoza, L.H.; Michael, L.H.; Ballantyne,
C.M.; Smith, C.W.; Entman, M.L. Cytokines and the Microcirculation in Ischemia and Reperfusion. J. Mol. Cell. Cardiol. 1998, 30,
2567-2576. [CrossRef] [PubMed]

Corrick, RM.; Tu, H.; Zhang, D.; Barksdale, A.N.; Muelleman, R.L.; Wadman, M.C.; Li, Y.-L. Dexamethasone Protects Against
Tourniquet-Induced Acute Ischemia-Reperfusion Injury in Mouse Hindlimb. Front. Physiol. 2018, 9, 244. [CrossRef]

Ascer, E.; Mohan, C.; Gennaro, M.; Cupo, S. Interleukin-1 and Thromboxane Release after Skeletal Muscle Ischemia and
Reperfusion. Ann. Vasc. Surg. 1992, 6, 69-73. [CrossRef]

Seekamp, A.; Warren, ].S.; Remick, D.G; Till, G.O.; Ward, P.A. Requirements for Tumor Necrosis Factor-Alpha and Interleukin-1
in Limb Ischemia/Reperfusion Injury and Associated Lung Injury. Am. J. Pathol. 1993, 143, 453-463.

Zhang, F.; Hu, E.C.; Gerzenshtein, ].; Lei, M.-P; Lineaweaver, W.C. The Expression of Proinflammatory Cytokines in the Rat
Muscle Flap with Ischemia-Reperfusion Injury. Ann. Plast. Surg. 2005, 54, 313-317.

Wang, J. Neutrophils in Tissue Injury and Repair. Cell Tissue Res. 2018, 371, 531-539. [CrossRef]

Tidball, ].G. Inflammatory Cell Response to Acute Muscle Injury. Med. Sci. Sports Exerc. 1995, 27, 1022-1032. [CrossRef]
Menger, M.D.; Pelikan, S.; Steiner, D.; Messmer, K. Microvascular Ischemia-Reperfusion Injury in Striated Muscle: Significance of
“Reflow Paradox”. Am. ]. Physiol. 1992, 263, H1901-H1906. [CrossRef]

Zimmerman, B.J.; Guillory, D.J.; Grisham, M.B.; Gaginella, T.S.; Granger, D.N. Role of Leukotriene B4 in Granulocyte Infiltration
into the Postischemic Feline Intestine. Gastroenterology 1990, 99, 1358-1363. [CrossRef]

Smith, ].K.; Carden, D.L.; Korthuis, R.J. Activated Neutrophils Increase Microvascular Permeability in Skeletal Muscle: Role of
Xanthine Oxidase. J. Appl. Physiol. 1991, 70, 2003-2009. [CrossRef] [PubMed]

Pemberton, M.; Anderson, G.; Vétvicka, V.,; Justus, D.E.; Ross, G.D. Microvascular Effects of Complement Blockade with Soluble
Recombinant CR1 on Ischemia/Reperfusion Injury of Skeletal Muscle. J. Immunol. 1993, 150, 5104-5113.

Lehr, H.A.; Guhlmann, A.; Nolte, D.; Keppler, D.; Messmer, K. Preservation of Postischemic Capillary Perfusion by Selective
Inhibition of Leukotriene Biosynthesis. Transpl. Proc. 1991, 23, 833-834.

Carden, D.L.; Korthuis, R.J. Mechanisms of Postischemic Vascular Dysfunction in Skeletal Muscle: Implications for Therapeutic
Intervention. Microcirc Endothel. Lymphat. 1989, 5, 277-298.

Granger, D.N. Role of Xanthine Oxidase and Granulocytes in Ischemia-Reperfusion Injury. Am. J. Physiol. 1988, 255, H1269-H1275.
[CrossRef]

Korthuis, R.J.; Grisham, M.B.; Granger, D.N. Leukocyte Depletion Attenuates Vascular Injury in Postischemic Skeletal Muscle.
Am. ]. Physiol. 1988, 254, H823-H827. [CrossRef]


http://doi.org/10.1016/j.cmet.2016.08.012
http://doi.org/10.1074/jbc.M809512200
http://doi.org/10.1002/bjs.7384
http://www.ncbi.nlm.nih.gov/pubmed/21259232
http://doi.org/10.1016/S0022-4804(02)00093-8
http://doi.org/10.3390/antiox8080285
http://doi.org/10.1016/j.freeradbiomed.2011.11.002
http://doi.org/10.1016/j.biocel.2014.02.013
http://doi.org/10.1016/j.immuni.2013.02.003
http://doi.org/10.3389/fimmu.2018.00832
http://doi.org/10.3389/fimmu.2018.02379
http://doi.org/10.1016/j.cell.2010.01.022
http://doi.org/10.1084/jem.20060943
http://www.ncbi.nlm.nih.gov/pubmed/16847070
http://doi.org/10.3389/fimmu.2018.00536
http://www.ncbi.nlm.nih.gov/pubmed/29725325
http://doi.org/10.1006/jmcc.1998.0829
http://www.ncbi.nlm.nih.gov/pubmed/9990529
http://doi.org/10.3389/fphys.2018.00244
http://doi.org/10.1007/BF02000671
http://doi.org/10.1007/s00441-017-2785-7
http://doi.org/10.1249/00005768-199507000-00011
http://doi.org/10.1152/ajpheart.1992.263.6.H1901
http://doi.org/10.1016/0016-5085(90)91162-Y
http://doi.org/10.1152/jappl.1991.70.5.2003
http://www.ncbi.nlm.nih.gov/pubmed/1864781
http://doi.org/10.1152/ajpheart.1988.255.6.H1269
http://doi.org/10.1152/ajpheart.1988.254.5.H823

