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Abstract 

Although inflammation has a physiological role, unrestrained inflammation can be detrimental, 

causing tissue damage and disease. Under normal circumstances inflammation is self-limiting 

with induction of active resolution processes. Central to these is the generation of specialised 

pro-resolving lipid mediators (SPMs) from eicosapentaenoic acid (EPA) and docosahexaenoic 

acid (DHA). These include resolvins, protectins and maresins whose activities have been well 

described in cell and animal models. A number of SPMs have been reported in plasma or serum 

in infants, children, healthy adults and individuals with various diseases, as well as in human 

sputum, saliva, tears, breast milk, urine, synovial fluid and cerebrospinal fluid and in human 

adipose tissue, skeletal muscle, hippocampus, skin, placenta, lymphoid tissues and 

atherosclerotic plaques. Differences in SPM concentrations have been reported between health 

and disease, as would be expected. However, sometimes SPM concentrations are lower in 

disease and sometimes they are higher. Human studies report that plasma or serum 

concentrations of some SPMs can be increased by increasing intake of EPA and DHA. 

However, the relationship of specific intakes of EPA and DHA to enhancement in the 

appearance of specific SPMs is not clear and needs a more thorough investigation. This is 

important because of the potential for EPA and DHA to be used more effectively in prevention 

and treatment of inflammatory conditions. If generation of SPMs represents an important 

mechanism of action of EPA and DHA, then more needs to be known about the most effective 

strategies by which EPA and DHA can increase SPM concentrations. 
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1. Introduction and scope 

Inflammation is a normal part of the immune response. It acts to help in protection against 

pathogens and is involved in the response to injury and in wound healing [1,2]. The inflammatory 

response involves many cell types and a plethora of chemical mediators [1,2]. The latter include 

lipids, peptides, reactive oxygen species, amino acid derivatives and enzymes. The exact mix of 

chemicals produced depends upon the types of cell involved, the nature of the inflammatory 

stimulus, where the inflammation is occurring, and the stage during the inflammatory response 

[1,2]. Lipids including prostaglandins (PGs) and leukotrienes (LTs) derived from the omega-6 

(n-6) fatty acid arachidonic acid, endocannabinoids and platelet activating factor are well 

recognised mediators of inflammation and are all generated from cell membrane phospholipids, 

or their metabolic products. Because the inflammatory response is designed to be damaging to 

pathogens, it can also damage host tissues [1,2]. Therefore, it is important that inflammation is 

self-limiting and resolves, which can occur rapidly in some settings. The resolution of 

inflammation occurs because various inhibitory mechanisms are activated as inflammation runs 

its course [3,4]. These mechanisms include the shedding of receptors for pro-inflammatory 

cytokines and the increased generation of anti-inflammatory cytokines [3]. Another central 

mechanism involved is the generation of specialised pro-resolving lipid mediators (SPMs) which 

act to inhibit pro-inflammatory signalling [4]. Amongst the most important SPMs are lipoxin A4 

generated from arachidonic acid [5-7] and a series of mediators generated from the omega-3 (n-

3) polyunsaturated fatty acids (PUFAs) eicosapentaenoic, docosapentaenoic and 

docosahexaenoic acid [8-11]. Failure to resolve inflammation can result in excessive, 

inappropriate or on-going inflammation that can cause irreparable damage to host tissues leading 

to pathology and disease (Figure 1). N-3 PUFAs are recognised to have anti-inflammatory 

actions, acting to decrease activation of inflammatory cells and the production of classic 

inflammatory mediators like PGs and LTs from arachidonic acid and a range of pro-inflammatory 

cytokines and chemokines [12-14]. The recognition that n-3 PUFAs are substrates for the 

generation of SPMs suggests that the availability of these fatty acids in the bloodstream and in 

cell membranes is central to inflammation resolution and to protection of the host against the 

deleterious consequences of overzealous inflammation (Figure 2). Most research on the biology 

of SPMs has rightly focussed on their appearance in various controlled cellular and animal 

models of inflammation and its resolution and in the use of individual SPMs in treating 

inflammation in those models and the mechanisms involved; in these regards tremendous 

progress has been made [3,4,8-11,15-19]. There has been less attention paid to the appearance 

and roles of SPMs in humans, to sources of any variation that may occur in their concentrations, 
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and to the role of n-3 PUFAs as endogenous substrates in promoting their synthesis. This review 

will summarise the literature that currently exists on the concentrations of SPMs derived from 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in humans; on whether there is 

evidence that these concentrations differ according to age, sex and disease; and on whether these 

concentrations can be increased through oral provision of EPA and DHA.  

 

2. EPA and DHA as substrates for synthesis of SPMs 

SPMs include resolvins (Rvs), protectins (also known as neuroprotectins) and maresins (MaRs). 

