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Abstract

Surfaces covered by epithelial cells, termed mucosal surfaces, serve special functions as 

selectively permeable barriers that partition the host and the outside world. Given its close 

association to microbial antigens, the intestinal mucosa has evolved creative mechanisms to 

maintain homeostasis, to prevent excessive inflammatory responses, and to promote rapid and full 

inflammatory resolution. In recent years, an active role for the epithelium has been attributed to 

the local generation of specialized pro-resolving mediators (SPMs) in the maintenance of 

immunological homeostasis. In this brief review, we highlight evidence that the epithelium 

actively contributes to coordination and resolution of inflammation, principally through the 

generation of SPMs. These autacoids are derived from omega-6 and omega-3 polyunsaturated fatty 

acids. Acting through widely expressed G-protein coupled receptors, SPMs are implicated in the 

resolution of acute inflammation that manifests specific, epithelial-directed actions focused on 

mucosal-homeostasis, including regulation of leukocyte trafficking, the generation of 

antimicrobial peptides, the dampening of endotoxin signaling, and the attenuation of mucosal 

cytokine responses.

1. Introduction

Acute inflammation is the body’s immediate and well-coordinated response to injury. The 

active process involves proinflammatory lipid mediators (prostaglandins and leukotrienes) 

that increase vascular permeability and orchestrate neutrophil infiltration to eliminate the 

source of inflammation. While vital, if unchecked and without resolution, acute 

inflammation can be prolonged and result in chronic inflammation that has been implicated 

in the pathogenesis of a wide range of diseases including cardiovascular disease, metabolic 

disorders, and cancer. Thus, resolution of inflammation involving the removal of cellular 

debris and restoration of tissue integrity is equally crucial (Kumar et al., 2014; Medzhitov, 

2008; Serhan et al., 2007). It is now appreciated that inflammatory resolution is also a 

*Corresponding author. University of Colorado School of Medicine, 12700 East 19th Ave. MS B-146, Aurora, CO 80045, USA. 
sean.colgan@ucdenver.edu. 

Disclosure statement
The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as influencing the 
objectivity of this review.

HHS Public Access
Author manuscript
Mol Aspects Med. Author manuscript; available in PMC 2018 June 01.

Published in final edited form as:
Mol Aspects Med. 2017 December ; 58: 93–101. doi:10.1016/j.mam.2017.02.002.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



biosynthetically active process regulated by lipid mediators known as specialized pro-

resolving mediators (SPMs), instead of the passive decrease in proinflammatory signals as 

previously believed (Serhan et al., 2000a, 2006). Appropriately termed a lipid mediator class 

switch, resolution begins with a transition from the proinflammatory prostaglandins and 

leukotrienes to the pro-resolving SPMs consisting of the resolvins, lipoxins, protectins, and 

maresins (Levy et al., 2001). SPMs exert many specialized actions including blocking 

neutrophil recruitment and activating efferocytosis that all ultimately brings the body back to 

homeostasis (Schwab et al., 2007).

The human gut embodies the concept of homeostasis, balancing mucosal immune responses 

whilst maintaining an equilibrium between host and microbiota (Garrett et al., 2010). 

Mucosal surfaces exist in the unique environment of encountering numerous foreign 

antigens via the luminal surface while concurrently being intimately associated with the 

immune system via the subepithelial lymphoid tissue. While coexisting with more than 1000 

different bacterial phylotypes, the intestinal mucosa optimizes eliminating harmful 

pathogens while at the same time avoids unnecessary immune activity in a setting of regular 

contact with commensal microbes (Hakansson and Molin, 2011; Lozupone et al., 2012). 

Crucial to this homeostasis are the intestinal epithelial cells. Forming a physical barrier at 

the mucosal surface, the intestinal epithelial cells prevents the frivolous mixing of luminal 

antigens with the mucosal immune system housed within the lamina propia (McCole and 

Barrett, 2007). Inflammation disrupts this barrier, and a key component of inflammatory 

resolution is the restoration of barrier integrity and function.

In this review, we highlight the role of SPMs in modulating timely and controlled 

inflammatory resolution not only by restoring barrier but also by regulating the immune 

system and microbial environment to ultimately preserve the tenuous but vital balance of the 

human gut. Unrestricted inflammation contributes to numerous disease states, and a 

complete understanding of these endogenous mediators of inflammatory resolution holds 

immense potential to direct new therapeutic opportunities.

2. SPMs in intestinal mucosal inflammation

2.1. Overview of the intestinal mucosa

The gastrointestinal (GI) mucosal surface provides an optimal setting to define the features 

of inflammatory resolution. With a surface area of approximately 300m2, the GI tract is the 

largest mucosal surface in the adult human, while also representing the largest mass of 

lymphoid tissue with over 106 lymphocytes per gram of tissue. In the process of digestion 

and waste removal, the GI tract faces a constant flux of new non-pathogenic antigenic 

material atop an environment filled with diverse microorganisms and necessarily hones the 

mucosal immune system to dampen immunological reactions to these innocuous ingested 

antigens. Commensal microbes also present a barrage of antigenic material. As a result of 

this constant antigenic exposure, the GI tract is considered to exist normally in a state of 

low-grade inflammation (Salminen et al., 1998).