Antioxidants 2022, 11, 1213 13 of 16

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

Yokota, J.; Minei, ].P,; Fantini, G.A.; Shires, G.T. Role of Leukocytes in Reperfusion Injury of Skeletal Muscle after Partial Ischemia.
Am. J. Physiol. 1989, 257, H1068-H1075. [CrossRef]

Rubin, B.B.; Chang, G.; Liauw, S.; Young, A.; Romaschin, A.; Walker, PM. Phospholipid Peroxidation Deacylation and Remodeling
in Postischemic Skeletal Muscle. Am. J. Physiol. 1992, 263, H1695-H1702. [CrossRef]

Walden, D.L.; McCutchan, H.J.; Enquist, E.G.; Schwappach, ].R.; Shanley, PF; Reiss, O.K,; Terada, L.S.; Leff, ].A.; Repine, ].E.
Neutrophils Accumulate and Contribute to Skeletal Muscle Dysfunction after Ischemia-Reperfusion. Am. J. Physiol. 1990, 259,
H1809-H1812. [CrossRef]

Kyriakides, C.; Austen, W.; Wang, Y.; Favuzza, J.; Kobzik, L.; Moore, F.D.; Hechtman, H.B. Skeletal Muscle Reperfusion Injury Is
Mediated by Neutrophils and the Complement Membrane Attack Complex. Am. . Physiol. 1999, 277, C1263—C1268. [CrossRef]
[PubMed]

Formigli, L.; Lombardo, L.D.; Adembri, C.; Brunelleschi, S.; Ferrari, E.; Novelli, G.P. Neutrophils as Mediators of Human Skeletal
Muscle Ischemia-Reperfusion Syndrome. Hum. Pathol. 1992, 23, 627-634. [CrossRef]

Gute, D.C.; Ishida, T.; Yarimizu, K.; Korthuis, R.J. Inflammatory Responses to Ischemia and Reperfusion in Skeletal Muscle. Mol.
Cell Biochem. 1998, 179, 169-187. [CrossRef] [PubMed]

Nguyen, H.X; Tidball, ].G. Interactions between Neutrophils and Macrophages Promote Macrophage Killing of Rat Muscle Cells
In Vitro. J. Physiol. 2003, 547, 125-132. [CrossRef]

OKluy, R.; Albadawi, H.; Jones, J.E.; Yoo, H.-J.; Watkins, M.T. Reduced Hind Limb Ischemia-Reperfusion Injury in Toll-like
Receptor-4 Mutant Mice Is Associated with Decreased Neutrophil Extracellular Traps. J. Vasc. Surg. 2013, 58, 1627-1636.
[CrossRef]

Wright, D.G.; Gallin, ].I. A Functional Differentiation of Human Neutrophil Granules: Generation of C5a by a Specific (Secondary)
Granule Product and Inactivation of C5a by Azurophil (Primary) Granule Products. J. Immunol. 1977, 119, 1068-1076.

Tidball, ].G. Inflammatory Processes in Muscle Injury and Repair. Am. |. Physiol. Requl. Integr. Comp. Physiol. 2005, 288, R345-R353.
[CrossRef]

Farrar, C.A.; Asgari, E.; Schwaeble, W.].; Sacks, S.H. Which Pathways Trigger the Role of Complement in Ischaemia/Reperfusion
Injury? Front. Immunol. 2012, 3, 341. [CrossRef]

Nielsen, E.W.; Mollnes, T.E.; Harlan, ].M.; Winn, R.K. C1-Inhibitor Reduces the Ischaemia-Reperfusion Injury of Skeletal Muscles
in Mice after Aortic Cross-Clamping. Scand. |. Immunol. 2002, 56, 588-592. [CrossRef]

Woodruff, T M.; Arumugam, T.V.; Shiels, I.A.; Reid, R.C; Fairlie, D.P,; Taylor, S.M. Protective Effects of a Potent C5a Receptor
Antagonist on Experimental Acute Limb Ischemia-Reperfusion in Rats. ]. Surg. Res. 2004, 116, 81-90. [CrossRef]

Groeneveld, A.B.; Raijmakers, P.G.; Rauwerda, ]J.A.; Hack, C.E. The Inflammatory Response to Vascular Surgery-Associated
Ischaemia and Reperfusion in Man: Effect on Postoperative Pulmonary Function. Eur. ]. Vasc. Endovasc. Surg. 1997, 14, 351-359.
[CrossRef]

