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The application of precision medicine paradigm in the daily treatment of patients has been greatly hampered by the

lack of robust biomarkers. Lipid mediators are central in the regulation of host immune responses during both the

initiation and resolution of inflammation. Amongst lipid mediators, the specialized pro-resolving mediators (SPM)

govern immune cells to promote the resolution of inflammation. These autacoids are produced via the

stereoselective conversion of essential fatty acids to yield molecules that are dynamically regulated during

inflammation and exert potent immunoregulatory activities. Furthermore, there is an increasing appreciation for the

role that these mediators play in conveying the biological actions of several anti-inflammatory therapeutics.

Identification and quantitation of these mediators has traditionally been achieved using hyphenated mass

spectrometric techniques, primarily liquid-chromatography tandem mass spectrometry. 

Biomarkers  Chronic Inflammatory Conditions  Anti-Inflammatory

1. Pro-Resolving Mediators as Biomarkers in Chronic
Inflammatory Conditions

Amongst the key biological activities of specialized pro-resolving mediators (SPM) is their ability to limit leukocyte

infiltration to the site and counter-regulate the formation of pro-inflammatory mediators . Thus, there is extensive

interest in establishing whether the production of these molecules is disrupted in chronic inflammatory conditions

and whether the pharmacological administration of SPM may represent a useful approach for treating such

conditions. Indeed, studies conducted by many groups demonstrate that SPM production becomes dysregulated in

chronic inflammatory settings and that the use of these mediators or their analogues may limit disease progression

and in some instanced even reverse some of the damage.

1.1. Periodontal Disease

Periodontal disease is characterized by unremitting inflammation that results in significant damage to the

periodontium. Studies in experiential settings demonstrate that SPM exert potent activities in the regulation of

periodontal inflammation by limiting leukocyte trafficking to the site and downregulating the production of pro-

inflammatory mediators. These molecules also promote bone and tissue repair in several models of periodontal

disease . In recent studies found that levels of LXA , PD1 and MaR1 in salivary tissues of patients with

periodontal inflammation were correlated with disease severity. Intriguingly, while LXA  levels were observed to be

negatively correlated with disease severity, those of PD1 and MaR1 were positively correlated. These results
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suggest that SPM biosynthetic pathways, or potentially their degradation pathways, are differentially regulated in

disease settings likely as an attempt of the host immune response to counter the ongoing inflammatory processes

.

1.2. Rheumatoid Arthritis

This condition, as with periodontal disease, is characterized by unremitting inflammation that leads to progressive

tissue destruction. Both the innate and adaptive arms of the immune response are implicated in the pathogenesis

of RA. Studies in pre-clinical models demonstrate that several SPM, including RvD1 , RvD3  and MaR1 ,

regulate disease progression. In addition, MaR1 was recently found to limit nociceptive hypersensitivity linked with

inflammatory arthritis . In humans, Barden et al. observed that synovial RvE2 concentrations were negatively

associated with pain score whereas overall plasma SPM concentrations were negatively correlated with

erythrocyte sedimentation rate, a marker of disease activity . Separate studies report that serum concentrations

of LXA , RvD1 and RvE1 are significantly reduced in patients with active RA when compared with those in

remission . Furthermore, plasma SPM concentrations were observed to reflect synovial disease phatotype in RA

patients . This observation is of interest since synovial disease phototypes were recently observed to be linked

with a differential response to disease-modifying anti-rheumatic drugs . Furthermore, current approaches to

stratifying patients using their pathotype are somewhat cumbersome since they involve ultrasound guided biopsies.

Therefore, blood SPM concentrations might provide a useful alternative for patient stratification.

1.3. Vascular Disease

Atherosclerosis is characterized by the systemic activation of immune cells that are then recruited into the vascular

wall and contribute to the accumulation of lipids. Studies in experimental systems demonstrate that loss of

ALOX15, a key enzyme in SPM production, was linked with increased vascular lipid load in atherosclerosis prone

mice . Pharmacological studies demonstrate that SPM regulate various aspects of disease development.