The intestinal epithelium is central to coordinating both inflammation and resolution. As a 

monolayer, the polarized intestinal epithelial cells through intercellular tight junctions form 
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a dynamic barrier coated with a thick mucus layer that regulates what can reach the lamina 

propia from the lumen (Ivanov et al., 2010; Koch, 2012). Although the mucosa-associated 

lymphoid tissue (MALT) develops tolerance to harmless signals from the external 

environment, the ability to rapidly and effectively to respond to harm that penetrates this 

barrier is also primed.

Like other mucosal organs lined by an epithelium, the intestines witness the transepithelial 

migration of polymorphonuclear leukocytes (PMNs) to the apical surface for regular 

immune surveillance and elimination of invading pathogens. The transmigration occurs 

physiologically in the basolateral-to-apical direction, which facilitates the retention of 

neutrophils in the crypt for mucosal defense. Due to the nature of the paracellular migration 

of these cells, the epithelial barrier is altered by loosening the apical junction complex 

consisting of tight junctions and adherens junctions between adjacent epithelial cells. 

Excessive transepithelial migration of PMNs disrupts the barrier by causing epithelial 

damage, which perpetuates inflammation, as seen in many active inflammatory intestinal 

diseases (Sumagin and Parkos, 2015). However, a unique feature of the GI tract from other 

mucosal organs such as the lungs is how crucial activated PMNs and their transepithelial 

migration is to resolution (reviewed in Colgan et al., 2013). PMNs generate important anti-

inflammatory and pro-resolving molecules including SPMs via local interactions with 

epithelial and endothelial cells. Depletion of circulating PMNs exacerbated symptoms in 

murine inflammatory bowel disease (IBD) models, whereas the opposite was seen in acute 

lung injury models, where PMN depletion seemed to attenuate damage (Kuhl et al., 2007; 

Zemans et al., 2009). With this context, the gut is the ideal setting for the ultimate 

exploration of balance.

2.2. SPM production in the gut

SPMs fall into several distinct families of locally and temporally regulated lipid mediators 

known as the lipoxins, resolvins, protectins, and maresins. Although all actively involved in 

resolving inflammation, SPMs arise from different precursors. Lipoxins are known as the 

classic mediators and are formed from the omega-6 fatty acid arachidonic acid (AA), which 

also gives rise to well-established proinflammatory lipid mediators such as leukotrienes 

(LTs) and prostaglandins (PGs). LTB4 is a potent chemoattractant for neutrophils, and PGE2, 

PGI2 are involved in early phases of inflammation by regulating vascular responses in terms 

of blood flow and permeability. Resolvins, protectins, and maresins are known as the novel 

local mediators and are made from omega-3 polyunsaturated fatty acids (PUFAs) such as 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). E-series resolvins are 

derived from EPA, and D-series resolvins are derived from DHA. Resolvin E1 (RvE1) was 

the first resolvin to be identified in murine resolving exudate as a potent inhibitor of PMN 

migration (Serhan et al., 2000b).

Because both proinflammatory and proresolution signals can arise from the same precursor 

such as AA, temporal control is crucial for the inflammatory response. SPMs thus are 

produced through transcellular biosynthesis during specific time frames and in transient 

coordination between different cells. SPM production often requires the actions of fatty acid 

lipoxygenases (LOXs) and cyclooxygenase-2 (COX-2), and the joint effort of these enzymes 
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occurs through transcellular interactions between migrating cells from the vasculature and 

the cells of the inflamed tissue site (Bannenberg and Serhan, 2010). Key lipoxygenases 

include the 5-LOXs found in leukocytes, the 12-LOXs found in platelets, and the 15-LOXs 

found in monocytes, eosinophils, and epithelial cells (Claria and Serhan, 1995; Serhan et al., 

1984; Serhan and Sheppard, 1990). COX-2 expression plays a crucial role in 

proinflammatory responses and has been shown to be rapidly induced in apical epithelial 

cells of inflamed foci in IBD by TNF-α and IL-1β, while normally undetectable in the 

normal ileum or colon (Gronert et al., 1998a; Singer et al., 1998). 15-lipoxygenase isoform 2 

(15-LOX-2) is found in the colonic mucosa (Mangino et al., 2006). LOXs also prove to be a 

key enzyme in SPM production, as exogenous plant LOX treatment induces lipoxin 

generation, overexpression of LOX reduces inflammation and tissue damage, and the 

parasitic Toxoplasma gondii hijacks lipoxin production to quench the human host’s 

inflammatory response (Serhan et al., 2003). Proteomic analysis of T. gondii extract revealed 

the presence of peptides resembling LOXs, and these extracts exhibited 15-LOX activity by 

functionally producing lipoxins (Bannenberg et al., 2004a,b). T. gondii infection begins as 

the parasites initially cross the intestinal epithelium to then become widely disseminated 

after evading immune detection in part by generating pro-resolving mediators (Egan et al., 

2012). Further investigation could potentially reveal if lipoxin production is a balancing 

point between host and gut inhabitants.

