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Acute inflammatory responses are host-protective and normally self-limited; these responses can maintain cell homeostasis and
promote defense against various infections and damage factors. However, when improperly managed or inappropriately
activated, acute inflammation can lead to persistent and uncontrolled chronic inflammation, which is associated with many
other chronic diseases including cardiovascular disease and metabolic disease. Recently, studies have shown that resolution of
acute inflammation is a biosynthetically active process. Specialized proresolving lipid mediators (SPMs) known as resolvins and
protectins are autacoids that resolve inflammation. A new family of anti-inflammatory and proresolving lipid mediators have
recently been reported, known as maresins, which are biosynthesized from docosahexaenoic acid (DHA) by macrophages, have
a conjugated double-bond system, and display strong anti-inflammatory and proresolving activity. Here, we review the
biological actions, pathways, and mechanisms of maresins, which may play pivotal roles in the resolution of inflammation.

1. Introduction

Acute inflammatory responses are defined as the activation
of the innate immune system when the body is damaged or
invaded by pathogens; leukocytes migrate from the circula-
tion to the site of trauma or microbial invasion, forming
inflammatory exudates and the release of inflammatory
mediators of interleukin (interleukin, IL-1β, IL-6), tumor
necrosis factor-α (TNF-α), high mobility group box-1 pro-
tein (HMGB1), prostaglandins, and so forth. This is followed
by local vascular expansion, increase in permeability, leuko-
cyte exudation, and, consequently, removal of pathogens.
Inflammation is often accompanied by local painful swelling
that is red and hot, along with other symptoms [1].

Proinflammatory cytokine production is a major feature
of the inflammatory response. Often positive, the inflamma-
tory response is temporary, only occurring locally, and is

activated to fight invasion of pathogens and to promote
repair of damaged tissue. However, when uncontrolled or
inappropriately activated, acute inflammation can lead to
persistent chronic inflammation, causing asthma and neuro-
logical degenerative disorders, as well as metabolic diseases,
including diabetes, obesity, cardiovascular disease, and even
cancer; if the inflammatory response is left unchecked,
many inflammatory mediators are released into the blood,
causing sepsis, which can lead to death [2]. Therefore, it is
very important to regulate the inflammatory response at a
clinical level.

Inflammation is an important defense mechanism of the
host, which is driven not only by a series of proinflammatory
mediators but also by a set of inflammatory self-limited
mechanisms to regulate the development and resolution.
Due to the these self-limited mechanisms, when inflamma-
tion has developed to an appropriate stage, the body
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produces endogenous proresolving lipid mediators, which
remove inflammatory cells and proinflammatory mediators,
repair damaged tissue, and terminate inflammatory responses
in time [3, 4]. Therefore, insufficient secretion and/or dys-
function of proresolving lipid mediators do not allow the
timely resolution of inflammation, which then progresses to
chronic inflammation [5].

Resolution of inflammation is an active and highly regu-
lated cellular and biochemical process [6]. Timely resolution
of inflammation is crucial for preventing severe and chronic
inflammation. Recently, several endogenous proresolving
lipid mediators have been discovered, including lipoxins,
resolvins, protectins, and maresins, which are heavily
involved in driving inflammatory resolution and successfully
terminating inflammation [7, 8]. Hence, specialized proresol-
ving lipid mediators are a new focus for research. Many stud-
ies have shown the benefits of these lipid mediators that can
limit tissue infiltration of polymorphonuclear leukocytes
(PMNs), reduce collateral tissue damage by phagocytes,
shorten the resolution interval (Ri), enhance macrophage
phagocytosis and efferocytosis, and counterregulate proin-
flammatory chemical mediators [9].

2. Synthesis and Classification of Maresins

The omega-3 fatty acids eicosapntemacnioc acid (EPA) and
DHA, which are found in fish oils, have long been known
to be important for maintaining organ function and health,
as well as reducing the incidence of inflammation [10, 11].
Maresins (macrophage mediators in resolving inflammation)
are derived from the omega-3 fatty acid DHA [12]. Maresins
are produced by macrophages via initial lipoxygenation at
the carbon-14 position by the insertion of molecular oxygen,
producing a 13S,14S-epoxide-maresin intermediate that is
enzymatically converted to maresin family members maresin
1, maresin 2, and maresin conjugate in tissue regeneration
(MCTR) [9] (Table 1).

Maresin 1 was the first maresin to be identified [12].
Biosynthesis of maresin 1 in macrophages involves initial
oxygenation of DHA with molecular oxygen, followed by
epoxidation of the 14-hydroperoxy-intermediate that is
subsequently converted to 13S,14S-epoxy-maresin. The com-
plete stereochemistry of this epoxide intermediate is 13S,14S-
epoxy-docosa-4Z,7Z,9E,11E,16Z,19Z-hexaenoic acid [13].
This epoxide intermediate is then proposed to be enzymati-
cally hydrolyzed via an acid-catalyzed nucleophilic attack
by water at carbon-7, resulting in the introduction of a
hydroxyl group at that position and double-bond rearrange-
ment to form the stereochemistry of bioactive maresin 1 [14].

However, when the 13S,14S-epoxy-maresin intermediate
is followed by conversion via soluble epoxide hydrolase
(sEH), it is then converted to additional bioactive products
by human macrophages. Here, we nominated the new bioac-
tive macrophage product as maresin 2 [15].