E- and D-series Rvs are produced from EPA and DHA, respectively, while protectins and MaRs 

are produced from DHA. SPMs are synthesised using cyclooxygenase (COX) and lipoxygenase 

(LOX) enzymes often working within the same pathway, outlines of which are provided in 

Figures 3 and 4. Synthesis of many SPMs is influenced by aspirin and in the presence and absence 

of aspirin different epimers of these SPMs, which can have different biological activity or 

potency, are produced [4,8-10,16-19]. Those epimers favoured by the presence of aspirin have 

been referred to as aspirin-triggered (AT). In recent years cysteinyl conjugates of several SPMs 

have been identified [17,20]; such conjugated MaRs have been termed maresin conjugates in 

tissue regeneration.  

SPMs act via G protein coupled receptors (GPRs) [18]; these receptors are typically able 

to interact with more than one SPM and conversely some SPMs are able to interact with several 

receptors. For example, RvD1, AT-RvD1 and RvD3 interact with lipoxin A4 receptor/N-formyl 

peptide receptor 2 (ALX/FPR2) and with GPR32 (also known as resolvin D1 receptor (DRV1)); 

RvD5 interacts with GPR32; RvD2 interacts with GPR18 (also known as resolvin D2 receptor 

(DRV2)); and RvE1 and E2 interact with chemokine like receptor 1 (also known as chemerin 

receptor 23 (ChemR23) and resolvin E receptor (ERV)). MaR1 interacts with leucine-rich repeat-

containing G-protein coupled receptor 6 (LGR6) and also with the nuclear receptor RAR-related 

orphan receptor alpha (RORα; also known as nuclear receptor subfamily 1, group F, member 1 

(NR1F1)). SPMs can also antagonise some pro-inflammatory receptors. For example, RvE1 and 

MaR1 are competitive antagonists of the LTB4 receptor (BLT1).  

The biological effects of the various SPMs have been examined extensively in cell culture 

and animal models of inflammation and are reviewed and discussed elsewhere [8-11;15-19]. 

These model systems have demonstrated that all SPMs tested to date have anti-inflammatory and 

inflammation resolving actions. As examples, RvE1, RvD1 and protectin D1 (PD1) all inhibit 

transendothelial migration of neutrophils, so preventing the infiltration of neutrophils into sites 
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of inflammation; RvD1 inhibits interleukin (IL)-1 production; and PD1 inhibits tumour necrosis 

factor and IL-1 production [8-10]. Various SPMs reduce inflammation and are protective in 

many experimental animal models of inflammatory disease including arthritis [21,22], colitis 

[23] and asthma [24-27] and in other states of inflammation including sepsis [28,29] and acute 

lung injury [30-32].  

 

3. EPA- and DHA-derived SPMs in different body pools in humans 

3.1  Blood plasma and serum 

Table 1 summarises a number of human studies reporting the concentrations of EPA- and 

DHA-derived SPMs in plasma or serum [33-72]. Most studies have used liquid 

chromatography with tandem mass spectrometry (LC-MS/MS) for analysis although some 

have used commercial immunoassays. These different analytical approaches seem to produce 

different concentrations of SPMs (Table 1). Using LC-MS/MS, a number of SPMs are 

commonly reported in plasma and serum of healthy adults including 18R-RvE1, 18R-RvE2, 

18R-RvE3, RvD1, RvD2, RvD3, RvD4, RvD5, AT-RvD1, PD1 and MaR1 (Table 1). Others, 

including AT-PD1, PDX and MaR2 have also been reported in some studies and 18S-RvE3 is 

also sometimes reported (Table 1). Low concentrations of SPMs can be an analytical challenge 

and SPMs reported in some studies are described as being not detected in others (Table 1). This 

may reflect low concentrations that fall below the limits of detection in some laboratories, 

which will be influenced by sample storage and processing and analytical instrumentation. 

Furthermore, of course, not all studies have attempted to identify all SPMs that might or might 

not be detected. Therefore, the full range of SPMs circulating in the human bloodstream at 

detectable concentrations is not currently known. There are large between study and within 

study variations in the concentrations of SPMs reported, even when very similar, or identical, 

analytical approaches are used (Table 1). Figure 5 depicts the range of average concentrations 

of 11 SPMs that have been reported in plasma or serum from healthy humans using LC-MS/MS 

in different studies. The extent to which these differences reflect meaningful biological 

variation is not clear.    

While most studies have reported SPM concentrations in plasma, some report serum 

concentrations (Table 1). A study compared concentrations of two SPMs in plasma and serum 

prepared from the same blood sample [58]. Concentrations of RvD1 and PD1 were lower by 

22% and 32%, respectively, in serum than in plasma from healthy participants, but both were 
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higher by about 100% in serum from patients with psoriasis than in plasma. It is difficult to 

interpret these findings. 

SPMs have been reported in umbilical cord plasma and in plasma of infants and 

children tracked over time [50]. These concentrations are generally similar to those reported 

for healthy adults by the same laboratory [38]. 

 

3.2  Other body fluids: Sputum, saliva, tears, breast milk, urine, synovial fluid and 

cerebrospinal fluid 

Selected studies reporting SPMs in various body fluids in humans, other than blood, are 

summarised in Table 2 [36,44,64,74-87]. There are a limited number of studies in any one fluid. 