The nature of SPM production was best revealed through aspirin (acetyl-salicylic acid) 

treatment. Aspirin is known for its anti-inflammatory effects via its actions on the 

cyclooxygenases (COX-1 and COX-2) that produce proinflammatory mediators (PGs and 

LTs). While irreversibly inhibiting COX-1, aspirin acetylates serine residue 516 in the active 

site of COX-2, modifying the enzymatic activity of COX-2, which results in the aspirin 

induced production of SPMs, furthering the anti-inflammatory effects of aspirin by now also 

promoting resolution. Acetylation of COX-2 inhibits its oxygenase activity but leaves its 

peroxidase activity intact (Serhan and Petasis, 2011). COX-2 normally generates PGs from 

AA released from cell membranes, but in the presence of aspirin, acetylated COX-2 forms 

15R-hydroxyeicosatetraenoate (15R-HETE), which then is catalyzed by 5-LOX into pro-

resolving 15-epi-lipoxin, belonging to the class of aspirin-triggered lipoxins (ATLs), which 

are more resistant to local degradation and often more potent compared to endogenous 

lipoxins (Maddox et al., 1998; Schottelius et al., 2002; Serhan et al., 1995). Endogenous 

lipoxins are degraded within minutes by myeloid cells as part of the temporally fine-tuned 

system of inflammation and resolution (Louis et al., 2005). Aspirin-triggered production of 

resolvins from EPA and DHA also occurs (Serhan et al., 2000a, 2002). This biosynthetic 

route functions due to COX-2 expressing cells (epithelial cells) producing precursors that are 

then acted upon by 5-LOX from cells such as neutrophils to produce SPMs.

Although exogenous aspirin plays a major role in SPM production, endogenous transcellular 

biosynthesis occurs as well. Cytochrome P450 and S-nitrosylation of COX-2 have also been 

shown to contribute to 15-epi-lipoxin formation (Birnbaum et al., 2007; Titos et al., 1999). 

LOXs alone can initiate the synthesis of resolvins, as well as protectins and maresins from 

omega-3 PUFAs. This is the major pathway for SPM production in the absence of aspirin 

treatment (Campbell et al., 2011; Serhan et al., 2008).
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SPM production in the gut is crucial for maintaining homeostasis. In colonic mucosa from 

patients with ulcerative colitis characterized by persistent colonic inflammation, lipoxin 

production was reduced 12-fold with a concomitant decreased protein expression of 15-

LOX-2, suggesting defective lipoxin biosynthesis contributes to disease pathogenesis 

(Mangino et al., 2006). Transcellular biosynthesis of SPMs provides the temporal control 

necessary to allow for the gut to respond to potential threats but not persist in excessive 

inflammation. The specific signal can only result from the physical proximity of 

inflammatory cells with cells of the tissue undergoing inflammation and acts to restrict 

further inflammatory insult locally. When PMNs transmigrate to the intestinal mucosa, 

SPMs can be generated to resolve the inflammatory response and preserve the balance of the 

immune system and the microbial environment in the gut.

2.3. Receptors for SPMs

SPMs exert their action as molecular signals by being endogenous receptor agonists for G-

protein coupled membrane-spanning receptors at low concentrations in the pM to low nM 

range (Bannenberg and Serhan, 2010). Endogenous lipoxin A4 (LXA4) and aspirin-triggered 

15-epi-LXA4 binds to the lipoxin A4 receptor/formyl peptide receptor 2 (ALX/FPR2) with 

high affinity. ALX/FPR2 is a G-protein coupled receptor that when activated by these lipid 

mediators reduces neutrophil chemotaxis (Chiang et al., 2006). ALX/FPR2 was first isolated 

from human PMNs but since then has also been found in monocytes, T cells, macrophages, 

and synovial fibroblasts (Serhan et al., 2011). In the intestines, ALX/FPR2 receptors are 

expressed on the basolateral surface of epithelial cells and are induced by interleukin-13 

(IL-13) and interferon gamma (IFN-γ) (Gronert et al., 1998b; Kucharzik et al., 2003). The 

receptor shows positive feedback regulation, as low doses of LXA4 in vivo enhances its 

expression (Bannenberg et al., 2004a,b). The ALX/FPR2 receptor behaves as a promiscuous 

receptor and can be activated by other endogenous anti-inflammatory factors such as 

glucocorticoid-derived annexin A1 (AnxA1) and several non-lipid ligands such as synthetic 

peptides and serum amyloid A (Bena et al., 2012; Chiang et al., 2000).