Recently, a new series of bioactive peptide-lipid-
conjugated mediators that are produced during the later
stages of self-resolving infections have been uncovered [16].
Researchers identified these mediators from human milk,
mouse exudates, and human macrophages [17], and they

cause lipoxygenation of DHA, producing a maresin-epoxide
intermediate that is converted to sulfido-conjugate (SC) with
triene double bonds, which belongs to the maresin family.
Given that their production was initiated by oxygenation at
carbon-14, these mediators were named maresin conjugates
in tissue regeneration (MCTRs) [18].

3. Key Biosynthesis Enzymes of Maresins

Human macrophage 12-lipoxygenase (12-LOX) initiates
biosynthesis of maresins and, more importantly, is responsi-
ble for producing 13S,14S-epoxy-maresin [15] (Figure 1).
Activation of 12-LOX in macrophages oxidizes DHA at
carbon-14 sites in the major S-configuration and is also
involved in the conversion of the 14-hydroperoxy group of
4Z,7Z,10Z,12E,16Z,19Z-docosahexaenoic acid to the 13S,14S-
epoxide intermediate process, showing cyclooxygenase activ-
ity, manifested as alcohol capture [19]. 12-LOX also catalyzes
the formation of lipoxins by leukotriene A4 (LTA4), which
is susceptible to epoxide inhibition, for example, LTA4 or
13S,14S-epoxide intermediates [20]. Interestingly, the 13S,
14S-epoxide intermediates only inhibit the conversion of
12-LOX to arachidonic (eicosatetraenoic) acid and do not
play a role in DHA conversion, suggesting that 13S,14S-
epoxide intermediates can exert a positive feedback on the
maresin synthesis pathway and enhance resolution of the
inflammation [19]. In addition, the level of messenger RNA
expression of 12-LOX was shown to remain unchanged dur-
ing differentiation of human monocytes to macrophages
(M0, M1, and M2) [15].

Studies have shown that the biosynthesis of maresin 2
relates to the mammalian sEH protein (Figure 1); mamma-
lian sEH enzymes catalyze the hydrolysis of a broad category
of epoxides, including epoxyeicosatrienoic acids, LTA4, and
even hepoxilins [15, 21]. sEH enzymes are active in mononu-
clear cells and macrophages [22, 23].

In the proposed MCTR biosynthetic pathway, human
macrophage 12-LOX is the initiating enzyme, converting
docosahexaenoic acid to 13S,14S-epoxide intermediates,
which is converted to MCTR1 by leukotriene C4 synthase
(LTC4S) and catalyzed glutathione S-transferase MU 4
(GSTM4). Both of these enzymes expressed in human mac-
rophages and catalyze the conversion of LTA4 to leukotriene
C4 (LTC4), which displays potent vasoactive and smooth
muscle constricting actions. What is interesting is that
GSTM4 gave higher affinity to 13S,14S-eMaR, whereas
LTC4S has a higher affinity to LTA4. This quality may deter-
mine the balance between the LTC4 and the MCTR1.
MCTR1 is the proposed precursor to MCTR2 and MCTR3,
and gamma-glutamyltransferase (GGT) converts MCTR1
to MCTR2, which is then converted to MCTR3 by a dipepti-
dase (DPEP) enzyme (Figure 1). Both of the enzymes partic-
ipate in the cysteinyl leukotriene pathway, and the GGT
enzyme gave higher affinity to MCTR1 than LTC4. Their rel-
ative expression at sites of inflammation may lead to different
disease processes; they also provide targeted therapeutic
strategies to upregulate SPM formation [24]. However, the
mechanism of maresins and their receptors is not clear, and
thus, additional experiments are needed to investigate further.
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4. Biological Actions of Maresins

Acute inflammation can lead to persistent and uncontrolled
chronic inflammation, which can lead to severe diseases such

as lung disease, vascular disease, and metabolic disease
[25, 26].Currently, antibiotics are still the main treatment
of acute infection following clinical diagnosis. However,
with the serious threat of emerging pathogens, especially

Table 1: Classification and structure of maresins.

Designation Chemical structures Key enzyme Bioactions and function

Maresin 1
7R,14S-Dihydroxy-docosa-
4Z,8E,10E,12Z,16Z,19Z-
hexaenoic acid [18]

12-Lipoxygenase, epoxide
hydrolysis [49]

Limits PMN infiltration [50]; enhances macrophage
phagocytosis and efferocytosis [51]; shortens resolution

interval and suppresses oxidative stress [52];
counterregulates proinflammatory chemical mediators
[53]; controls pain and enhances tissue regeneration [47]

Maresin 2
13R,14S-Dihydroxy-

4Z,7Z,9E,11E,16Z,19Z-
hexaenoic acid [54]

12-Lipoxygenase, soluble epoxide
hydrolase [54]

Limits PMN infiltration; enhances macrophage
phagocytosis [54, 55]

MCTR1
13R-Glutathionyl,14S-hydroxy-
4Z,7Z,9E,11E,13R,14S,16Z,

19Z-docosahexaenoic acid [16]

12-Lipoxygenase, leukotriene C4
synthase, and glutathione
S-transferase MU 4 [53, 56]

