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Abstract

Several lipoxygenase enzymes and cyclooxygenase-2 stereoselectively convert the polyunsaturated 

fatty acids arachidonic acid, eicosapentaenoic acid, docosahexaenoic acid, and n-3 

docosapentaenoic acid into numerous oxygenated products. Biosynthetic pathway studies have 

shown, during the resolution phase of acute inflammation, that distinct families of endogenous 

products are formed. These products were named specialized pro-resolving mediators, given their 

specialized functions in the inflammation-resolution circuit, enhancing the return of inflamed and 

injured tissue to homeostasis. The lipoxins, resolvins, protectins and maresins, together with the 

sulfido-conjugates of the resolvins, protectins and maresins, constitute the four individual families 

of these local mediators. When administrated in vivo in a wide range of human disease models, 

the specialized pro-resolving mediators display potent bioactions. The detailed and individual 

biosynthetic steps constituting the biochemical pathways, the metabolism, recent reports on 

structure-function studies and pharmacodynamic data of the protectins, are presented herein. 

Emphasis are on the structure-function results on the recent members of the sulfido conjugated 

protectins and further metabolism of protectin D1. Moreover, the members of the individual 

families of specialized pro-resolving mediators and their biosynthetic precursor is presented. 

Today 43 specialized pro-resolving mediators possessing pro-resolution and anti-inflammatory 

bioactions are reported and confirmed, constituting a basis for resolution pharmacology. This 

emerging biomedical field provides a new approach for drug discovery, that is also discussed.
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1. Introduction

The polyunsaturated fatty acids (PUFAs) arachidonic acid (AA), eicosapentaenoic acid 

(EPA), docosahexaenoic acid (DHA) and n-3 docosapentaenoic acid (n-3 DPA) are each 

substrates in the biosynthesis of numerous oxygenated and hydroxy products involved in 

the physiology and local acute inflammatory response of living organisms [1]. When this 

response is unresolved or fails to resolve, a low-level, harmful and ongoing inflammatory 

condition is associated with and amplifies many widely occurring human diseases, where the 

oxygenated PUFA biosynthesis products, e.g. prostaglandins and leukotrienes, are elevated 

within disease tissues compared to healthy tissues. Using an unbiased lipidomics and system 

approach, Serhan and co-workers reported in 2002 the biosynthetic formation, isolation and 

structural elucidations of several novel DHA oxygenated products, including a dihydroxy 

and E,E,Z-conjugated triene [2]. The EPA derived products, present in inflammatory 

exudates, were identified some years earlier [3], which opened this new line of research 

[4]. The overall strategy involved the isolation of potent bioactive molecules from self-

limited acute inflammatory exudates in the resolution phase, determine their biosynthesis 

and proposed structures, followed by confirming their potent pro-resolving actions using 

materials prepared via stereoselective total synthesis and matching studies to establish their 

stereochemical assignment. These endeavors were performed for each of the new mediators. 

Matching studies are needed since the endogenous mediators were produced in too low 

quantities to obtain direct NMR evidence [3]. Thus, the detailed biochemical pathways or 

their complete chemical structures, namely stereochemistry, were not disclosed in these 

original studies that focused on their potent novel bioactions [2], [5], [6]. In 2005 this 

dihydroxy and E,E,Z-conjugated product was named protectin D1 (PD1) [6]. The name 

neuroprotectin D1 (NPD1) was also introduced and used in order to denote its presence in 

neural cells [7]. Of note, the biochemical pathway and the chemical structure are identical 

for PD1 and NPD1. PD1 activates inflammation-resolution programs [8] and belongs to a 

novel class of lipid mediators termed specialized pro-resolving mediators (SPMs) [9]. As 

of today, 33 members of the oxygenated polyunsaturated SPMs have been reported that are 

biosynthetically formed by different lipid oxygenase (LOX) enzymes (Figure 1). In addition, 

aspirin acetylated cyclooxygenase-2 (COX-2) forms six R-configured epimers, while native 

COX-2 gives rise to four resolvins of the T-series of SPMs [9] (Figure 1). While the number 

of pro-resolving mediators appears high, 43 is still far less than the many pro-inflammatory 

mediators that orchestrate the initiation phase of the acute inflammatory response in vivo, 

which reaches into the hundreds of molecules, e.g. prostaglandins, leukotrienes, gases such 

as nitric oxides and carbon monoxide, as well as the many chemokines, cytokines and 

complement components. Of interest, the SPMs are more potent on the tissue and cellular 

level than the many initiator peptides which require micromolar range to effect leukocyte 

trafficking in vivo. SPMs each stop leukocyte migration, trans-migration (epithelial and 

endothelial) as well as chemotaxis in the pico- to nanograms range as assessed using 

microfluidic system to obtain direct evidence with human leukocytes [10], [11], [12].