Heideman, M.; Norder-Hansson, B.; Bengtson, A.; Mollnes, T.E. Terminal Complement Complexes and Anaphylatoxins in Septic
and Ischemic Patients. Arch. Surg. 1988, 123, 188-192. [CrossRef] [PubMed]

Zhou, W,; Farrar, C.A.; Abe, K ; Pratt, ].R.; Marsh, ].E.; Wang, Y.; Stahl, G.L.; Sacks, S.H. Predominant Role for C5b-9 in Renal
Ischemia/Reperfusion Injury. J. Clin. Investig. 2000, 105, 1363-1371. [CrossRef] [PubMed]

Peng, Q.; Li, K,; Smyth, L.A.; Xing, G.; Wang, N.; Meader, L.; Lu, B.; Sacks, S.H.; Zhou, W. C3a and C5a Promote Renal
Ischemia-Reperfusion Injury. J. Am. Soc. Nephrol. 2012, 23, 1474-1485. [CrossRef] [PubMed]

Serhan, C.N.; Levy, B.D. Resolvins in Inflammation: Emergence of the pro-Resolving Superfamily of Mediators. J. Clin. Investig.
2018, 128, 2657-2669. [CrossRef] [PubMed]

Barnig, C.; Cernadas, M.; Dutile, S.; Liu, X.; Perrella, M.A.; Kazani, S.; Wechsler, M.E.; Israel, E.; Levy, B.D. Lipoxin A4 Regulates
Natural Killer Cell and Type 2 Innate Lymphoid Cell Activation in Asthma. Sci. Transl. Med. 2013, 5, 174ra26. [CrossRef]
Barnig, C.; Frossard, N.; Levy, B.D. Towards Targeting Resolution Pathways of Airway Inflammation in Asthma. Pharmacol. Ther.
2018, 186, 98-113. [CrossRef]

Levy, B.D.; Serhan, C.N. Resolution of Acute Inflammation in the Lung. Annu. Rev. Physiol. 2014, 76, 467—492. [CrossRef]
Serhan, C.N.; Chiang, N.; Van Dyke, T.E. Resolving Inflammation: Dual Anti-Inflammatory and pro-Resolution Lipid Mediators.
Nat. Rev. Immunol. 2008, 8, 349-361. [CrossRef]

Barnig, C.; Bezema, T.; Calder, P.C.; Charloux, A.; Frossard, N.; Garssen, J.; Haworth, O.; Dilevskaya, K.; Levi-Schaffer, F.;
Lonsdorfer, E.; et al. Activation of Resolution Pathways to Prevent and Fight Chronic Inflammation: Lessons From Asthma and
Inflammatory Bowel Disease. Front. Immunol. 2019, 10, 1699. [CrossRef]

Yang, W.; Tao, Y.; Wu, Y.; Zhao, X.; Ye, W.; Zhao, D.; Fu, L.; Tian, C.; Yang, ].; He, F; et al. Neutrophils Promote the Development
of Reparative Macrophages Mediated by ROS to Orchestrate Liver Repair. Nat. Commun. 2019, 10, 1076. [CrossRef]

Sendama, W. The Effect of Ageing on the Resolution of Inflammation. Ageing Res. Rev. 2020, 57, 101000. [CrossRef] [PubMed]
Fiore, S.; Serhan, C.N. Formation of Lipoxins and Leukotrienes during Receptor-Mediated Interactions of Human Platelets
and Recombinant Human Granulocyte/Macrophage Colony-Stimulating Factor-Primed Neutrophils. J. Exp. Med. 1990, 172,
1451-1457. [CrossRef] [PubMed]

Levy, B.D,; Clish, C.B.; Schmidt, B.; Gronert, K.; Serhan, C.N. Lipid Mediator Class Switching during Acute Inflammation: Signals
in Resolution. Nat. Immunol. 2001, 2, 612-619. [CrossRef] [PubMed]