Stimulates tissue regeneration and reduces neutrophil
infiltration: MCTR3≈MCTR2>MCTR1

Shortens resolution interval (Ri) :
MCTR2>MCTR3>MCTR1

Regulates local eicosanoids during infections:
MCTR1>MCTR3>MCTR2

Enhances macrophage phagocytosis:
MCTR3>MCTR1>MCTR2 [9, 17, 56]

MCTR2

13R-Cysteinylglycinyl,
14S-hydroxy-

4Z,7Z,9E,11E,13R,14S,16Z,19Z-
docosahexaenoic acid [56]

12-Lipoxygenase, gamma-
glutamyltransferase [53, 56]

MCTR3
13R-Cysteinyl,14S-hydroxy-
4Z,7Z,9E,11E,13R,14S,16Z,

19Z-docosahexaenoic acid [17]

12-Lipoxygenase, dipeptidase
[53, 56]
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Figure 1: Maresin biosynthetic pathway [48].The pathway is initiated by the lipoxygenation of DHA to yield 13S,14S-epoxy-maresin. This
intermediate is then enzymatically hydrolyzed to maresin 1 or via a soluble epoxide hydrolase (sEH) to maresin 2. 13S,14S-epoxy-maresin
is also a substrate for glutathione S-transferase MU 4 (GSTM4) and leukotriene C4 synthase (LTC4S) yielding MCTR1, which is then
converted to MCTR2 by gamma-glutamyl transferase (GGT) and to MCTR3 by dipeptidase (DPEP).
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antibiotic-resistant ones, it is imperative to research and
develop new therapeutic interventions of increasing the
host anti-infective mechanisms [27].

Inflammatory resolution has become a new focus of
inflammation research, and specialized proresolving lipid
mediators have become a new strategy for inflammatory
therapy [9]. The synthesis of anti-inflammatory drugs with
endogenous anti-inflammatory mediators has important
clinical significance. Studies have shown that targeted inter-
vention with specialized proresolving lipid mediators can
reduce the use of antibiotics for treating infection in the host
reaction process, thus providing a new way to seek and
develop more effective antimicrobial therapies [28].

There is an increasing understanding of the roles of pro-
resolving lipid mediators in treating infection. As a new fam-
ily of anti-inflammatory and proresolving lipid mediators, it
has been previously confirmed that maresins limit the further
recruitment of PMNs and inhibit neutrophil infiltration
in vivo yet stimulate the nonphlogistic recruitment of mono-
nuclear cells. When macrophages encounter maresins, they
increase phagocytosis and efferocytosis, resulting in the
removal of microbes. Biosynthesized maresins counterregu-
late the proinflammatory cytokines such as IL-1β, IL-6, and
TNF-α. They also regulate nuclear factor kappa B (NF-κB)
gene products and increase the regulation of T cell de novo
synthesis and intracellular levels of cyclic adenosine mono-
phosphate, regenerate tissue, and play a role in antinocicep-
tive action [9, 29] (Figure 2).

5. Maresins in Lung Disease

Acute inflammation is a form of innate immune defense and
is the primary response to injury and infection. In the lungs,
dysregulated acute inflammation and failure to resolve
inflammation are the major contributors of numerous lung
diseases, which can result in lung injury, contributing to pul-
monary fibrosis that severely impairs essential gas exchange
processes [26].

IL-6 is a pleiotropic cytokine best recognized as a primary
mediator of the acute phase response [30]. IL-6 not only
activates neutrophils but also delays the phagocytosis of mac-
rophages in acute inflammation, which can promote a “cyto-
kine storm.” A number of stimuli, including inflammatory
cytokines and growth factors, such as TNF-α, IL-1, and
platelet-derived growth factor (PDGF), are associated with
increases in vascular cell-derived IL-6 [31, 32]. IL-6, IL-1,
and TNF-α are all sensitive indicators of inflammatory reac-
tion, which can reflect the condition of patients and evaluate
the severity of inflammatory reaction. By early monitoring of
these important indicators, we can take appropriate measures
to stop the further development of the inflammatory
response. IL-6 can play a positive role in some specific aspects
of lung disease. Inhibition of IL-6 (or IL-6R) may be a ther-
apy for asthma, chronic obstructive pulmonary diseases
(COPD), and other lung diseases.

Maresin 1 as a specialized proresolving lipid mediator has
been shown to reduce airway inflammation associated with
acute and repetitive exposure to organic dust by activating
protein kinase C (PKC) isoforms α and ε [33], limiting

neutrophil infiltration, and decreasing IL-6, TNF-α, and
chemokine C-X-C motif ligand 1 levels, which suggests that
maresin 1 could contribute to an effective strategy for reducing
airway inflammatory diseases induced by agricultural-related
organic dust environmental exposure [34]. 100 nmol/L mare-
sin 1 can attenuate the proinflammatory cytokines (TNF-α,
IL-1β, and IL-6), chemokines, pulmonary myeloperoxidase
activity, and neutrophil infiltration in an LPS-induced acute
lung injury (ALI) mouse and can significantly inhibit LPS-
induced ALI by restoring oxygenation, attenuating pulmo-
nary edema, and mitigating pathohistological changes [35].
This study also shows that maresin 1 exhibits novel mecha-
nisms in the resolution of inflammation in that it can inhibit
proinflammatory mediator production by LTA4 hydrolase
and can block arachidonate conversion by human 12-LOX,
rather than merely terminating phagocyte involvement
[20]. Furthermore, maresin 1 can also maintain the perme-
ability of lung epithelial cells by upregulating the expres-
sion of claudin-1 and Zonula occludens protein 1 (ZO-1)
in ALI [36].