The biosynthetic pathways of SPMs, including the protectins, often involve the activation 

of polymorphonuclear leukocytes (PMNs) and transcellular cooperation where the first 

oxygenation product is transferred to a neighboring cell site for a second oxygenation step 
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[5], [9]. The SPMs, including the protectins, have attracted a great interest in the biomedical 

field, since their function in inflammation is to limit the magnitude and duration of the acute 

inflammatory response and govern tissue regeneration [8]. Moreover, SPMs are resolution 

agonists towards individual G-protein coupled receptors (GPCRs), with low nanomolar 

EC50- and KD-values. Altogether, these bioactions constitute an organizational principle in 

medicine and biology [9]. Due to these bioactions, as well as the non-toxic and non-immune 

suppressive properties of these endogenously produced mediators, SPMs are interesting 

leads for developing drugs related to resolution pharmacology [13], [14].

The protectins defend the host from bacterial [15] and viral infections [16], [17] by 

enhancing the killing and clearance of microbes. In addition, PD1 also display potent and 

interesting neuroprotective effects in neuronal systems [7], and this SPM has entered clinical 

trial development programs [18]. The established biochemical pathways of the protectins 

will be discussed in detail vide infra, but also the metabolites and structure-functions 

focusing on novel protectins and synthetic analogs, as well as pharmacodynamic data, will 

be presented.

2. Biosynthesis of the protectins

Among the several LOX enzymes known, the biosynthesis of the SPMs uses arachidonic 

acid 5-lipoxygenase (5-LOX/ALOX5/5-LO) and different types of arachidonic acid 12- and 

15-lipoxygenating paralogues (15-LOX1/ALOX15/15-LO1; 15-LOX2/ALOX15B/15-LO2; 

12-LOX/ALOX12, 12-LO). The term 15-LOX will be used. The LOXs belong to a family 

of non-heme iron-containing dioxygenase enzymes that insert molecular oxygen (oxygenate) 

into a PUFA that contain one or more Z,Z-1,4-pentadiene moieties, via consecutive and 

distinct, stereoselective biosynthetic steps that predominately insert molecular oxygen in 

the S-configuration, due to a concomitant antarafacial abstraction of hydrogen [19]. The 

15-LOX types 1 and 2, where the number 15 is derived from the carbon position of the first 

oxygenation of AA, catalyze the formation of the hydroperoxide coined 17(S)-HpDHA in 

human whole blood, human leukocytes, human glial cells, and mouse brain [20] with DHA 

as substrate. This highly reactive hydroperoxide is formed after a hydrogen abstraction, 

that occurs in an antarafacial manner at C15 in DHA, producing a carbon based radical 

that enables simultaneous insertion of molecular oxygen at C17. This gives a peroxyl 

radical that is reduced to the secondary hydroperoxide named 17S-HpDHA, see Figure 

3. Of note, a conjugated E,Z-diene is formed [19] that is thermodynamically more stable 

than a skipped Z,Z-diene and also UV-active [21]. In the following biosynthetic step, the 

reactive and short-lived 17S-HpDHA intermediate undergoes a second hydrogen abstraction 

at C12, followed by an intramolecular attack at C16 by the oxygen atom at C17, resulting 

in the formation of an epoxide under the resulting loss of water (Figure 3). The hydrogen 

abstraction at C12 also forms a conjugated E,Z-diene moiety, constituting the C10-C13 

carbon atoms in the epoxide intermediate, that was named 16S,17S-epoxyprotectin [22]. 

This biosynthetic intermediate contains an UV-active triene with the 10Z,12E,14E geometry, 

counting from C1 (Figure 3). The bond angles of an epoxide deviate largely from the 

tetrahedral angle of 109.5 degrees, present in other sp3-hybridized carbon atoms, resulting 

in a high amount of ring-strain for the epoxide in 16S,17S-epoxyprotectin, where the 

bond angles are closer to 60 degrees. This provides a rational for the high chemical 
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reactivity in saline buffered solution at pH 7.45 where a T50-value of ~19 seconds was 

determined [22]. A stereoselective nucleophilic addition of water then occurs at C10, 

catalyzed by an unidentified hydrolase. This biosynthetic opening of the 16S,17S-epoxide 

produces PD1. This process must be catalyzed and controlled by an enzyme, since the 

triene geometry in PD1 is altered from a 10Z,12E,14E triene to 11E,13E,15Z, and the 

chiral center at C-10 is formed in a stereospecific manner with the R-configuration, as 

evidenced by performing matching experiments with synthetic material of PD1 [23], [24], 