Whereby, 15-epi-LXA  and RvE1 were observed to limit the migration of human saphenous vein SMCs and

decrease phosphorylation of the platelet-derived growth factor receptor-β . RvD1 was also observed to exert

protective activities in regulating atheroprogression by improving the uptake of apoptotic cells within atherosclerotic

lesions, reducing lesional oxidative stress and increasing the thickness of the fibrous cap. RvD2 and MaR1

regulate disease progression in experimental settings this time by reducing macrophage accumulation in vascular

tissues and increasing the number of smooth muscle cells . By contrast, RvD5  decreased disease

progression by limiting platelet leukocyte interactions .

SPM levels are also observed to be altered in humans where the concentrations of RvD1 are markedly reduced in

vulnerable regions from human carotid atherosclerotic plaques . Plasma levels of 15-epi-LXA  are significantly

lower in patients with symptomatic peripheral artery disease than in healthy volunteers . Similarly, peripheral

blood n-3 DPA-derived resolvin (RvD ) concentrations are lower in patients with cardiovascular disease when

compared with those observed in healthy volunteers . This reduction in RvD  concentrations is linked with
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an increased activation of circulating phagocytes , suggesting that these molecules might be useful indicators of

vascular disease.

1.4. Allergic Inflammation

The biological activities of SPM are also described in allergic conditions including allergic airway diseases such as

asthma and allergic rhinitis. In recent studies, RvE3 was observed to reduce the total numbers of inflammatory

cells and eosinophils recruited into the lung of mice sensitized and challenged with house dust mite. This mediator

also reduced the levels of IL-23 and IL-17 in lavage fluid and suppressed the expression of IL-23 and IL-17A

mRNA expression in lung and peribronchial lymph node. Importantly, these cellular and molecular changes were

linked with a reduction in lung resistance in mice treated with RvE3 . In a murine model of allergic asthma, RvE1

promoted a decrease in leukocyte recruitment into the lung and downregulated the expression of pro-inflammatory

cytokines in lavage fluids and in macrophages . In separate studies, the DHA-derived RvD1 and AT-RvD1 were

observed to exert protective activities in murine models of asthma. Here, RvD1 markedly decreased airway

eosinophilia and mucus metaplasia and downregulated the expression of IL-5 and IκBα degradation. AT-RvD1 also

regulated lung inflammation in these settings, leading to a marked decrease in the resolution interval for lung

eosinophilia and the expression of inflammatory peptide and lipid mediators, actions that together contributed to an

accelerated resolution of airway hyperreactivity to methacholine .

The protective activities of SPM are also observed with phagocytes from patients with asthma whereby AT-RvD1

reduced TNF-α levels in peripheral blood mononuclear cells from patients with severe asthma stimulated with

lipopolysaccharide or Dermatophagoides pteronyssinus. This SPM also increased phagocytosis of apoptotic

neutrophils by monocytes from patients with severe asthma . PD1 was recently observed to display protective

activities in regulating eosinophil biology, a key cell type linked with the propagation of allergic inflammation.

Indeed, this SPM limited chemotaxis of these cells towards CCL11/eotaxin-1 and 5-oxo-eicosatetraenoic acid. PD1

also modulated the expression of the adhesion molecules CD11b and L-selectin on these cells .

1.5. COVID-19

The potent bioactions of SPM in regulating both innate and adaptive immune responses, together with a mounting

body of evidence suggesting that the production of these mediators may be dysregulated in hospitalized patients

with COVID-19, have sparked interest in evaluating whether these molecules could provide novel leads in treating

the excessive inflammatory response observed in these patients. While the direct evidence on the therapeutic

potential of these molecules in COVID-19 is at present limited, studied performed thus far in these patients, as well

as in other respiratory viral infections such as H1N1, are encouraging. Indeed, in recent studies the incubation of

phagocytes from COVID-19 with SPM rectifies their abilities to uptake and kill bacteria. These mediators also

downregulate the expression of activation markers on circulating phagocytes, including tissue factor (CD142),

which was recently linked with an increased risk of thrombosis in these patients . Furthermore, RvD2, RvD3,