Recently, metabololipidomics of murine lungs identified
temporal changes in endogenous maresin 1 during self-
limited allergic inflammation. Exogenous maresin 1 aug-
mented de novo generation of regulatory T cells (Tregs),
which interacted with innate lymphoid cells (ILC2s) to mark-
edly suppress cytokine production in a transforming growth
factor β1- (TGF-β1)-dependent manner, suggesting the use
of maresin 1 as the basis for a new proresolving therapeutic
approach in asthma and other chronic inflammatory diseases
[37]. In addition, the study also found that treating mouse
type II alveolar epithelial cells with maresin 1 significantly
prevented TGF-β1-induced fibronectin and alpha-smooth
muscle actin (α-SMA) expression and restored E-cadherin
levels in vitro, as well as attenuating bleomycin-induced lung
fibrosis in vivo [38]. These studies suggest that maresin 1 can
be used as a promising new strategy for treating lung
inflammation-related diseases.

6. Maresins in Vascular Disease

Vascular injury induces a potent inflammatory response that
influences vessel remodeling and patency, limiting the long-
term benefits of cardiovascular interventions such as angio-
plasty. Inflammatory resolution is central to vascular repair.
Chatterjee et al. [14] confirmed that maresin 1 imparted a
strong anti-inflammatory phenotype in human vascular
smooth muscle cells and endothelial cells, associated with
reduced monocyte adhesion and TNF-α-induced production
of reactive oxygen species (ROS) and NF-κB activation by
inhibiting IκB kinase (IKK) phosphorylation, NF-kappa-B
inhibitor alpha (IκB-α) degradation, and nuclear transloca-
tion of the NF-κB p65 subunit. Maresin 1 also inhibited
mouse aortic smooth muscle cell migration, relative to a
PDGF gradient, and reduced TNF-α-stimulated p65 translo-
cation, superoxide production, and proinflammatory gene
expression. In vivo, maresin 1 reduced neutrophil and mac-
rophage recruitment and increased polarization of M2 mac-
rophages in the arterial wall [39]. These results offer new
opportunities to regulate the vascular injury response and
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promote vascular homeostasis. In addition, research has
shown, for the first time, that human platelets express the
SPM receptors G-protein-coupled receptor 32 (GPR32) and
ALX, and maresin 1 regulates platelet hemostatic function
by enhancing platelet aggregation and spreading, while sup-
pressing the release of proinflammatory and prothrombotic
mediators, indicating maresin 1 could be a novel class of anti-
platelet agents that play an important role in the resolution of
inflammation in cardiovascular diseases [40].

7. Maresins in Metabolic Disease

Chronic low-grade inflammation associated with metabolic
diseases is sustained and detrimental. SPMs can stop and
limit further PMN entry and stimulate macrophage intake
and clearance of apoptotic cells, debris, and bacteria; treat-
ment with specific SPMs improves metabolism and immu-
nity [28]. Viola et al. [41] found that maresin 1 prevented
atheroprogression by inducing a shift in macrophage profile
toward a reparative phenotype and stimulated collagen syn-
thesis in smooth muscle cells. Recently, a study has con-
firmed that maresin 1 reduced the expression of MCP-1
(monocyte chemotactic protein 1), TNF-α, IL-1β, and the
proinflammatory M1 macrophage phenotype marker Cd11c,
while it upregulated adiponectin and glucose transporter-4
protein (Glut-4) and increased protein kinase B (Akt) phos-
phorylation in white adipose tissue (WAT) in diet-induced
obese (DIO) mice; maresin 1 also improved the insulin toler-
ance test and increased adiponectin gene expression, Akt and
adenosine monophosphate-activated protein kinase (AMPK)
phosphorylation, and the expression of M2 macrophage
markers Cd163 and IL-10 in genetic (ob/ob) obese mice
[42]. Our previous research showed that maresin 1 may have
a protective effect on diabetic nephropathy by mitigating the
expression of the NLRP3 inflammasome, TGF-β1, and fibro-
nectin (FN) in mouse glomerular mesangial cells [43]. Fur-
thermore, Hong et al. [44] found that maresin-like
mediators (14,22-dihydroxy-docosa-4Z,7Z,10Z,12E,16Z,19Z-
hexaenoic acids) were produced by leukocytes and blood

platelet (PLT) and were involved in wound healing by restor-
ing reparative functions to diabetic macrophages; in addition,
these mediators could ameliorate the inflammatory activa-
tion of macrophages and had the potential to suppress
chronic inflammation in diabetic wounds caused by the acti-
vation of macrophages. Resolution of inflammation may be
an essential criterion in developing future therapeutic inter-
ventions aimed at counteracting inappropriate inflammation
in metabolic disease.