A high affinity receptors also exists for resolvin E1 (RvE1), known as the chemokine-like 

receptor 1 (ChemR23) (Arita et al., 2005). RvE1 functions as a selective agonist of 

ChemR23, which shares 36.4% amino acid sequence homology with ALX/FPR2. ChemR23 

is expressed in the cardiovascular system, brain, kidney, liver, lung, testis, prostate, and 

gastrointestinal tissues (Serhan et al., 2011; Serhan and Petasis, 2011). ChemR23 is 

abundantly expressed in intestinal epithelial cells and primarily localizes to the apical 

surface (Campbell et al., 2010). ChemR23 is also highly expressed in antigen-presenting 

cells (APCs) such as macrophages, dendritic cells, as well as monocytes, with lower 

amounts in neutrophils and T lymphocytes. RvE1 can also bind to leukotriene B4 receptor 1 

(BLT1) on PMNs (Chiang et al., 1999).

Resolvin D1 (RvD1) is a selective agonist for orphan G protein-coupled receptor GPR32, a 

member of the chemoattractant receptor family (Chiang et al., 2015). RvD1 also binds ALX/

FPR2 with high affinity, but does not bind to ChemR23 (Bento et al., 2011). Resolvin D2 

(RvD2) is selective for N-arachidonyl glycine receptor GPR18, which is expressed on 

PMNs, monocytes, and macrophages (Chiang et al., 2015).
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The actions of SPMs interacting with their specific receptors are all dose regulated and 

dependent on cell type and tissue environment. The different mechanisms of SPM mediated 

resolution specifically in the gut revolve around a decrease in infiltrating inflammatory cells 

and the restoration of barrier that separates the microbes from the immune system.

2.4. Actions of SPMs on leukocyte trafficking

A key step of acute inflammation is the migration of PMNs into the tissue and the activation 

of these cells to neutralize the offending agents. As a class of mediators, SPMs share 

common functional themes by limiting neutrophil infiltration, promoting macrophage 

phagocytosis of cellular debris and microorganisms, and stimulating production of anti-

inflammatory cytokines.

Each class of SPMs regulates leukocyte trafficking in the resolution process. The intestinal 

mucosa is the site of constant interactions between microbes and the human host. Immune 

responses are primed to be quickly activated, beginning with PMNs infiltration. However, 

prolonged PMN presence is implicated in chronic inflammatory conditions.

LXA4, lipoxin analogs, and ATLs block human PMN transmigration across intestinal 

epithelial cells in a polarized manner (Colgan et al., 1993; Fierro et al., 2003; Schottelius et 

al., 2002). TNF-α is a potent proinflammatory cytokine implicated in many chronic 

inflammatory conditions. LXA4 downregulates TNF-α mRNA expression level in intestinal 

epithelial cells and reduces the degradation of IκB, and thus prevents the activation of NF-

κB (Kure et al., 2010). Lipoxins inhibit TNF-α-stimulated neutrophil adherence to epithelial 

monolayers and potently attenuate the release of chemotactic IL-8 from activated intestinal 

epithelial cells (Goh et al., 2001). The ALX/FPR2 receptor is expressed basolaterally in 

intestinal epithelial cells allowing for the LXA4 generated at the initiation of neutrophil 

paracellular transmigration to immediately act on epithelial cells to dampen inflammation 

(Kucharzik et al., 2003). LXA4 inhibits PMN β2 integrin (CD11b/18) expression, an integral 

adhesion protein necessary for cell-cell interactions that initiate neutrophil transmigration 

(Fiore and Serhan, 1995).

The omega-3 PUFA-derived SPMs also modulate leukocyte trafficking. RvE1 signaling also 

inhibits TNF-α stimulated NF-κB activation in intestinal epithelial cells that stimulates 

PMN adherence and mobilization through release of chemokines and chemoattractants 

(Tessier et al., 1997). Because RvE1 acts as a partial agonist of the BLT1 receptor, RvE1 

competitively inhibits LTB4-induced proinflammatory signals (Chiang et al., 1999). RvE1 

promotes the mucosal epithelium to upregulate the expression of decay accelerating factor 

(CD55), an anti-adhesive molecule, which accelerates the clearance of apically adherent 

activated neutrophils from the epithelium into the intestinal lumen (Lawrence et al., 2003). 