[25]. The configuration at C17 is kept with the S-configuration during these biosynthetic 

steps. Addition of water to activated double bonds, such as the C10-C11 double bond 

in 16S,17S-epoxyprotectin is well-established in biochemistry [19], [26] and organic 

chemistry. These steps are envisioned to occur via a highly conjugated and stabilized double 

allylic carbocation intermediate (Figure 3). Of note, the biochemical mediated addition of 

oxygen by 15-LOX at C-10, produces the double-dioxygenation product [2], [5] that was 

later named PDX [27]. PDX contains the 11E,13Z,15E-triene and 10S-configuration, and 

is therefore a stereoisomer (diastereomer) of PD1. However, non-enzymatic opening of 

16S,17S-epoxyprotectin yields two diastereomers of PD1, named 10-epi-S-15-Δ-trans PD1 

and 15-Δ-trans PD1, respectively (Figure 3). These two stereoisomers of PD1 contain an 

11E,13E,15E-triene. Such E,E,E-conjugated trienes are thermodynamically more stable than 

the trienes present in PD1 and in PDX. Of biological importance, the 15-Δ-trans-PD1 isomer 

is inactive in human neutrophil transmigration and did not show any anti-inflammatory 

activities [25]. Similar results were reported for the 10S-epimer, named 10-epi-S-15-Δ-trans-

PD1. The E,E,E-substituted stereoisomers of PD1 were biosynthesized in minute amounts 

compared to PD1, but the 15-Δ-trans-PD1 isomer was isolated using HPLC-chromatography 

[25]. The unnatural 10S-epimer of PD1 was synthesized in a highly stereoselective manner 

and subjected to in vivo studies using a peritonitis mouse model [25]. These in vivo studies, 

comparing PD1 against PDX, 10S-epimer and 15-Δ-trans-PD1, showed that 1 ng/mouse 

of PD1 inhibited PMN infiltration within the mice exudates. At 100 ng/mouse, PDX was 

active, but display significantly lower PMN inhibition than PD1 at this dose. The 15-Δ-trans-

PD1 was essential inactive at 100 ng/mouse. Hence, these results support that PD1 shows 

potent stereoselective anti-inflammatory activities.

Moreover, the enzymatically controlled stereo- and regioselective nucleophilic addition 

of water at C16, produces PD2 (Figure 4). This biosynthetic step occurs in a SN2-type 

reaction at the more activated allylic C16 atom in 16S,17S-epoxyprotectin [22], see Figure 

4. Also, for this biosynthetic step the hydrolase is unknown at this time, but again enzymatic 

reactions must occur due to two reasons: i) stereochemical control is observed regarding the 

newly formed R-configured carbon atom at C16; and ii) the 10Z,12E,14E triene geometry 

found in PD2 is preserved from its epoxide precursor.

In 2014, Dalli, Chiang and Serhan reported the identification of several potent sulfido-

conjugated SPMs, biosynthesized during self-limited infections and in human milk [28]. The 

following year, these 17-series sulfido-conjugates of the protectins were named protectin 

conjugates in tissue regeneration 1–3 and abbreviated PCTR1, PCTR2 and PCTR3 [29], 

respectively, see Figure 5 for chemical structures.
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3. Structure-functions of the protectins

There are several review articles on the early reports on the bioactions of PD1 that can be 

consulted [9], [13], [23]. In this section, the bioactions of the more recently reported sulfido 

protectin conjugates and some synthetic protectin analogs, will be presented. However, some 

examples of prominent bioactions of the protectins are listed in Table 1.

The protectins and other SPMs have been studied for their resolution actions in several in 

human disease models, see Table 2 for some highlight studies on the protectins.

The novel conjugated protectins promote clearance of bacteria and enhance tissue 

regeneration [9]. Among these, PCTR1 showed organ protection exposed to inflammatory 

conditions and upregulation of proteins involved in tissue repair [28]. The sulfido-

conjugates of the resolvin and maresin families, as for the three novel protectins 

PCTR1, PCTR2 and PCTR3, proved to be 13-glutathionyl,14-hydroxy-docosahexaenoic 

acid, 13-cysteinylglycinyl, 14-hydroxy-docosahexaenoic acid and 13-glycinyl, 14-hydroxy-

docosahexaenoic acid, respectively [28], [29]. Further studies showed that PCTR1 enabled 

the rescue of Escherichia coli (E. coli) infection mediated delay in tissue regeneration 

intervals in planaria, lowered to ~3.7 days, while control experiments without PCTR1 

required ~4.2 days [28]. Moreover, these novel SPMs protected mice from second-organ 

reflow injury and promoted injury repair via limiting neutrophil infiltration. Furthermore, 

in the nanomolar range, these protectin conjugates also limited the neutrophil infiltration 

and stimulated bacterial phagocytosis clearance and efferocytosis of apoptotic cells 