8. Maresins in Inflammatory Bowel Disease

The gut is regarded as being in a state of controlled inflam-
mation; resolution of inflammation is thus critical to avoid
excessive damage to host tissue. It has been previously
reported that maresin 1 consistently protects mice in models
of experimental colitis by inhibiting the NF-κB pathway and
consequently multiple inflammatory mediators, such as IL-
1β, TNF-α, IL-6, and porcine interferon γ (IFN-γ), while
enhancing the macrophage M2 phenotype [45]. Recently,
Wang et al. [46] found that maresin 1 treatment ameliorated
iron-deficient anemia by reducing colonic inflammation
and inhibiting hepcidin expression though the IL-6/STAT3
pathway. In addition, maresin 2 showed the potential anti-
inflammatory action in mouse peritonitis initiated by intra-
peritoneal injection of zymosan. This study found that maresin
2 is equivalent to maresin 1 in limiting neutrophil infiltration,
whereas maresin 1 is more effective in enhancing macro-
phage phagocytosis than maresin 2 [15]. Current studies on
maresin 2 are still limited and require additional experiments
to explore its biological effects and mechanisms.

9. Maresins Stimulate Tissue Regeneration and
Control Pain

Acute inflammatory responses are protective, and the cardi-
nal signs of inflammation are heat, redness, swelling, and
eventual loss of function. Proresolving mediators have been
shown to be the stop signals of inflammation and act in the
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Figure 2: Maresins in the resolution pathway. Maresins stimulate efferocytosis and the uptake of debris for successful clearance from tissues
and resolution. Maresins block NF-κB and counterregulate proinflammatory mediators and lipid mediators; inhibition of containment of
apoptotic cells leads to chronic inflammation.

5Mediators of Inflammation



host defense mechanism to reduce pain and enhance wound
healing and tissue regeneration [39]. Transient receptor
potential V1 (TRPV1) was found to be expressed in primary
sensory neurons and plays an important role in mediating
heat pain and heat hyperalgesia after injury [47]. Serhan
et al. [47] have confirmed that maresin 1 dose-dependently
inhibited TRPV1 currents in neurons, blocked capsaicin-
induced inward currents, and reduced both inflammation-
induced and chemotherapy-induced neuropathic pain in
mice. Meanwhile, maresin 1 markedly reduced vincristine-
induced mechanical allodynia and accelerated surgical regen-
eration in planaria, increasing the rate of head reappearance.
Recently it was reported that macrophages produce a family
of bioactive peptide-conjugated mediators known as maresin
conjugates in tissue regeneration (MCTR) [16]. These medi-
ators have been found to rescue Escherichia coli infection-
mediated delay in tissue regeneration in planaria and were
shown to protect mice from second-organ reflow injury,
promoting repair by limiting neutrophil infiltration, upregu-
lating nuclear antigen KI-67, and roof plate-specific spondin
3 [16]. To assess the ability of each synthetic MCTR to pro-
mote tissue regeneration in planaria, one study found that
each of the three synthetic MCTRs dose-dependently (1–
100nM) accelerated tissue regeneration in planaria by 0.6–
0.9 days; MCTR3 and MCTR2 were more potent than
MCTR1. In mice, MCTRs were also found to regulate tissue
repair and regeneration in lung tissue where administration
of their key enzymes during ischemia-reperfusion-mediated
injury protected the lung from leukocyte-mediated damage
and upregulated the expression of molecules that are associ-
ated with cell proliferation and tissue repair in the lung [16].
Furthermore, each MCTR promoted resolution of E. coli
infections in mice by increasing bacterial phagocytosis, limit-
ing neutrophil infiltration, and promoting efferocytosis [48].
Therefore, these results demonstrate the potent actions of
maresins in regulating inflammation resolution, tissue regen-
eration, and pain resolution.

10. Conclusion and Prospects

Maresins are part of the latest families of anti-inflammatory
lipid mediators, which display both anti-inflammatory and
proresolving activities in acute or chronic inflammatory-
related diseases. Maresins are synthesized by the lipoxygen-
ase enzyme oxidation pathway during the inflammation-
subsiding period and conjugate triene double bonds. Studies
have confirmed that maresins protect the body by limiting
neutrophil infiltration, enhancing macrophage phagocytosis,
reducing the production of proinflammatory factors, inhibit-
ing NF-κB activation, stimulating tissue regeneration, and
controlling pain. Therefore, maresins as potent inflammatory
self-limiting factors are expected to become highly promising
anti-inflammatory intervention drug targets. And as inflam-
mation is closely related to fibrosis, studying maresin may
also provide new directions for the prevention and treatment
of viscera fibrosis. In addition, further investigations are
required to understand the relationship between novel
endogenous pathways to control pathogens and microbial
pathogenesis diversity. We envisage more basic research

and clinical research on maresins. We also expect to discover
maresin-related stable analogues or new family members of
specialized proresolving lipid mediators as potential reserve
molecules for exploiting endogenous anti-inflammatory
mechanisms to limit excessive pathogen-mediated inflam-
matory responses in future therapeutic strategies.
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PDGF: Platelet-derived growth factor
TGF-β1: Transforming growth factor β1
TRPV1: Transient receptor potential V1.

Conflicts of Interest

There is no conflict of interest.

Acknowledgments

The authors thank Stanton RC and BioMed Proofreading
LLC for the English copyediting.