Interestingly, unlike ALX/FPR2 and most other G protein-coupled receptors, which exhibit 

basolateral localization in polarized cells, ChemR23 is expressed apically on intestinal 

epithelial cells. Thus, the transit of PMNs through the mucosa to the lumen seems to 

naturally promote a pro-resolving signature that temporally produces RvE1 apically that 

initiates the termination and clearance of PMNs after transmigration (Campbell et al., 2007).
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RvD1 and its aspirin-triggered form (AT-RvD1) dramatically change PMN shape and cease 

PMN migration by decreasing actin polymerization (Kasuga et al., 2008; Sun et al., 2007). 

RvD1 also significantly blocks LTB4-induced expression of b2 integrin CD11b/18 adhesion 

molecules on PMNs (Krishnamoorthy et al., 2010). Although RvD2 itself does not alter 

PMN adhesion molecule expression, RvD2 potently reduces leukocyte adherence and 

emigration in cells activated by platelet activating factor (PAF). Protection D1 (PD1), 

another DHA-derived SPM, also attenuates human neutrophil transmigration after initiation 

of inflammation and the effect is additive with RvE1 (Serhan et al., 2006).

In addition to the cessation of neutrophil infiltration, resolution of intestinal inflammation 

depends on the apoptosis of the accumulated neutrophils and the clearance of the cellular 

debris through efferocytosis. Although SPMs have the most significant effects in halting the 

migration of PMNs, SPMs also limit the inflammatory actions of the PMNs and promote the 

clearance of these activated PMNs from the inflamed tissue. RvD1 in vivo gave a significant 

reduction in the levels of a number of proinflammatory mediators including prostaglandins 

and LTB4 (Norling et al., 2012). Lipoxins as well as RvE1 and RvD1 enhance macrophage 

phagocytosis of apoptotic PMNs (Godson et al., 2000). RvD1 interacting with GPR32 on 

macrophages steers macrophages toward a pro-resolving phenotype to reduce secretion of 

proinflammatory cytokines IL-1β and IL-8. RvD2 potently reduces C5a-stimulated 

extracellular superoxide generation, which has been implicated in tissue damage seen in 

unresolved inflammation (Serhan and Petasis, 2011). A recent study found that 15-epi-LXA4 

and RvD1 even promote autophagy in both murine and human macrophages by favoring the 

fusion of autophagosomes with lysosomes, the crucial and final step of autophagic vesicle 

processing (Prieto et al., 2015). SPMs not only regulate the resolution of acute inflammation 

by clearing PMNs but also monitor the lifespan of the macrophages cleaning up in the tissue 

to ultimately reestablish homeostasis.

2.5. Actions of SPMs on epithelial restoration

The intestinal epithelial cell regulates what can enter the body by creating a selective barrier 

that prevents the passage of potentially harmful agents while allowing for the passage of 

nutrients. These cells are polarized, with the apical surface primed to interact with the lumen 

while barring enteric bacteria via intercellular junctions, directional membrane transport 

systems, and mucus secretion, and with the basolateral surface optimized to interface with 

the mucosa and immune cell repertoire below (Colgan et al., 2015). Due to the extravasation 

of leukocytes in an inflammatory response, the structure and function of the epithelial barrier 

is compromised in that the intercellular apical junction complex must open to allow for the 

passage of the PMNs. Excessive inflammation often results in increased PMN 

transmigration and tissue damage, both of which compromise the barrier (Chin and Parkos, 

2007). SPMs promote the restoration of the epithelial monolayer and barrier function after 

subduing the inflammatory response.

Crucial to intestinal epithelial wound healing is the precise balance of the initial migration of 

cells surrounding the wound (epithelial restitution), followed by the proliferation of cells to 

repair the defect, all culminating in the maturation and differentiation of the newly generated 

epithelial cells to regain barrier function (Iizuka and Konno, 2011). Keratinocytes, or skin 

Wang and Colgan Page 7

Mol Aspects Med. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



epithelial cells, show increased migration that accelerates wound healing after exposure to 

AT-RvD1 delivered in nanoparticles (Norling et al., 2011). Similarly, treatment with LXA4 

and PD1 increase re-epithelialization of denuded cornea after 24 h in mice (Gronert et al., 

2005). A recent study found that intestinal mucosal wound closure is delayed in mice 

lacking the RvE1 receptor ChemR23. RvE1 treatment of intestinal epithelial cells promotes 

wound repair by increasing cell proliferation through activation of the mTOR signaling 

pathway. Local administration of RvE1-encapsulated synthetic nanoparticle into in vivo 
healing intestinal wounds promotes mucosal wound repair (Quiros et al., 2016). Similarly, 

AnxA1 is released as a component of extracellular vesicles derived from intestinal epithelial 

cells. Delivery of encapsulated AnxA1 analogs within targeted nanoparticles accelerates 

healing of murine colonic wounds, and cells treated with AnxA1 show increased migration 

to restore the wound (Leoni et al., 2015). AnxA1, which also binds to the formyl peptide 

receptor (FPR) in intestinal epithelium, through activation of reactive oxygen species (ROS) 

by the intestinal NADPH oxidase (NOX1) results in epithelial migration and facilitates 

wound restoration (Leoni et al., 2013). While promoting migration of epithelial cells to 

restore the barrier, SPMs also support the survival of existing epithelium. Exposure of 

colonic tissue to lipoxins attenuates TNF-α mediated epithelial cell apoptosis and protects 

the mucosa against TNF-α induced mucosal damage (Goh et al., 2001).