[28]. Additional studies have shown that PCTR1 is temporally regulated during self-

resolving infection, enhance macrophage recruitment and phagocytosis of E. coli, but also 

decrease PMN infiltration [29]. These bioactions counter the formation and regulation of 

inflammation-initiating lipid mediators, e.g., prostaglandins and leukotrienes. In addition, 

biologically produced PCTR1 promoted human monocyte and macrophage migration 

in a concentration-dependent manner (0.001–10.0 nM) [28]. PCTR1 has been prepared 

by stereoselective total synthesis, via synthetic 16S,17S-epoxyprotectin [30], [31], that 

contributed to its exact structural elucidation and configuration assignment, see Figure 

5. Synthetic PCTR1 showed increased macrophage and monocyte migration, enhanced 

macrophage efferocytosis and accelerated tissue regeneration in planaria [30]. Moreover, it 

was reported that PCTR1 levels were significantly higher in M2 macrophages than in the 

M1 phenotype [30]. Altogether, these findings show that PCTR1 is a potent monocyte 

and macrophage agonist regulating key anti-inflammatory and pro-resolving processes 

during bacterial infections. Recently, it was reported that enhancement of skin wound 

repair associated with bacterial clearance was mediated by PCTR1 [32]. Stimulation of 

keratinocyte migration, essential in re-establishment of disrupted epithelial layer in skin 

wounds, was observed in the presence of 10 nM of PCTR1. Also, the level of cyclic 

adenosine monophosphate was raised. However, these effects were not observed when cells 

were pretreated with the protein kinase A inhibitor H89 [32]. These results render support 

that PCTR1 is an agonist of human keratinocyte migration. Furthermore, topical application 

of PCTR1 (100 ng/day) to mice with full-thickness dorsal skin wounds, showed enhanced 

wound closure in the early stages of wounding, in accordance with accelerated keratinocyte 

migration [32]. Recently Levy and co-workers, using a mice model of respiratory syncytial 
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virus (RSV) pneumonia, reported that PCTR1 and PD1 each reduced the viral load in mice, 

dampening lung inflammation significantly [33]. Moreover, when PCTR1 was administrated 

post-infection, the levels of eosinophils, neutrophils and NK cells were all reduced; the same 

was observed for the interferon-gamma production by lung CD4+ T cells [33]. Of interest, 

PCTR1 and PD1 each enhanced interferon-lambda expression in human bronchial epithelial 

cells. In vivo studies, combined with LC/MS-MS analyses of lung exudates, showed that the 

resolution of RSV infected mice was associated with increased levels of both PCTR1 and 

PD1, while the levels of cysteinyl-leukotrienes decreased, compared to pre-infection levels 

[33]. Hence, PCTR1 and PD1 are each regulated during RSV pneumonia infections. Taken 

together, these results clearly demonstrate that these two protectins display distinct, as well 

as overlying, pro-resolution mechanisms in RSV pneumonia infections [33].

In order to advance structure-function relationships of each SPMs, including the protectins, 

stereoselective total synthesis are in demand [23]. PD1 [25], [34], [35], [36] and its C-17R 
epimer named 17R-PD1 [37], the PCTRs1–3 [31] as well as PDX [38], have each been 

targets for stereoselective total synthesis. These efforts have produced stereochemically 

defined materials essential for configurational assignments and biosynthetic studies [35]. 

These protectins are now commercially available from Cayman Chemicals, enabling many 

other groups to investigate the exciting biology and pharmacology of the protectins. In 

particular useful for biosynthetic investigations and structural elucidations, have been 

the use of data from matching studies using multiple reaction monitoring (MRM) LC/

MS-MS experiments, combined with UV-data [3]. Comparing data from the UV- and 

the LC/MS-MS experiments of biogenetic materials of the protectins with their synthetic 

materials, have provided direct evidence for the biosynthetic pathways and chemical 

structures presented in Figures 3–5. Moreover, isotopic oxygen incorporation experiments 

with 18-labelled water and acidic alcohol solutions for the investigations of formation 

of products from an epoxide intermediate, were performed during early biosynthetic 

investigations on PD1 [34]. Recently, Holman and co-workers reported in vitro biosynthetic 

experiments confirming the existence of 16S,17S-epoxyprotectin and its formation by 

human recombinant 15-LOX1 and 12-LOX enzymes, with the former being far more 

efficient [39]. These authors also reported the biosynthetic formation of PD1 and PDX 

from 15-LOX1 from the 16S,17S-epoxyprotectin intermediate [22], providing additional 