MCTR3 and PCTR3 downregulated the expression of inflammatory cytokines in monocyte-derived macrophages

from patients with COVID-19, including IFNγ and TNF-α . In murine studies with influenza infections, the
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protectin family of mediators was observed to both regulate the inflammatory response and limit viral replication by

inhibiting the viral export machinery . By contrast, the D-series resolving precursor 17-HDHA increased antigen-

specific Ab titers to pH1N1 virus. 17-HDHA also increased the number of antigen-specific antigen-secreting cells

present in the bone marrow. Intriguingly, the 17-HDHA-mediated-increased antigen production was more protective

against live pH1N1 influenza infection in mice . Together, these findings suggest that SPM may hold promise as

new therapeutics for COVID-19 by reprogramming both the innate and adaptive arms of the immune response to

decrease inflammation and enhance anti-viral immunity.

2. SPM as Biomarkers for Determining Therapeutic Efficacy
of Anti-Inflammatory Drugs

Studies investigating the mechanisms of action of several widely used therapeutics such as statins and aspirin

suggest a role for SPM in mediating their anti-inflammatory activities. For example, aspirin, in addition to inhibiting

prostaglandin and thromboxane formation, promotes the formation epimeric forms of the resolvins, protectins and

lipoxins via the acetylation of COX-2 . Indeed, this reaction ablates the ability of the enzyme to catalyze the

formation of PGG  while retaining its ability to oxygenate AA on carbon 15 and DHA on carbon 17. These

mediators display similar binding affinities to the cognate receptor for the ALOX-derived molecules while displaying

enhanced stability to metabolic inactivation . The ability of aspirin, in particular low dose aspirin, to upregulate

the formation of these molecules was also established in humans, whereby Chiang and colleagues demonstrated

in a randomized trial that low dose aspirin, at variance to high dose aspirin, upregulated plasma 15-epi-LXA  (also

referred to as AT-LXA ) concentrations . Intriguingly, the ability of aspirin to increase 15-epi-LXA  concentrations

in healthy volunteers was observed to be dependent on gender and age. Where, a positive correlation was

observed in females with age, whilst a negative correlation was found in males in the ability of aspirin to increase

plasma 15-epi-LXA  . The gender-specific differences in AT-SPM regulation appear to be tissue or potentially

condition-specific. In a separate study, the regulation of 15-epi-LXA  by aspirin in gingival crevicular fluid of patients

with periodontal disease was not observed to be different between males and females . These findings suggest

that while aspirin may regulate the formation of AT-SPM in distinct tissues; factors such as age, gender and

disease may have an influence on the individual mediators being regulated (i.e., 15-epi-LXA  vs. 17R-RvD1 vs.

17R-PD1) and the direction of change (i.e., upregulated or downregulated). Thus, future studies will need to

establish which of these autacoids is diagnostic of aspirin efficacy in specific patient populations and target tissue

or fluid (e.g., plasma).

Another class of drugs that regulates SPM formation is the statins. In experimental lung inflammation, Lovastatin

increases 15-epi-LXA  concentrations via the upregulation of 14,15-epoxyeicosatrienoic acid by airway epithelial

cells . Atorvastatin was observed to also upregulate 15-epi-LXA  levels in the heart, albeit via a different

mechanism to that observed in the lung. Indeed, atorvastatin regulates cyclooxygenase-2 and 5-lipoxygenase

activity to increase 15-epi-LXA  levels . In vascular endothelial cells, atorvastatin also regulates COX-2 activity

by promoting nitrosylation of the enzyme, a reaction that was dependent on the activity of the nitric oxide synthase

. This mechanism contributed to the upregulation of 13-series resolvins (RvT) that display potent immune
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regulatory activity on phagocytes. Indeed, pharmacological inhibition of COX-2 activity blocked RvT formation and

reversed the protective activities of atorvastatin in both experimental joint inflammation and bacterial infections 

.