While supporting epithelial barrier restoration amidst limiting PMN infiltration, SPMs do 

not alter barrier function or agonist-stimulated chloride secretion and preserve the function 

of the epithelium (Gronert et al., 1998b).

2.6. Actions of SPMs on antimicrobial peptide generation

On top of balancing the immune system, the intestinal mucosa keeps the luminal microbes in 

check with the host, promoting mutualism with the nonpathogenic microbes while armed to 

eliminate pathogenic ones. Although the immune system is well equipped to face the 

challenge, the epithelial barrier acts as the first line of defense against invading pathogens 

and infection and actually contributes significantly to the orchestration of inflammatory 

processes. Epithelial cells express bactericidal permeability-increasing protein (BPI), an 

antibacterial and endotoxin-neutralizing molecule. The BPI protein was originally 

characterized on the neutrophil surface as well as in neutrophil azurophilic granules. BPI 

expression is transcriptionally upregulated by lipoxins and ATLs. BPI blocks endotoxin-

mediated signaling in epithelium and kills Salmonella typhimurium (Levy et al., 2003). 

RvE1 also induces expression of BPI (Campbell et al., 2010). BPI thus acts as a “molecular 

shield” for protection of mucosal surfaces against Gram-negative bacteria and their 

lipopolysaccharide (LPS) endotoxin.

BPI exerts antimicrobial actions against Gram-negative bacteria through damaging the 

bacterial membranes, neutralizing endotoxin, and opsonizing bacteria for phagocytosis by 

neutrophils (Elsbach and Weiss, 1998). BPI has a high affinity to the conserved lipid A 

region of LPS, targeting its actions to a wide array of Gram-negative bacteria (Gazzano-

Santoro et al., 1992).

In addition to BPI, microarray analysis of RvE1 treated cells reveals that RvE1 also potently 

upregulates the expression of intestinal alkaline phosphatase (ALPI). ALPI is a well-known 
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epithelial differentiation marker and is a GPI-anchored protein expressed apically in 

epithelial cells (Goldberg et al., 2008). Because of its luminal location, ALPI has been 

shown to provide a key role in microbial homeostasis, as it halts Gram-negative growth such 

as Escherichia coli and potently neutralizes LPS through dephosphorylation of a moiety in 

lipid A (Bates et al., 2007). RvE1 promotes significant improvement of disease activity 

indices in the dextran sulfate colitis (DSS) murine model of colitis (body weight, colon 

length) concomitant with ALPI expression induction in the intestinal epithelium. Inhibition 

of ALPI activity worsens colitic disease and negates the protective influences of RvE1 

(Campbell et al., 2010).

By facilitating the gatekeeping aspect of the intestinal mucosa that is the generation of 

antimicrobial peptides, SPMs guarantee that the immune system will only be activated when 

absolutely necessary. The intestinal epithelial cells play an active and integral role in 

maintaining homeostasis via SPMs, which is summarized in Fig. 1.

3. SPMs in colitis

Inflammatory bowel disease is divided into two main subtypes, ulcerative colitis (UC) and 

Crohn’s disease (CD). Both UC and CD are characterized by chronic, non-resolving 

inflammation and differs in the location of activity within the intestines (Abraham and Cho, 

2009). Although the exact pathogenesis is unknown, it is accepted that IBD arises from an 

imbalance between the immune system and gut flora that is disrupted due to greater 

intestinal permeability and breakdown of epithelial tight junctions that leads to an 

inappropriate immune response of increased infiltration of immune cells and elevated levels 

of proinflammatory signals (Cho, 2008). As SPMs target all aspects of maintaining the 

homeostasis in the gut, colitis provides the ideal disease system in which to apply such 

coordination.

In many murine colitis studies, SPMs have shown significant protection. Treatment with 

lipoxin analog significantly reduces weight loss, hematochezia, and mortality in the DSS 

model of inflammatory colitis, most likely due to the down-regulation of NF-κB mediated 

proinflammatory gene expression (Gewirtz et al., 2002). Lipoxins also limit the 

proinflammatory signals by inducing macrophages towards the resolution phenotype instead 

of the proinflammatory phenotype, characterized by secretion of proinflammatory cytokines 

(IL-6, IL-8, IL-13, IL-18, and TNF-α) (Allison and Poulter, 1991; Godson et al., 2000; 