http://doi.org/10.1152/ajpheart.1989.257.4.H1068
http://doi.org/10.1152/ajpheart.1992.263.6.H1695
http://doi.org/10.1152/ajpheart.1990.259.6.H1809
http://doi.org/10.1152/ajpcell.1999.277.6.C1263
http://www.ncbi.nlm.nih.gov/pubmed/10600778
http://doi.org/10.1016/0046-8177(92)90317-V
http://doi.org/10.1023/A:1006832207864
http://www.ncbi.nlm.nih.gov/pubmed/9543359
http://doi.org/10.1113/jphysiol.2002.031450
http://doi.org/10.1016/j.jvs.2013.02.241
http://doi.org/10.1152/ajpregu.00454.2004
http://doi.org/10.3389/fimmu.2012.00341
http://doi.org/10.1046/j.1365-3083.2002.01173.x
http://doi.org/10.1016/j.jss.2003.04.001
http://doi.org/10.1016/S1078-5884(97)80284-5
http://doi.org/10.1001/archsurg.1988.01400260068008
http://www.ncbi.nlm.nih.gov/pubmed/3277584
http://doi.org/10.1172/JCI8621
http://www.ncbi.nlm.nih.gov/pubmed/10811844
http://doi.org/10.1681/ASN.2011111072
http://www.ncbi.nlm.nih.gov/pubmed/22797180
http://doi.org/10.1172/JCI97943
http://www.ncbi.nlm.nih.gov/pubmed/29757195
http://doi.org/10.1126/scitranslmed.3004812
http://doi.org/10.1016/j.pharmthera.2018.01.004
http://doi.org/10.1146/annurev-physiol-021113-170408
http://doi.org/10.1038/nri2294
http://doi.org/10.3389/fimmu.2019.01699
http://doi.org/10.1038/s41467-019-09046-8
http://doi.org/10.1016/j.arr.2019.101000
http://www.ncbi.nlm.nih.gov/pubmed/31862417
http://doi.org/10.1084/jem.172.5.1451
http://www.ncbi.nlm.nih.gov/pubmed/2172436
http://doi.org/10.1038/89759
http://www.ncbi.nlm.nih.gov/pubmed/11429545

Antioxidants 2022, 11, 1213 14 of 16

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Serhan, C.N.; Hamberg, M.; Samuelsson, B. Lipoxins: Novel Series of Biologically Active Compounds Formed from Arachidonic
Acid in Human Leukocytes. Proc. Natl. Acad. Sci. USA 1984, 81, 5335-5339. [CrossRef]

Chiang, N.; Serhan, C.N. Structural Elucidation and Physiologic Functions of Specialized Pro-Resolving Mediators and Their
Receptors. Mol. Asp. Med. 2017, 58, 114-129. [CrossRef]

Lee, S.; Huen, S.; Nishio, H.; Nishio, S.; Lee, HK.; Choi, B.-S.; Ruhrberg, C.; Cantley, L.G. Distinct Macrophage Phenotypes
Contribute to Kidney Injury and Repair. J. Am. Soc. Nephrol. 2011, 22, 317-326. [CrossRef]

Liu, X.; Zeng, Z.; Zhao, L.; Chen, P; Xiao, W. Impaired Skeletal Muscle Regeneration Induced by Macrophage Depletion Could Be
Partly Ameliorated by MGF Injection. Front. Physiol. 2019, 10, 601. [CrossRef]

Arnold, L.; Henry, A.; Poron, F; Baba-Amer, Y.; van Rooijen, N.; Plonquet, A.; Gherardi, RK.; Chazaud, B. Inflammatory
Monocytes Recruited after Skeletal Muscle Injury Switch into Antiinflammatory Macrophages to Support Myogenesis. J. Exp.
Med. 2007, 204, 1057-1069. [CrossRef]

Saclier, M.; Yacoub-Youssef, H.; Mackey, A.L.; Arnold, L.; Ardjoune, H.; Magnan, M.; Sailhan, F.; Chelly, J.; Pavlath, G.K,;
Mounier, R.; et al. Differentially Activated Macrophages Orchestrate Myogenic Precursor Cell Fate during Human Skeletal
Muscle Regeneration. Stem. Cells 2013, 31, 384-396. [CrossRef]

Honda, H.; Kimura, H.; Rostami, A. Demonstration and Phenotypic Characterization of Resident Macrophages in Rat Skeletal
Muscle. Immunology 1990, 70, 272-277. [PubMed]

Juban, G.; Chazaud, B. Efferocytosis during Skeletal Muscle Regeneration. Cells 2021, 10, 3267. [CrossRef]

Grounds, M.D. Phagocytosis of Necrotic Muscle in Muscle Isografts Is Influenced by the Strain, Age, and Sex of Host Mice. J.
Pathol. 1987, 153, 71-82. [CrossRef] [PubMed]

Hammers, D.W,; Rybalko, V.; Merscham-Banda, M.; Hsieh, P-L.; Suggs, L.J.; Farrar, R.P. Anti-Inflammatory Macrophages Improve
Skeletal Muscle Recovery from Ischemia-Reperfusion. J. Appl. Physiol. 2015, 118, 1067-1074. [CrossRef] [PubMed]

Hsieh, P-L.; Rybalko, V.; Baker, A.B.; Suggs, L.J.; Farrar, R.P. Recruitment and Therapeutic Application of Macrophages in Skeletal
Muscles after Hind Limb Ischemia. J. Vasc. Surg. 2018, 67, 1908-1920.el. [CrossRef] [PubMed]

Tidball, ].G.; Villalta, S.A. Regulatory Interactions between Muscle and the Immune System during Muscle Regeneration. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2010, 298, R1173-R1187. [CrossRef]

Gondin, J.; Théret, M.; Duhamel, G.; Pegan, K.; Mathieu, ].R.R.; Peyssonnaux, C.; Cuvellier, S.; Latroche, C.; Chazaud, B,;
Bendahan, D.; et al. Myeloid HIFs Are Dispensable for Resolution of Inflammation during Skeletal Muscle Regeneration. J.
Immunol. 2015, 194, 3389-3399. [CrossRef]