Recent studies suggest that dexamethasone may also upregulate SPM formation . In experimental allergic

inflammation levels of the DHA-derived protectins and those of resolvin pathway marker 17-HDHA were increased

by this corticosteroid. This regulation of SPM levels by this potent anti-inflammatory drug was retained in human

airway inflammation, with levels of several SPM, including the DHA-derived PD1 and the n-3 DPA-derived MaR1

, being markedly upregulated in plasma of patients with COVID-19 treated with dexamethasone . Intriguingly,

these observations were linked with the upregulation of several SPM biosynthetic enzymes in circulating

leukocytes from patients treated with dexamethasone . These observations suggest that dexamethasone

increases SPM formation by regulating the expression of their biosynthetic enzymes.

3. Potential for the Use of SPM as Biomarkers for
Determining the Utility of Omega-3 Supplements in
Regulating Inflammation

Omega-3 supplements have long been held to exert beneficial actions in the regulation of inflammation with a

plethora of studies in experimental systems supporting their utility in a range of inflammatory conditions, including

cardiovascular disease and arthritis . The evidence in humans has been less clear-cut, with studies

observing both beneficial and potentially harmful effects or no effects. One should note that studies in humans

have used a wide range of doses as well as forms of these fatty acids and the influence of these variables on their

bioavailability, amongst others, are not fully understood. Given that omega-3 fatty acids are substrates in the

formation of SPM, several groups have investigated whether the beneficial actions of these supplements are at

least in part linked with the upregulation of these protective autacoids. Studies conducted in humans appear to

support this hypothesis. In patients with minor cognitive impairment, the administration of an omega-3 supplement

increased plasma RvD1 concentrations and improved cognitive function in these patients . Of note, the epimeric

form of RvD1, 17R-RvD1, which exerts its biological actions via the same receptors, was previously reported to

also limit post-operative cognitive decline in an experimental model of surgical-induced cognitive decline . In

patients with chronic kidney disease, supplementation with omega-3 fatty acids led to an increased production of

SPM, primarily RvE1, RvE2, RvE3 and RvD5, by isolated peripheral blood neutrophils. This increase in SPM

production was linked with a decrease in myeloperoxidase levels, a marker of neutrophil activation, in plasma from

patients receiving omega-3 fatty acids .

Recent studies have also started to address the pharmacokinetics of omega-3 supplements by using SPM as

functional biomarkers. In studies performed in healthy volunteers, plasma SPM concentrations reached a

maximum as early as 2 h after the oral ingestion of the supplement . This increase was also dependent on the

initial dose of omega-3 supplement provided, establishing a link between substrate availability and conversion to

SPM. Furthermore, in these studies plasma levels of several SPM were correlated with changes in both peripheral

blood phagocyte and platelet activation. Of note, plasma levels of these autacoids also rapidly decreased in
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peripheral blood of healthy volunteers given a single dose of omega-3 supplement, returning to baseline values

between 2–24 h after supplementation depending on the supplement dose administered. This observation is in line

with the biology of SPM, whereby, as autacoids, these molecules are further metabolized and cleared from the

tissue. Experimental evidence obtained so far on the kinetics of these processes has primarily focused on in vitro

systems, demonstrating that the rates of conversion of these autacoids varies between different molecules 

. Furthermore, some of the further metabolites described for these molecules retain the biological activities of

the parent molecule . These aspects will need to be taken into consideration when devising strategies to

monitor supplement efficacy in patient populations.

Notably, in instances where supplements are administered over longer periods to those employed, there may be

some flexibility regarding the timing employed between supplementation and sample collection. These patients

were administered the supplement for 7 days and then blood was collected. Here, plasma SPM levels of these

autacoids were elevated several hours after the administration of the last supplement dose compared to pre-

supplement levels. These findings suggest that chronic administration may result in sustained substrate release,

likely from esterified pools that can support SPM formation for longer periods to those achieved with a single

equivalent supplement dose. Furthermore, plasma SPM concentrations in patients with periphery artery disease

were increased in dose-dependent manner, an increase that was linked with changes in peripheral blood

phagocytes response . Together these observations lend support to the potential utility of peripheral blood SPM

as functional biomarkers in determining the efficacy of supplementation at regulating inflammation.
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