support for the in vivo biosynthetic pathways presented in Figure 3 [39], with 16S,17S-

epoxyprotectin as a common intermediate. The double dioxygenation product named PDX 

has also been the subject of biological studies as reviewed in [27]. Here we highlight 

that this oxygenated lipid, when administrated perioperative to mice, reduced leukocyte 

infiltration into surgically manipulated muscularis externa and improved gastrointestinal 

motility. Of interest, 12/15-lipoxygenase-deficient mice showed increased postoperative 

leukocyte levels, while intravenous administration of an enriched docosahexaenoic acid lipid 

emulsion reduced postoperative leukocyte infiltration in wild-type mice [40]. Moreover, 

in 12/15-lipoxygenase-deficient mice, PDX reduced leukocyte influx and rescued 12/15-

lipoxygenase-deficient mice from postoperative ileus, demonstrating the pro-resolving 

properties of this protectin [40]. Imai and co-workers used PDX and found that its 

biosynthesis was suppressed during severe influenza caused by H5N1 viruses [16]. The 

biosynthetic formation of PDX was genetically correlated to the 12/15-lipoxygenase activity, 
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in accord with the biosynthesis presented in Figure 3. It was observed that mice suffering 

severe influenza induced by H5N1 viruses, the survival level was significantly raised when 

1 μg/mouse/day of PDX was administrated intravenously [16]. The roles bioactive lipid 

mediators, biosynthesized within the host, play in virus infections have been reviewed [41]. 

Of note, Levy and Serhan reported already in 2007 that PD1 lessen airway inflammation 

[42], a condition patients with viral lung infections often suffer.

4. Biochemical further local metabolism of protectin D1

In their seminal 2002 article, Serhan and co-workers also disclosed that a trihydroxy C22 

compound was present in inflammatory exudates [2], with a similar UV-spectrum as PD1. 

The LC/MS-MS data revealed that this compound was the ω-C22 hydroxylated metabolite 

of PD1 that was named 22-OH-PD1, see Figure 6.

In 2014, a stereoselective synthesis of 22-OH-PD1 was reported [43], that allowed the 

complete structural assignment and biological evaluations of this metabolite. Of interest, 

and in contrast to the ω-C20 hydroxylated and the ω-C20 carboxylic acid metabolites 

of leukotriene B4 that are inactive [44], the metabolite 22-OH-PD1 displays biological 

activity. Nanomolar pro-resolving actions by inhibiting PMN chemotaxis in vivo and in 

vitro, comparable to the SPM PD1, were observed [43]. Also, in inflammatory exudates, the 

chemotaxis of pro-inflammatory interleukin-8 and leukotriene B4 were significantly reduced 

by low nanomolar (0.01–10 nM) concentrations of 22-OH-PD1. These results inspired 

the stereoselective preparation of the synthetic analog coined 22-F-PD1 [45], where the 

fluorine atom has replaced one of the three hydrogen atoms at C22 in PD1, or the primary 

alcohol in 22-OH-PD1 at C22, see Figure 6. The synthetic 22-F-PD1 analog showed potent 

pro-resolving and anti-inflammatory properties. Using E. coli infected mice, both PD1 

and 22-F-PD1 (100 ng/mouse of each), when administrated via intraperitoneal injection, 

revealed a significant reduction of neutrophil recruitment [45]. Furthermore, 22-F-PD1, in 

the range of 0.001 nM to 10 nM, enhanced human macrophage efferocytosis of apoptotic 

PMN [45]. Of note, 22-F-PD1 showed reduced activity in a CYP4F3B assay. Recently, 

Sala and co-workers reported studies on the further metabolism of PD1 [46] in HEPG2 

cells expressed with Cyp450 enzymes. These studies demonstrated the formation of the 

C20 and the C18 metabolites of PD1, named dinor-PD1 and tetranor-PD1, respectively. The 

C20 metabolite dinor-PD1 is the result of one cycle of β-oxidation metabolism, while an 

additional one gives tetranor-PD1. These authors were not able to identify the presence of 

PD1 or any of the two β-oxidation products in urine [46]. However, this should not come 

as a surprise, since the total amount of all SPMs detected in urine have been reported 

to be in the pico- to nanomolar range in a study from Japan [47], where n-3 PUFAs 

intake is known to be higher than in Western diets [47]. Moreover, PD1 is a local acting 

mediator at the site of inflammation. Again, stereoselective synthesis was applied, making 

the C20 dinor-PD1 and the C18 tetranor-PD1 metabolites available for further biological and 

biochemical investigations [46].
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5. Synthetic protectin analogs and structure-function studies