Heredia, J.E.; Mukundan, L.; Chen, EM.; Mueller, A.A.; Deo, R.C.; Locksley, R.M.; Rando, T.A.; Chawla, A. Type 2 Innate Signals
Stimulate Fibro/Adipogenic Progenitors to Facilitate Muscle Regeneration. Cell 2013, 153, 376-388. [CrossRef] [PubMed]

Lotfi, R.; Herzog, G.I.; DeMarco, R.A.; Beer-Stolz, D.; Lee, ].].; Rubartelli, A.; Schrezenmeier, H.; Lotze, M.T. Eosinophils Oxidize
Damage-Associated Molecular Pattern Molecules Derived from Stressed Cells. J. Immunol. 2009, 183, 5023-5031. [CrossRef]
Puxeddu, I.; Berkman, N.; Ribatti, D.; Bader, R.; Haitchi, H.M.; Davies, D.E.; Howarth, P.H.; Levi-Schaffer, F. Osteopontin Is
Expressed and Functional in Human Eosinophils. Allergy 2010, 65, 168-174. [CrossRef]

Lee, ].].; Jacobsen, E.A.; McGarry, M.P; Schleimer, R.P; Lee, N.A. Eosinophils in Health and Disease: The LIAR Hypothesis. Clin.
Exp. Allergy 2010, 40, 563-575. [CrossRef] [PubMed]

Wenceslau, C.F; McCarthy, C.G.; Szasz, T.; Webb, R.C. Lipoxin A4 Mediates Aortic Contraction via RHOA /RHO Kinase,
Endothelial Dysfunction and Reactive Oxygen Species. J. Vasc. Res. 2014, 51, 407—417. [CrossRef] [PubMed]

Wu, Y,; Zhai, H.; Wang, Y.; Li, L,; Wu, J.; Wang, F; Sun, S.;; Yao, S.; Shang, Y. Aspirin-Triggered Lipoxin A; Attenuates
Lipopolysaccharide-Induced Intracellular ROS in BV2 Microglia Cells by Inhibiting the Function of NADPH Oxidase. Neurochem.
Res. 2012, 37, 1690-1696. [CrossRef] [PubMed]

Borgeson, E.; Lonn, J.; Bergstrom, I; Brodin, V.P.; Ramstrom, S.; Nayeri, F.; Sirndahl, E.; Bengtsson, T. Lipoxin A4 Inhibits
Porphyromonas Gingivalis-Induced Aggregation and Reactive Oxygen Species Production by Modulating Neutrophil-Platelet
Interaction and CD11b Expression. Infect. Immun. 2011, 79, 1489-1497. [CrossRef] [PubMed]

Zong, L.; Li, J.; Chen, X,; Chen, K,; Li, W,; Li, X.; Zhang, L.; Duan, W.; Lei, ].; Xu, Q.; et al. Lipoxin A4 Attenuates Cell Invasion by
Inhibiting ROS/ERK/MMP Pathway in Pancreatic Cancer. Oxid. Med. Cell. Longev. 2016, 2016, 6815727. [CrossRef]

Serhan, C.N.; Clish, C.B.; Brannon, J.; Colgan, S.P.; Chiang, N.; Gronert, K. Novel Functional Sets of Lipid-Derived Mediators
with Antiinflammatory Actions Generated from Omega-3 Fatty Acids via Cyclooxygenase 2-Nonsteroidal Antiinflammatory
Drugs and Transcellular Processing. |. Exp. Med. 2000, 192, 1197-1204. [CrossRef]

Tjonahen, E.; Oh, S.F; Siegelman, J.; Elangovan, S.; Percarpio, K.B.; Hong, S.; Arita, M.; Serhan, C.N. Resolvin E2: Identification
and Anti-Inflammatory Actions: Pivotal Role of Human 5-Lipoxygenase in Resolvin E Series Biosynthesis. Chem. Biol. 2006, 13,
1193-1202. [CrossRef]

Duffield, ].S.; Hong, S.; Vaidya, V.S.; Lu, Y.; Fredman, G.; Serhan, C.N.; Bonventre, ].V. Resolvin D Series and Protectin D1 Mitigate
Acute Kidney Injury. J. Immunol. 2006, 177, 5902-5911. [CrossRef]

Kasuga, K.; Yang, R.; Porter, T.E.,; Agrawal, N.; Petasis, N.A ; Irimia, D.; Toner, M.; Serhan, C.N. Rapid Appearance of Resolvin
Precursors in Inflammatory Exudates: Novel Mechanisms in Resolution. J. Immunol. 2008, 181, 8677-8687. [CrossRef]