Mahida, 2000). A recent study demonstrated that the action of SPMs on eosinophils also 

attenuates inflammatory responses in experimental colitis. Eosinophils generally reside in 

the mucosa and increase significantly with disease. In this study, eosinophil-deficient mice 

develop significantly more severe colitis. Lipid profiling reveals virtually absent colonic 

levels of PD1 in colitic eosinophil-deficient mice. Exogenous PD1 administration in these 

mice reduces the severity of colitis by attenuating neutrophil infiltration and reducing levels 

of proinflammatory cytokines (TNF-α, IL-1β, IL-6) (Masterson et al., 2015). The actions of 

SPMs extend beyond limiting proinflammatory signals however, as LXA4 and AnxA1 have 

been shown to enhance IL-10 production, a key anti-inflammatory cytokine. IL-10 regulates 

the lack of inflammatory response in germfree mice, and these mice show enhanced 

expression of both LXA4 and AnxA1. When LXA4 and AnxA1 are blocked, germ free mice 

Wang and Colgan Page 9

Mol Aspects Med. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



show a partial reversal of lacking immune responses. This suggests that SPMs coordinate 

both proinflammatory and anti-inflammatory responses, and that the immune system is 

tightly honed by the presence of microbiota, which ultimately depends on the endogenous 

production of SPMs (LXA4 and AnxA1 in this case) to stimulate IL-10 (Souza et al., 2007). 

In UC patients in remission, LXA4 and AnxA1 expression are increased (Vong et al., 2012).

Thus, SPMs appear to be a promising therapeutic option for IBD remission. However, the 

clinical data has not been as clear as the experimental data. Experimental data shows 

promise as diets supplemented with omega-6 fatty acids increase LXA4 production and 

attenuation of inflammatory injury (Gobbetti et al., 2015). Systemic treatment with D-series 

resolvins improves disease activity score with reduced colonic damage and decreased PMN 

infiltration in murine colitis models (Bento et al., 2011). Early studies in which rats with 

trinitrobenzene sulphonic acid (TNBS) induced colitis were fed diets supplemented with cod 

liver oil show reduced colonic damage and inflammation compared to control sunflower oil 

(Vilaseca et al., 1990). However, clinical supplementation studies with omega-3 PUFAs in 

patients with IBD have been inconclusive with not enough data to claim benefit (Yates et al., 

2014). Additionally, there is conflicting evidence in regards to using NSAIDs in patients 

with IBD. While generally not prescribed, there is debate as to if nonsteroidal anti-

inflammatory drugs (NSAIDs) truly exacerbate chronic IBD. Studies have found that 

NSAIDs, in particular COX-2 specific inhibitors, may promote relapses of IBD, but other 

studies are less clear (Kefalakes et al., 2009). A recent study in mice found that NSAID 

therapy increases colonic mucosal LXA4 synthesis and decreases disease indices. Elevated 

LXA4 levels negatively correlate with disease progression, suggesting NSAID-induced 

LXA4 synthesis to be favorable for healing in UC (Aʇiş et al., 2015). Because aspirin, a 

widely prescribed NSAID, triggers the production of more potent and stable SPMs that have 

shown improvement in disease activity, the use of NSAIDs and the relationship between 

such use, aspirin-triggered SPMs, and mucosal inflammation and resolution should be 

explored more in lieu of the conflicting results.

4. SPMs in mucosal infections

When harmful pathogens manage to invade the epithelial barrier and infect the underlying 

lamina propia, the appropriate immune response must be mounted. SPMs help fight off 

infections through the generation of antimicrobial peptides, but also additionally limits the 

inflammatory response as to not incure tissue damage and to avoid chronic inflammation. 

Stable LXA4 analogs downregulate active inflammation at mucosal surfaces after S. 
typhimurium infection by inhibiting the epithelial secretion of chemoattractants either 

apically (pathogen-elicited epithelial chemoattractant) or basolaterally (IL-8). This inhibits 

PMN infiltration and mutes the immune response, but bacterial adherence to and subsequent 

internalization by the epithelium to then be eliminated through interactions with the innate 

immune system is not altered (Gewirtz et al., 1998). SPMs also modulate the immune cells 

involved. When infected with Gram-negative bacteria, LPS from the bacteria interacts with 

toll-like receptor 4 (TLR4) on macrophages, which then produces proinflammatory signals. 

Lipoxins and RvD1 inhibit LPS-induced TNF-α production from macrophages. However, 

interestingly, not all SPMs inhibit the LPS-TLR4 interaction, as macrophages exposed to E. 
coli and pretreated with AT-RvD1 show increased TNF-α resulting in enhanced 
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internalization and killing of the bacteria (Palmer et al., 2011). In E. coli and Staphylococcus 
aureus infections, RvD2 limits PMN infiltration while enhancing phagocytosis of bacteria, 

and accelerates resolution by stimulating efferocytosis (Chiang et al., 2015). All the families 

of SPMs block IL-12 production and suppress dendritic cell migration (Aliberti et al., 2002; 

Gu et al., 2016). Overall, a prominent anti-inflammatory response is elicited by SPMs in 

infection, as RvD1, RvD2, and maresin 1 all increase production of the anti-inflammatory 

cytokine IL-10 in monocytes while increasing the phosphorylation (anti-inflammatory state) 

of glycogen synthase kinase 3β (GSK3 β) (Gu et al., 2016).