References

[1] G. Y. Chen and G. Nuñez, “Sterile, inflammation: sensing and
reacting to damage,” Nature Reviews Immunology, vol. 10,
no. 12, pp. 826–837, 2010.

[2] C. Nathan and A. Ding, “Nonresolving inflammation,” Cell,
vol. 140, no. 6, pp. 871–882, 2010.

[3] C. N. Serhan and J. Savill, “Resolution of inflammation: the
beginning programs the end,” Nature Immunology, vol. 6,
no. 12, pp. 1191–1197, 2005.

[4] S. Cui, S. Yao, and Y. Shang, “Mechanism of resolvins in
reducing the inflammation reaction in inflammatory diseases,”
ZhonghuaWei Zhong Bing Ji Jiu Yi Xue, vol. 29, no. 4, pp. 373–
376, 2017.

[5] A. Vik, J. Dalli, and T. V. Hansen, “Recent advances in the
chemistry and biology of anti-inflammatory and specialized
pro-resolving mediators biosynthesized from n-3 docosapen-
taenoic acid,” Bioorganic & Medicinal Chemistry Letters,
vol. 27, no. 11, pp. 2259–2266, 2017.

[6] D. W. Gilroy, T. Lawrence, M. Perretti, and A. G. Rossi,
“Inflammatory resolution: new opportunities for drug discov-
ery,” Nature Reviews Drug Discovery, vol. 3, no. 5, pp. 401–
416, 2004.

6 Mediators of Inflammation



[7] C. D. Buckley, D. W. Gilroy, and C. N. Serhan, “Proresolving
lipid mediators and mechanisms in the resolution of acute
inflammation,” Immunity, vol. 40, no. 3, pp. 315–327, 2014.

[8] P. Kohli and B. D. Levy, “Resolvins and protectins: mediating
solutions to inflammation,” British Journal of Pharmacology,
vol. 158, no. 4, pp. 960–971, 2009.

[9] C. N. Serhan, “Treating inflammation and infection in the 21st
century: new hints from decoding resolution mediators and
mechanisms,” The FASEB Journal, vol. 31, no. 4, pp. 1273–
1288, 2017.

[10] A. P. Simopoulos, “Omega-3 fatty acids in inflammation and
autoimmune diseases,” Journal of the American College of
Nutrition, vol. 21, no. 6, pp. 495–505, 2002.

[11] E. Talamonti, A. M. Pauter, A. Asadi, A. W. Fischer,
V. Chiurchiù, and A. Jacobsson, “Impairment of systemic
DHA synthesis affects macrophage plasticity and polarization:
implications for DHA supplementation during inflammation,”
Cellular and Molecular Life Sciences, vol. 74, no. 15, pp. 2815–
2826, 2017.

[12] C. N. Serhan, R. Yang, K. Martinod et al., “Maresins: novel
macrophage mediators with potent antiinflammatory and
proresolving actions,” The Journal of Experimental Medicine,
vol. 206, no. 1, pp. 15–23, 2009.

[13] K. Sasaki, D. Urabe, H. Arai, M. Arita, and M. Inoue, “Total
synthesis and bioactivities of two proposed structures of
maresin,” Chemistry, an Asian Journal, vol. 6, no. 2, pp. 534–
543, 2011.

[14] A. Chatterjee, A. Sharma, M. Chen, R. Toy, G. Mottola, and
M. S. Conte, “The pro-resolving lipid mediator maresin 1
(MaR1) attenuates inflammatory signaling pathways in vascu-
lar smooth muscle and endothelial cells,” PLoS One, vol. 9,
no. 11, article e113480, 2014.

[15] B. Deng, C. W. Wang, H. H. Arnardottir et al., “Maresin
biosynthesis and identification of maresin 2, a new anti-
inflammatory and pro-resolving mediator from human
macrophages,” PLoS One, vol. 9, no. 7, article e102362, 2014.

[16] J. Dalli, N. Chiang, and C. N. Serhan, “Identification of 14-
series sulfido-conjugated mediators that promote resolution
of infection and organ protection,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 111,
no. 44, pp. E4753–E4761, 2014.

[17] J. Dalli, J. M. Sanger, A. R. Rodriguez, N. Chiang, B. W. Spur,
and C. N. Serhan, “Identification and actions of a novel third
maresin conjugate in tissue regeneration: MCTR3,” PLoS
One, vol. 11, no. 2, article e0149319, 2016.

[18] J. E. Tungen, M. Aursnes, and T. V. Hansen, “Stereoselective
synthesis of maresin 1,” Tetrahedron Letters, vol. 56, no. 14,
pp. 1843–1846, 2015.

[19] J. Dalli, M. Zhu, N. A. Vlasenko et al., “The novel 13S,14S-
epoxy-maresin is converted by human macrophages to mare-
sin1 (MaR1), inhibits leukotriene A4 hydrolase (LTA4H),
and shifts macrophage phenotype,” The FASEB Journal,
vol. 27, no. 7, pp. 2573–2583, 2013.

[20] M. Romano, X. S. Chen, Y. Takahashi, S. Yamamoto, C. D.
Funk, and C. N. Serhan, “Lipoxin synthase activity of human
platelet 12-lipoxygenase,” The Biochemist, vol. 296, no. 1,
pp. 127–133, 1993.