Chiang, N.; Dallj, J.; Colas, R.A.; Serhan, C.N. Identification of Resolvin D2 Receptor Mediating Resolution of Infections and
Organ Protection. J. Exp. Med. 2015, 212, 1203-1217. [CrossRef]


http://doi.org/10.1073/pnas.81.17.5335
http://doi.org/10.1016/j.mam.2017.03.005
http://doi.org/10.1681/ASN.2009060615
http://doi.org/10.3389/fphys.2019.00601
http://doi.org/10.1084/jem.20070075
http://doi.org/10.1002/stem.1288
http://www.ncbi.nlm.nih.gov/pubmed/2197218
http://doi.org/10.3390/cells10123267
http://doi.org/10.1002/path.1711530110
http://www.ncbi.nlm.nih.gov/pubmed/3668737
http://doi.org/10.1152/japplphysiol.00313.2014
http://www.ncbi.nlm.nih.gov/pubmed/25678696
http://doi.org/10.1016/j.jvs.2017.04.070
http://www.ncbi.nlm.nih.gov/pubmed/29273298
http://doi.org/10.1152/ajpregu.00735.2009
http://doi.org/10.4049/jimmunol.1401420
http://doi.org/10.1016/j.cell.2013.02.053
http://www.ncbi.nlm.nih.gov/pubmed/23582327
http://doi.org/10.4049/jimmunol.0900504
http://doi.org/10.1111/j.1398-9995.2009.02148.x
http://doi.org/10.1111/j.1365-2222.2010.03484.x
http://www.ncbi.nlm.nih.gov/pubmed/20447076
http://doi.org/10.1159/000371490
http://www.ncbi.nlm.nih.gov/pubmed/25612650
http://doi.org/10.1007/s11064-012-0776-3
http://www.ncbi.nlm.nih.gov/pubmed/22552474
http://doi.org/10.1128/IAI.00777-10
http://www.ncbi.nlm.nih.gov/pubmed/21263017
http://doi.org/10.1155/2016/6815727
http://doi.org/10.1084/jem.192.8.1197
http://doi.org/10.1016/j.chembiol.2006.09.011
http://doi.org/10.4049/jimmunol.177.9.5902
http://doi.org/10.4049/jimmunol.181.12.8677
http://doi.org/10.1084/jem.20150225

Antioxidants 2022, 11, 1213 15 of 16

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Dufton, N.; Hannon, R.; Brancaleone, V.; Dalli, J.; Patel, H.B.; Gray, M.; D’ Acquisto, F; Buckingham, ].C.; Perretti, M.; Flower,
R.J. Anti-Inflammatory Role of the Murine Formyl-Peptide Receptor 2: Ligand-Specific Effects on Leukocyte Responses and
Experimental Inflammation. J. Immunol. 2010, 184, 2611-2619. [CrossRef] [PubMed]

Chiang, N.; Fredman, G.; Biackhed, E; Oh, S.E; Vickery, T.; Schmidt, B.A.; Serhan, C.N. Infection Regulates Pro-Resolving
Mediators That Lower Antibiotic Requirements. Nature 2012, 484, 524-528. [CrossRef] [PubMed]

Fan, Z.; Xu, Z.; Niu, H,; Gao, N.; Guan, Y,; Li, C;; Dang, Y.; Cui, X,; Liu, X.L.; Duan, Y,; et al. An Injectable Oxygen Release System
to Augment Cell Survival and Promote Cardiac Repair Following Myocardial Infarction. Sci. Rep. 2018, 8, 1371. [CrossRef]
[PubMed]

Borselli, C.; Storrie, H.; Benesch-Lee, F.; Shvartsman, D.; Cezar, C.; Lichtman, ] W.; Vandenburgh, H.H.; Mooney, D.J. Functional
Muscle Regeneration with Combined Delivery of Angiogenesis and Myogenesis Factors. Proc. Natl. Acad. Sci. USA 2010, 107,
3287-3292. [CrossRef]

Shvartsman, D.; Storrie-White, H.; Lee, K.; Kearney, C.; Brudno, Y.; Ho, N.; Cezar, C.; McCann, C.; Anderson, E.; Koullias, J.; et al.
Sustained Delivery of VEGF Maintains Innervation and Promotes Reperfusion in Ischemic Skeletal Muscles via NGF/GDNF
Signaling. Mol. Ther. 2014, 22, 1243-1253. [CrossRef] [PubMed]

Guan, Y.;; Gao, N.; Niu, H.; Dang, Y.; Guan, J. Oxygen-Release Microspheres Capable of Releasing Oxygen in Response to
Environmental Oxygen Level to Improve Stem Cell Survival and Tissue Regeneration in Ischemic Hindlimbs. ]. Control. Release
2021, 331, 376-389. [CrossRef]

Lance, K.D.; Chatterjee, A.; Wu, B.; Mottola, G.; Nuhn, H.; Lee, P.P; Sansbury, B.E.; Spite, M.; Desai, T.A.; Conte, M.S.
Unidirectional and Sustained Delivery of the Proresolving Lipid Mediator Resolvin D1 from a Biodegradable Thin Film Device. J.
Biomed. Mater. Res. A 2017, 105, 31-41. [CrossRef]