While SPMs can promote the killing of invading and harmful pathogens, most of their 

actions are focused on keeping the immune response in check. Because of this tenuous 

balance, the temporal control of SPM production is once again highlighted, as too early of a 

response could impede microbial clearance.

5. SPMs in sepsis

The gut has been implicated as a central player to the development of sepsis due to 

dysregulation between the mucosal epithelium, the immune system, and endogenous 

microbes. The imbalance between these highly regulated systems not only leads to the 

chronic inflammation thus far discussed but can also progress to fatal systemic 

manifestations, reaching far beyond the intestine (Mittal and Coopersmith, 2014). Sepsis is 

an extremely serious and quite often fatal complication of bacterial infection resulting in 

systemic immune dysregulation. SPMs have been found to be protective in regulating this 

systemic detour from homeostasis.

Both RvD1 and RvD2 improve the survival of mice in the cecal ligation and puncture 

initiated sepsis model. The resolvins enhance phagocyte killing of microbes while limiting 

an increase in neutrophils and reducing the release of inflammatory cytokines such as IL-6 

and IFN-γ (Chen et al., 2014; Spite et al., 2009). The immune response is facilitated by the 

resolvins but still held in check as sepsis is already an uncontrolled inflammatory response. 

The SPMs coordinate balance to destroy the microbes while keeping the body from 

excessive damage. Recently, it was elucidated that RvD2 enhances CREB, ERK1/2, and 

STAT3 phosphorylation in macrophages after interaction with the GPR18 receptor to 

enhance phagocytosis of E. coli, which is dependent on protein kinase A and STAT3 signal 

transduction (Chiang et al., 2017).

A recent clinical study analyzed peripheral blood of sepsis patients within 48 h of admission 

to the ICU for lipid mediator profiling and revealed that in septic non-survivors, the 

peripheral blood contains significantly higher proinflammatory mediators such as LTB4 and 

PGF2α than survivors. Interestingly, pro-resolving mediators are also elevated in non-

survivors, including RvE1, RvD5, PD1, than survivors (Dalli et al., 2017). Such a profile 

hints at the development of biomarkers for septic disease and presents novel biologic targets 

for this systemic disease.

SPMs regulate pro-resolving responses to dampen the overwhelming inflammatory response 

seen in sepsis while still maintaining a possibly improved clearance of systemic bacterial 
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load. The ability to clear an infection while keeping system integrity is an ideal therapeutic 

model. Synthetic peptides that are selective agonists of the lipoxin receptor ALX/FPR2 have 

shown therapeutic effects in both the murine sepsis model and ulcerative colitis model via 

modulating the cytokine profile as well as decreasing epithelial permeability (Kim et al., 

2013). Therapeutics designed to promote resolution and mimic the way inflammation 

naturally subsides in the body may thus prove to be better tolerated.

6. Conclusion

Given the close association of microbial products to intestinal surfaces, the maintenance of 

tissue homeostasis presents a significant challenge. Studies in recent years have identified a 

central role for the local generation and action of SPMs as a catalyst for resolution of 

inflammation. This review highlights the multi-functional role of SPMs in inflammation and 

unveils the critical role of lipid mediator signaling as an active participant in mucosal 

homeostasis. Through activation of G-protein coupled receptors, SPMs provide balanced, 

integrated and enduring responses. These same features also provide promising therapeutic 

potential – whether as novel biomarkers or as disease-targeted drugs, SPMs hold great 

promise in this arena. One of the more promising roles for SPMs drugs may be the lowering 

of antibiotic thresholds during infection to combat the evolution of resistant bacterial strains 

(Blaser, 2016). Indeed, Chiang et al. (2012) demonstrated that RvD1, RvD5 and PD1 

enhance antimicrobial activity in peritoneal infection models to the extent that antibiotics 

can be used at suboptimal doses and for shortened periods of time. These findings provide 

but one example of how SPMs may function to promote multiple aspects of mucosal 

homeostasis. Studies in the future addressing the challenges of SPM stability, distribution, 

and selectivity should be revealing.
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Fig. 1. 
Active role of the intestinal epithelium in promoting immunological and host-microbial 

homeostasis via special pro-resolving mediators. SPMs, including LXA4 and RvE1, 

modulate the transmigration of leukocytes, the generation of antimicrobial peptides, the 

dampening of endotoxin signaling, the attenuation of mucosal cytokine responses, and the 

restoration of barrier integrity and function.
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