Based on our biosynthetic studies reported in 2015 and in order to advance structure-

function relations further, it was decided to prepare a β-oxidation resistant analog of n-3 

DPA, as well as a protectin analog based on PD1 and its congener PD1n-3 DPA; the 

latter also displays potent hallmark bioactions of protectins [48], [49], [50]. These two 

analogs were named 3-oxa n-3 DPA, where the methylene group at C3 in n-3 DPA was 

replaced with an oxygen atom [51], [52], and 3-oxa PD1n-3 DPA [53], respectively. The 

synthetic PUFA analog 3-oxa n-3 DPA was subjected to enzymatic studies that showed 

the formation of mono-hydroxylated products in the presence of 5-LOX, 12-LOX, 15-LOX 

and COX-2 [52]. The synthetic protectin analog 3-oxa PD1n-3 DPA, together with PD1 

and PD1n-3 DPA, were used for in vivo studies in a model of T-cell lymphoma induced 

chronic itch [53]. These studies revealed that a notable reduction of itch was observed for 

all protectins after intrathecal administration in the presence of 30, 100 or 300 pmol of 

each protectin. The effect was sustained after three and five hours for PD1 and the 3-oxa 

analog, but was lost for PD1n-3 DPA after five hours, most likely due to a faster metabolism 

of this protectin, lacking the Z double bond at the C4-C5-position. These observations 

are in line with the fast β-oxidative pathway reported by Sala and co-workers for PD1 

[46]. Moreover, these three compounds were subjected to a mouse model of Streptocozin 
induced neuropathic pain, that showed potent pain relief for all three protectins, again 

in the 30 to 300 pmol range [53]. The synthetic analog 3-oxa PD1n-3 DPA is a useful 

pharmacological tool in metabolic and structure functions studies of the protectins. Over 

the last decade, several examples of SPMs, including the two protectins PD1n-3 DPA and 

PD2n-3 DPA, have been reported biosynthesized from the PUFA n-3 DPA, outlined in Figure 

1. The readers should consult the reviews listed as reference [50] and [54], regarding 

bioactions and biosynthetic pathway studies of PD1n-3 DPA, respectively. This SPM is a 

congener of PD1 and shares many of the hallmarks bioactivities associated with PD1 and 

other n-3 DPA derived SPMs [48], [49], as well at the biochemical pathway [55] and 

metabolism [56]. The biosynthetic formation of PD1n-3 DPA and PD2n-3 DPA was found to 

be important in the differentiation of monocytes to macrophages [55]. Of note, deficiencies 

in this pathway during macrophage differentiation results in impaired monocyte-derived 

macrophage responses [57]. Moreover, Perretti and co-workers reported that PD1n-3 DPA 

potently provided tissue protective effects in the nanomolar range in intestinal inflammation 

using experimental colitis and intestinal ischemia/reperfusion-induced inflammation mice 

models [58]. Moreover, this protectin has been reported to detain epileptogenesis and 

potently promote resolution of neuroinflammation, again using experimental mice models 

[59].

6. Resolution pharmacology and drug discovery

The results listed in Tables 1 and 2 in Section 3 above provide a solid foundation for 

drug discovery and drug development efforts. As of today, several companies use SPM 

and protectins as leads for such efforts. For example, Anida Pharma is a biopharmaceutical 

company aiming to develop new treatments for amyotrophic lateral sclerosis, Parkinson’s 

disease as well as other disorders of the central nervous system, using PD1 as a lead 

compound. As the company state, Anida Pharma “is a preclinical-stage biopharmaceutical 
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company leveraging the knowledge around the body’s own homeostatic and protective 

mechanisms to address human neurodegenerative diseases with proresolving drugs based 

on PD1/NPD1 structure and bioaction in reducing neural inflammation” [60]. Thetis 

Pharmaceuticals LLC base their program on resolvin analogues for treating inflammatory 

bowel disease (IBD).

A vital advancement regarding the resolution program arrived with the discovery of new 

mechanisms in local SPM biosynthesis via microparticles [61], [62], that paved the way 

for the introduction of the concept named nanoproresolving medicine. This approach has 

shown to successfully deliver 17S-hydroxy-DHA, the reduced form of 17S-HpDHA, the 

first biosynthetic intermediate in the biosynthesis of the protectins [22], [25], [29], [30]. The 

nanoproresolving medicine approach has demonstrated its potential in human pre-clinical 

models of sepsis, where prolonged pro-resolution effects were observed [63]. The protectins 

PD2 and PD2 n-3 DPA, see Figure 2 for chemical structures, have been at this point 

investigated much less, because these were uncovered fairly recently. The two protectins, 

namely PD1 and PD2 are constitutional isomers, biosynthesized from the same epoxide 

intermediate (Figure 3). PD2 [37] and PD2 n-3 DPA [64] have both been stereoselectively 

synthesized and are available for future biological evaluations, enabling drug discovery 

studies.