Wang, B.; Wang, ].; Shao, J.; Kouwer, P.H.].; Bronkhorst, E.M.; Jansen, J.A.; Walboomers, X.E,; Yang, F. A Tunable and Injectable
Local Drug Delivery System for Personalized Periodontal Application. J. Control. Release 2020, 324, 134-145. [CrossRef]

Sok, M.C.P; Baker, N.; McClain, C.; Lim, H.S.; Turner, T.; Hymel, L.; Ogle, M.; Olingy, C.; Palacios, J.I.; Garcia, ].R.; et al. Dual
Delivery of IL-10 and AT-RvD1 from PEG Hydrogels Polarize Immune Cells towards pro-Regenerative Phenotypes. Biomaterials
2021, 268, 120475. [CrossRef]

Shi, J.; Zhang, X.; Jiang, L.; Zhang, L.; Dong, Y.; Midgley, A.C.; Kong, D.; Wang, S. Regulation of the Inflammatory Response
by Vascular Grafts Modified with Aspirin-Triggered Resolvin D1 Promotes Blood Vessel Regeneration. Acta Biomater. 2019, 97,
360-373. [CrossRef]

Vasconcelos, D.P.,; Costa, M.; Neves, N.; Teixeira, J.H.; Vasconcelos, D.M.; Santos, S.G.; Aguas, A.P,; Barbosa, M.A.; Barbosa, J.N.
Chitosan Porous 3D Scaffolds Embedded with Resolvin D1 to Improve in Vivo Bone Healing. . Biomed. Mater. Res. A 2018, 106,
1626-1633. [CrossRef]

Dalli, J.; Serhan, C.N. Specific Lipid Mediator Signatures of Human Phagocytes: Microparticles Stimulate Macrophage Efferocyto-
sis and pro-Resolving Mediators. Blood 2012, 120, e60—e72. [CrossRef] [PubMed]

Fedirko, V.; McKeown-Eyssen, G.; Serhan, C.N.; Barry, E.L.; Sandler, R.S.; Figueiredo, J.C.; Ahnen, D.].; Bresalier, R.S.; Robertson,
D.J.; Anderson, C.W.,; et al. Plasma Lipoxin A4 and Resolvin D1 Are Not Associated with Reduced Adenoma Risk in a Randomized
Trial of Aspirin to Prevent Colon Adenomas. Mol. Carcinog. 2017, 56, 1977-1983. [CrossRef] [PubMed]

Schebb, N.H.; Kiihn, H.; Kahnt, A.S.; Rund, K.M.; O’Donnell, V.B.; Flamand, N.; Peters-Golden, M.; Jakobsson, P.-J.; Weylandt,
K.H.; Rohwer, N.; et al. Formation, Signaling and Occurrence of Specialized Pro-Resolving Lipid Mediators-What Is the Evidence
so Far? Front. Pharmacol. 2022, 13, 838782. [CrossRef]

Wu, M.-Y;; Yiang, G.-T.; Liao, W.-T; Tsai, A.P.-Y.; Cheng, Y.-L.; Cheng, P-W.; Li, C.-Y,; Li, C.-J. Current Mechanistic Concepts in
Ischemia and Reperfusion Injury. Cell. Physiol. Biochem. 2018, 46, 1650-1667. [CrossRef]

Dalli, J.; Colas, R.A.; Quintana, C.; Barragan-Bradford, D.; Hurwitz, S.; Levy, B.D.; Choi, A.M.; Serhan, C.N.; Baron, R.M. Human
Sepsis Eicosanoid and Proresolving Lipid Mediator Temporal Profiles: Correlations With Survival and Clinical Outcomes. Crit.
Care Med. 2017, 45, 58-68. [CrossRef]

Uno, H.; Furukawa, K.; Suzuki, D.; Shimizu, H.; Ohtsuka, M.; Kato, A.; Yoshitomi, H.; Miyazaki, M. Inmunonutrition Suppresses
Acute Inflammatory Responses through Modulation of Resolvin E1 in Patients Undergoing Major Hepatobiliary Resection.
Surgery 2016, 160, 228-236. [CrossRef]

Dushianthan, A.; Cusack, R.; Burgess, V.A.; Grocott, M.P,; Calder, P.C. Immunonutrition for Acute Respiratory Distress Syndrome
(ARDS) in Adults. Cochrane Database Syst. Rev. 2019, 1, CD012041. [CrossRef]

Chiang, N.; Gronert, K.; Clish, C.B.; O’Brien, J.A.; Freeman, M.W.; Serhan, C.N. Leukotriene B4 Receptor Transgenic Mice
Reveal Novel Protective Roles for Lipoxins and Aspirin-Triggered Lipoxins in Reperfusion. . Clin. Investig. 1999, 104, 309-316.
[CrossRef]

Sansbury, B.E.; Li, X.; Wong, B.; Patsalos, A.; Giannakis, N.; Zhang, M.].; Nagy, L.; Spite, M. Myeloid ALX/FPR2 Regulates
Vascularization Following Tissue Injury. Proc. Natl. Acad. Sci. USA 2020, 117, 14354-14364. [CrossRef]