[21] D. C. Zeldin, J. Kobayashi, J. R. Falck et al., “Regio and enan-
tiofacial selectivity of epoxyeicosatrienoic acid hydration by
cytosolic epoxide hydrolase,” The Journal of Biological Chemis-
try, vol. 268, no. 9, pp. 6402–6407, 1993.

[22] J. Seidegard, J. W. DePierre, and R. W. Pero, “Measurement
and characterization of membrane-bound and soluble epoxide
hydrolase activities in resting mononuclear leukocytes from
human blood,” Cancer Research, vol. 44, no. 9, pp. 3654–
3660, 1984.

[23] A. J. Draper and B. D. Hammock, “Soluble epoxide hydrolase
in rat inflammatory cells is indistinguishable from soluble
epoxide hydrolase in rat liver,” Toxicological Sciences, vol. 50,
no. 1, pp. 30–35, 1999.

[24] J. Dalli, I. Vlasakov, I. R. Riley et al., “Maresin conjugates in
tissue regeneration biosynthesis enzymes in human macro-
phages,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 113, no. 43, pp. 12232–
12237, 2016.

[25] C. N. Serhan, “Pro-resolving lipid mediators are leads for
resolution physiology,” Nature, vol. 510, no. 7503, pp. 92–
101, 2014.

[26] C. T. Robb, K. H. Regan, and D. A. Dorward, “Key mecha-
nisms governing resolution of lung inflammation,” Seminars
in Immunopathology, vol. 38, no. 4, pp. 425–448, 2016.

[27] M. Y. Yoon and S. S. Yoon, “Disruption of the gut ecosystem
by antibiotics,” Yonsei Medical Journal, vol. 59, no. 1, pp. 4–
12, 2018.

[28] T. Ueda, K. Fukunaga, H. Seki et al., “Combination therapy of
15-epilipoxin A4 with antibiotics protects mice from Escheri-
chia coli-induced sepsis,” Critical Care Medicine, vol. 42,
no. 4, pp. e288–e295, 2014.

[29] M. Spite, J. Clària, and C. N. Serhan, “Resolvins, specialized
proresolving lipid mediators, and their potential roles in
metabolic diseases,” Cell Metabolism, vol. 19, no. 1, pp. 21–
36, 2014.

[30] P. C. Heinrich, J. V. Castell, and T. Andus, “Interleukin-6 and
the acute phase response,” The Biochemical Journal, vol. 265,
no. 3, pp. 621–636, 1990.

[31] C. A. Hunter and S. A. Jones, “IL-6 as a keystone cytokine in
health and disease,” Nature Immunology, vol. 16, no. 5,
pp. 448–457, 2015.

[32] S. Rose-John, “The soluble interleukin-6 receptor and related
proteins,” Best Practice & Research Clinical Endocrinology &
Metabolism, vol. 29, no. 5, pp. 787–797, 2015.

[33] T. M. Nordgren, A. J. Heires, T. A. Wyatt et al., “Maresin-1
reduces the pro-inflammatory response of bronchial epithelial
cells to organic dust,” Respiratory Research, vol. 14, no. 1, p. 51,
2013.

[34] T. M. Nordgren, C. D. Bauer, A. J. Heires et al., “Maresin-1
reduces airway inflammation associated with acute and
repetitive exposures to organic dust,” Translational Research,
vol. 166, no. 1, pp. 57–69, 2015.

[35] J. Gong, W. ZY, H. Qi et al., “Maresin 1 mitigates LPS-induced
acute lung injury in mice,” British Journal of Pharmacology,
vol. 171, no. 14, pp. 3539–3550, 2014.

[36] L. Chen, H. Liu, Y. Wang et al., “Maresin 1 maintains the
permeability of lung epithelial cells in vitro and in vivo,”
Inflammation, vol. 39, no. 6, pp. 1981–1989, 2016.

[37] N. Krishnamoorthy, P. R. Burkett, J. Dalli et al., “Cutting edge:
maresin-1 engages regulatory T cells to limit type 2 innate
lymphoid cell activation and promote resolution of lung
inflammation,” Journal of Immunology, vol. 194, no. 3,
pp. 863–867, 2015.

[38] Y. Wang, R. Li, L. Chen et al., “Maresin1 inhibits epithelial-to-
mesenchymal transition in vitro and attenuates bleomycin

7Mediators of Inflammation



induced lung fibrosis in vivo,” Shock, vol. 44, no. 5, pp. 496–
502, 2015.

[39] D. Akagi, M. Chen, R. Toy, A. Chatterjee, and M. S. Conte,
“Systemic delivery of proresolving lipid mediators resolvin
D2 and maresin 1 attenuates intimal hyperplasia in mice,”
The FASEB Journal, vol. 29, no. 6, pp. 2504–2513, 2015.

[40] K. L. Lannan, S. L. Spinelli, N. Blumberg, and R. P. Phipps,
“Maresin 1 induces a novel pro-resolving phenotype in human
platelets,” Journal of Thrombosis and Haemostasis, vol. 15,
no. 4, pp. 802–813, 2017.