7. Pharmacodynamic data

Initial investigations of PD1-receptor binding interactions using synthetic tritium-labeled 

PD1 at carbon atoms C11 and C12 of PD1, provided evidence for cell type specific binding 

of this SPM to human retinal pigment epithelial cells and leukocytes [65]. High affinity 

and stereoselective binding were observed with a KD-value of 31 nM [65]. Since the 

radiolabeled material of PD1 did not compete with resolvin E1 or lipoxin A4 towards their 

individual receptors, these data were the first evidence for specific binding towards human 

PMNs by PD1, and that PD1 exhibits high and selective affinity towards an individual 

receptor [65]. In 2018 Ji and co-workers reported that PD1 shows selective signaling and 

binding to the G-protein coupled receptor 37 (GPR37), a receptor highly expressed in 

the brain [66]. Moreover, activation of GPR37 by PD1 in human macrophages resulted 

in marked enhancement of macrophage phagocytosis of fluorescent-labelled particles [66]. 

Furthermore, the PD1-GPR37 interactions in these cell cultures suppressed the production 

of the pro-inflammatory cytokine interleukin-1β (IL-1β) and increased the expression of 

the anti-inflammatory cytokine interleukin-10 (IL-10). Of great interest and merit, Ji and 

co-workers confirmed, by using mouse models, the role of GPR37 in regulating macrophage 

phagocytosis and resolving inflammatory induced pain [66]. Overall, these findings revealed 

that PD1 interacts with the GPR37 receptor. As GPCR agonists, the SPMs play essential 

roles in the return to homeostasis, where the molecular, biochemical and cellular events 

involved have been coined catabasis [67]. In Table 3, an overview of the SPM-receptors 

and the low nanomolar EC50-values reported to date, are presented [68], [69], [70]. Of note, 

the ALX/FPR2 receptor structure was obtained, using lipidic cubic phase crystallization 

technique, in recent elegant studies from the group of Ye [71].Fluorescence resonance 

energy transfer (FRET) functional assays demonstrated the potent actions of the receptor 

agonist LXA4 and 15-epi-LXA4 [72]. Such studies advancing the understanding on how 
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SPM receptors are activated and how their downstream signaling functions, as well as 

determining the structures of GPCRs activated by SPMs, will altogether aid efforts towards 

drug discovery and drug development based on resolution pharmacology.

Conclusion

Inflammation and its natural resolution are host-protective responses triggered by infection 

and/or injury. The resolution phase of inflammation is regulated by enzymatically produced 

SPMs, as discussed in detail herein for the protectins. The protectin family of SPMs 

display high structural complexity compared to many other lipids, due to the presence of 

several stereogenic centers, both in the form of chiral, secondary alcohols and conjugated 

E- and Z-double bonds, reflecting their biochemical origins and functions. Moreover, 

stereoselective agonism towards individual GPCRs have also been reported. Elucidating 

the biosynthetic pathways and receptor effects are important in order to understand and 

appreciate the bioactivities of the protectins, but are also highly relevant for the resolution 

pharmacology field [73]. Today this an attractive and rapidly maturing field of biomedical 

research, exemplified by recent findings [74], [75], [76]. For example, Nguyen-Chi and 

co-workers discovered that during wound healing in Zebra fish, PD1 mediated a macrophage 

phenotype switch to the M2 phenotype that is required for wound healing [74]. This process 

was governed by 15-LOX, the key enzyme in the biosynthesis of PD1 [74]. Earlier Yao 

and co-workers reported that PDX increased the survival rates of mice suffering sepsis 

and that the percentage of M2 macrophages in peritoneum of septic mice was elevated 

[75]. Data from these studies revealed that PDX promoted macrophage M2 polarization 

and increased phagocytosis in macrophages, resulting in resolution of inflammation and 

thereby contributing to higher survival rate of septic mice [75]. Also recently, Hu et al. 

showed that PDX stimulated the resolution of inflammation in rat, using a model of acute 

respiratory distress syndrome, a disease associated with inflammatory conditions [76]. These 

authors also reported that PDX activated the prostaglandin DP1 receptor, via biosynthesis of 

prostaglandin D1 during resolution processes, rendering evidence for a new mechanism for 

resolution of inflammation mediated by PDX.