Giannakis, N.; Sansbury, B.E.; Patsalos, A.; Hays, T.T.; Riley, C.O.; Han, X.; Spite, M.; Nagy, L. Dynamic Changes to Lipid
Mediators Support Transitions among Macrophage Subtypes during Muscle Regeneration. Nat. Immunol. 2019, 20, 626-636.
[CrossRef] [PubMed]

Scalia, R.; Gefen, J.; Petasis, N.A.; Serhan, C.N.; Lefer, A.M. Lipoxin A4 Stable Analogs Inhibit Leukocyte Rolling and Adherence
in the Rat Mesenteric Microvasculature: Role of P-Selectin. Proc. Natl. Acad. Sci. USA 1997, 94, 9967-9972. [CrossRef] [PubMed]


http://doi.org/10.4049/jimmunol.0903526
http://www.ncbi.nlm.nih.gov/pubmed/20107188
http://doi.org/10.1038/nature11042
http://www.ncbi.nlm.nih.gov/pubmed/22538616
http://doi.org/10.1038/s41598-018-19906-w
http://www.ncbi.nlm.nih.gov/pubmed/29358595
http://doi.org/10.1073/pnas.0903875106
http://doi.org/10.1038/mt.2014.76
http://www.ncbi.nlm.nih.gov/pubmed/24769910
http://doi.org/10.1016/j.jconrel.2021.01.034
http://doi.org/10.1002/jbm.a.35861
http://doi.org/10.1016/j.jconrel.2020.05.004
http://doi.org/10.1016/j.biomaterials.2020.120475
http://doi.org/10.1016/j.actbio.2019.07.037
http://doi.org/10.1002/jbm.a.36370
http://doi.org/10.1182/blood-2012-04-423525
http://www.ncbi.nlm.nih.gov/pubmed/22904297
http://doi.org/10.1002/mc.22629
http://www.ncbi.nlm.nih.gov/pubmed/28218420
http://doi.org/10.3389/fphar.2022.838782
http://doi.org/10.1159/000489241
http://doi.org/10.1097/CCM.0000000000002014
http://doi.org/10.1016/j.surg.2016.01.019
http://doi.org/10.1002/14651858.CD012041.pub2
http://doi.org/10.1172/JCI7016
http://doi.org/10.1073/pnas.1918163117
http://doi.org/10.1038/s41590-019-0356-7
http://www.ncbi.nlm.nih.gov/pubmed/30936495
http://doi.org/10.1073/pnas.94.18.9967
http://www.ncbi.nlm.nih.gov/pubmed/9275235

Antioxidants 2022, 11, 1213 16 of 16

123. Han, X.; Yao, W.; Liu, Z.; Li, H.; Zhang, Z.-].; Hei, Z.; Xia, Z. Lipoxin A4 Preconditioning Attenuates Intestinal Ischemia
Reperfusion Injury through Keap1/Nrf2 Pathway in a Lipoxin A4 Receptor Independent Manner. Oxid. Med. Cell. Longev. 2016,
2016, 9303606. [CrossRef]

124. Keyes, K.T.; Ye, Y,; Lin, Y.; Zhang, C.; Perez-Polo, J.R.; Gjorstrup, P.; Birnbaum, Y. Resolvin E1 Protects the Rat Heart against
Reperfusion Injury. Am. J. Physiol. Heart. Circ. Physiol. 2010, 299, H153-H164. [CrossRef] [PubMed]

125. Kain, V,; Ingle, K.A ; Colas, R.A.; Dalli, J.; Prabhu, S.D.; Serhan, C.N.; Joshi, M.; Halade, G.V. Resolvin D1 Activates the Inflam-
mation Resolving Response at Splenic and Ventricular Site Following Myocardial Infarction Leading to Improved Ventricular
Function. J. Mol. Cell. Cardiol. 2015, 84, 24-35. [CrossRef] [PubMed]


http://doi.org/10.1155/2016/9303606
http://doi.org/10.1152/ajpheart.01057.2009
http://www.ncbi.nlm.nih.gov/pubmed/20435846
http://doi.org/10.1016/j.yjmcc.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25870158

	Introduction 
	Inflammatory Response to Ischemia and Reperfusion in the Skeletal Muscle 
	Oxidative Stress 
	Deleterious Action of ROS 
	Sources of ROS 

	Mitochondrial Failure 
	Endogenous Danger Molecules 
	Chemokines and Cytokines 
	Neutrophils and Pro-Inflammatory Macrophages 
	Activation of Complement 

	Principles of Resolution of Inflammation 
	Specialized Pro-Resolving Lipid Mediators 
	Resolution Mechanisms in IRI: Involvement of Immune Cells and of Specialized Pro-Resolving Mediators 
	Macrophages 
	Eosinophils 
	Specialized Pro-Resolving Mediators (SPMs) 

	Conclusions 
	References