[41] J. R. Viola, P. Lemnitzer, Y. Jansen et al., “Resolving lipid
mediators maresin 1 and resolvin D2 prevent atheropro-
gression in mice,” Circulation Research, vol. 119, no. 9,
pp. 1030–1038, 2016.

[42] L. Martínez-Fernández, P. González-Muniesa, L. M. Laiglesia
et al., “Maresin 1 improves insulin sensitivity and attenuates
adipose tissue inflammation in ob/ob and diet-induced obese
mice,” The FASEB Journal, vol. 31, no. 5, pp. 2135–2145, 2017.

[43] S. Tang, C. Gao, Y. Long et al., “Maresin 1 mitigates high
glucose-induced mouse glomerular mesangial cell injury by
inhibiting inflammation and fibrosis,”Mediators of Inflamma-
tion, vol. 2017, Article ID 2438247, 11 pages, 2017.

[44] S. Hong, Y. Lu, H. Tian et al., “Maresin-like lipid mediators are
produced by leukocytes and platelets and rescue reparative
function of diabetes-impaired macrophages,” Chemistry &
Biology, vol. 21, no. 10, pp. 1318–1329, 2014.

[45] R. Marcon, A. F. Bento, R. C. Dutra, M. A. Bicca, D. F. P. Leite,
and J. B. Calixto, “Maresin 1, a proresolving lipid mediator
derived from omega-3 polyunsaturated fatty acids, exerts pro-
tective actions in murine models of colitis,” The Journal of
Immunology, vol. 191, no. 8, pp. 4288–4298, 2013.

[46] H. Wang, P. Shi, C. Huang, and Q. Liu, “Maresin 1 ameliorates
iron-deficient anemia in IL-10(−/−) mice with spontaneous
colitis by the inhibition of hepcidin expression though the
IL-6/STAT3 pathway,” American Journal of Translational
Research, vol. 8, no. 6, pp. 2758–2766, 2016.

[47] C. N. Serhan, J. Dalli, S. Karamnov et al., “Macrophage prore-
solving mediator maresin 1 stimulates tissue regeneration and
controls pain,” The FASEB Journal, vol. 26, no. 4, pp. 1755–
1765, 2012.

[48] C. N. Serhan, N. Chiang, and J. Dalli, “New pro-resolving
n-3 mediators bridge resolution of infectious inflammation
to tissue regeneration,” Molecular Aspects of Medicine,
2017, In press.

[49] A. R. Rodriguez and B.W. Spur, “Total synthesis of the macro-
phage derived anti-inflammatory lipid mediator maresin 1,”
Tetrahedron Letters, vol. 53, no. 32, pp. 4169–4172, 2012.

[50] C. N. Serhan, J. Dalli, R. A. Colas, J. W. Winkler, and
N. Chiang, “Protectins and maresins: new pro-resolving fami-
lies of mediators in acute inflammation and resolution bioac-
tive metabolome,” Biochimica et Biophysica Acta, vol. 1851,
no. 4, pp. 397–413, 2015.

[51] Y. Li, J. Dalli, N. Chiang, R. M. Baron, C. Quintana, and C. N.
Serhan, “Plasticity of leukocytic exudates in resolving acute
inflammation is regulated by microRNA and proresolving
mediators,” Immunity, vol. 39, no. 5, pp. 885–898, 2013.

[52] Q. Sun, Y. Wu, F. Zhao, and J. Wang, “Maresin 1 ameliorates
lung ischemia/reperfusion injury by suppressing oxidative
stress via activation of the Nrf-2-mediated HO-1 signaling
pathway,” Oxidative Medicine and Cellular Longevity,
vol. 2017, Article ID 9634803, 12 pages, 2017.

[53] R. Li, Y. Wang, and Z. Ma, “Maresin 1 mitigates inflammatory
response and protects mice from sepsis,”Mediators of Inflam-
mation, vol. 2016, Article ID 3798465, 9 pages, 2016.

[54] A. R. Rodriguez and B. W. Spur, “First total synthesis of the
macrophage derived anti-inflammatory and pro-resolving
lipid mediator maresin 2,” Tetrahedron Letters, vol. 56, no. 1,
pp. 256–259, 2015.

[55] C. N. Serhan, N. Chiang, and J. Dalli, “The resolution code of
acute inflammation: novel pro-resolving lipid mediators in
resolution,” Seminars in Immunology, vol. 27, no. 3, pp. 200–
215, 2015.

[56] A. R. Rodriguez and B. W. Spur, “First total synthesis of pro-
resolving and tissue regenerative maresin sulfido-conjugates,”
Tetrahedron Letters, vol. 56, no. 25, pp. 3936–3940, 2015.

8 Mediators of Inflammation


	Maresins: Specialized Proresolving Lipid Mediators and Their Potential Role in Inflammatory-Related Diseases
	1. Introduction
	2. Synthesis and Classification of Maresins
	3. Key Biosynthesis Enzymes of Maresins
	4. Biological Actions of Maresins
	5. Maresins in Lung Disease
	6. Maresins in Vascular Disease
	7. Maresins in Metabolic Disease
	8. Maresins in Inflammatory Bowel Disease
	9. Maresins Stimulate Tissue Regeneration and Control Pain
	10. Conclusion and Prospects
	Abbreviations
	Conflicts of Interest
	Acknowledgments