The protectins are exciting, potent, non-toxic resolution agonists that activates individual 

GPCRs. Such bioactions are of interest in drug discovery programs towards developing new 

drugs without immunosuppressive properties for treatment of inflammatory driven diseases 

[13], [14], [73]. Reports from the nanoproresolving medicine studies discussed above are 

very encouraging and constitute a solid platform for further advances, also due to improved 

quantitative profiling of SPMs in human samples [77]. Last year it was 50 years since Bang 

and Dyerberg’s published their first landmark article on the levels of ω-3 PUFAs present 

in the Greenland Inuit population [78]. Based on the impact these results have had on the 

PUFA field, it is interesting to look another 30 years ahead, when the “Golden Anniversary” 

occurs on the first report of a protectin SPM. Based on the early impact the protectins have 

had on the biomedical field and resolution pharmacology, we envision further advances in 

basic science enabling translational projects within drug discovery, as has been observed for 

other oxygenated PUFA products [79].
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Figure 1. 
An outline of the individual families of SPMs biosynthesized from PUFAs. The protectins, 

marked in blue, are the focus of this review. RCTRs: resolvin conjugates in tissue 

regeneration 1–3; PCTRs: protectin conjugates in tissue regeneration 1–3; MCTRs: maresin 

conjugates in tissue regeneration 1–3.
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Figure 2. 
Chemical structures of protectin D1 (PD1) and protectin D2 (PD2), biosynthesized from 

DHA, and the more recent members PD1n-3 DPA and PD2n-3 DPA, biosynthesized from n-3 

DPA. PD1n-3 DPA and PD2n-3 DPA are congeners of PD1 and PD2, respectively, due to the 

lack of the Z-configured C4-C5 double bond in their n-3 DPA precursor.
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Figure 3. 
The detailed biosynthetic pathways of PD1 and PDX from the common intermediate 

16S,17S-epoxyprotectin. The non-enzymatically formed stereoisomers are also shown.
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Figure 4. 
Biosynthesis of PD2 occurs stereoselectively in a SN2-type reaction.
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Figure 5. 
Biosynthesis, via 16S,17S-epoxyprotectin, of the sulfido protectin conjugate PCTR1 and its 

enzymatic conversion into PCTR2 and PCTR3.
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Figure 6. 
Outline of the enzymatic conversion of PD1 into the metabolites 22-OH-PD1, dinor-PD1 

and tetranor-PD1. The synthetic analogs 22-F-PD1 and 3-oxa-PD1n-3 DPA are also shown.
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Table 1.

Examples of pro-resolving mechanisms of protectins. Please see text for key references and reviews [9], [13] 

and [23] for further details.

Mechanism Cellular Function Protectin

Efferocytosis Upregulate PD1, PD2, PCTR1-3, PD1n-3 DPA

Phagocytosis Upregulate PD1, PD2, PCTR1-3, PD1n-3 DPA

Bacterial clearance Enhance PD1, PCTR1-3

Neuroprotection Enhance PD1

Leukocyte infiltration Limit PD1, PD2, PCTR1-3, PD1n-3 DPA

NF-KB signaling Downregulate PD1

COX-2 activation Inhibition PD1

Pro-inflammatory chemokines and cytokines Downregulate PD1, PD1n-3 DPA

Inflammasome formation Downregulate PD1

T-cell migration Regulate PD1
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Table 2.

Protectins and their pro-resolution effects in human disease models, see reviews [9], [13] and [23] for details.

Disease Resolution Actions

Infection Levels of PD1 increased with enhanced E. coli killing and clearance in vivo in mouse peritonitis

Obesity PD1 levels were lower in obese patients compared to healthy controls

Atherosclerosis Biosynthesis of PD1 enhanced in macrophages by activation of 15-LOX

Neuroblastoma PD1 decreased in DHA-treated human neuroblastoma cells compared to control

Multiple sclerosis PD1 levels decreased in patients compared to healthy controls

Infection PD1 levels decreased in SARS-COV-2 infected patients compared to control

Sepsis Level of 17R-PD1 (epimer) increased in plasma from survivors compared to non-survivors
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Table 3.

Specialized pro-resolving mediators and reported receptors.

SPM Receptor EC50 (nM) Reference

Lipoxin A4 ALX/FRP2; GPR32/DRV1 ~1; ~10–25 68,72

Resolvin E1 BLT1; ChemR23 ~45; ~11 68

Resolvin D1 ALX/FRP2; GPR32/DRV1 ~10; ~0.2 68

Resolvin D2 GPR18/DRV2 ~10 68

Maresin 1 LGR6 ~0.7 68

Protectin D1 GPR37 ~10, 31* 66, 65

RvD1n-3 DPA ALX/FRP2; GPR32/DRV1 ~15, ~10 69

RvD5n-3 DPA GPR101 ~0.005,~6.9
# 70

*
KD-value measured against pmol/mg of cell protein, see reference 65.

#
KD-value.
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