Sputum RvE1 and RvD1 have been reported to be positively associated with lung function in 

patients with cystic fibrosis [74.75]. Studies using LC-MS/MS and ELISA reveal several SPMs 

in saliva but report very different concentrations [36,76,77]. Where individuals with 

periodontitis have been compared with healthy controls, SPM concentrations in saliva, where 

detectable, seem little different [36,77]. A higher salivary ratio of RvD1 to LTB4 was associated 

with lower carotid intima media thickness in older individuals with co-morbidities [76]. Most 

SPMs have not been detected in tears [78,79], but some SPMs were detected in tears from some 

males [79]. A number of SPMs have been reported in human breast milk [44,80,81]. 

Concentrations of both 18R-RvE1 and RvD1 were similar in milk provided at different times 

across the first month of lactation [80]. A higher concentration of 18R-RvE1 was seen if breast 

milk came from women with mastitis [81]. Nevertheless, the number of breast milk samples 

analysed in these studies was quite low. RvD5 and MaR1 have been reported in synovial fluid 

from patients with arthritis [83], but how these compare with the non-arthritic condition is not 

known. Some SPMs are present in urine [64,82], but the effects of smoking tobacco or using 

e-cigarettes on urinary SPMs are unclear [64,82]. Some SPMs have been reported in 

cerebrospinal fluid in different conditions using LC-MS/MS [84,87] or ELISA [85,86]. RvD1 

concentration was much lower in cerebrospinal fluid in patients with neuromyelitis optica 

spectrum disorder or multiple sclerosis than in healthy controls [86].  

 

3.3  Adipose tissue, skeletal muscle, brain, skin, placenta, lymph tissues and atherosclerotic 

plaque 
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Selected studies reporting SPMs in various tissues in humans are summarised in Table 3 

[37,58,66,85,88-91]. There are a limited number of studies in any one tissue. RvD1, RvD2 and 

PD1 have all been reported in human subcutaneous adipose tissue, with higher concentrations 

of RvD1 and lower concentrations of PD1 in tissue from patients with peripheral artery disease 

than from controls [88]. Likewise, RvD2 was detected in skeletal muscle from patients with 

peripheral artery disease but not in muscle from healthy controls [89]. MaR1 was detected in 

the hippocampus of deceased heathy individuals aged about 80 years, but not in those with 

Alzheimer’s Disease [85]. Two studies on skin concentrations of SPMs report very different 

concentrations and a lack of consistency in patterns seen with skin disease [58,66]. Skin 

affected by atopic dermatitis how low concentrations of RvD1 which were similar to 

concentrations seen in skin of heathy individuals but much lower than seen in the non-affected 

skin of the same patients [66]. Affected skin of patients with atopic dermatitis had lower 

concentrations of RvD2 than seen in both non-affected skin and skin of heathy subjects [58]. 

Skin PD1 and MaR1 were little different among affected and non affected skin of patients and 

skin of healthy controls [66]. RvD5 was easily detectable in lesional skin of patients with 

psoriasis but was not detected in non-lesional skin of those patients or in skin of healthy 

controls [66]. PD1 was higher in non-lesional skin than lesional skin of patients with psoriasis 

but was not detected in skin of heathy controls [66]. Some SPMs have been reported in human 

placenta [90] and in post-mortem spleen and lymph nodes [37]. Most SPMs were not detected 

in advanced atherosclerotic plaques, but RvD1 was much higher in stable than unstable plaques 

although PD1 was not different [91]. 

 

4. Effects of sex on EPA and DHA-derived SPMs 

Females have higher capacity than males for endogenous synthesis of EPA and DHA from 

alpha-linolenic acid [92] and a meta-analysis of 51 studies revealed that females have higher 

plasma concentrations of DHA than males [93]. The higher availability of DHA in females 

may mean greater capacity to produce D-series Rvs, protectins and maresins than in males. 

Many studies have reported data on SPM concentrations for mixed groups of males and females 

(Tables 1, 2 and 3) but there are few explorations of sex differences in these. Barden et al. [41] 

identified that the plasma concentrations of the SPM precursors 18-hydroxy-EPA, 14-hydroxy 

DHA and 17 hydroxy-DHA were higher in females than males, but that there were no sex 

differences in the concentrations of 18R-RvE1, 18R-RvE2, 18R-RvE3, 18S-RvE3, RvD1, 

RvD2, AT-RvD1, PD1 or MaR1. More recently, Barden et al [60] reported that plasma RvE2, 
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RvD1 and AT-RvD1 were lower in females compared to males, and that plasma RvD2 was not 

different between the sexes. Rathod et al. [94] profiled lipid mediators in the fluid of skin 

blisters 24 hr after their induction by cantharidin. The blisters contained mediators formed from 

arachidonic acid, EPA and DHA, including RvD1, RvD2, RvD3 and PD1. They identified 

distinct clusters of lipid mediators in females and males, with some SPM concentrations being 

numerically higher in females, although only PD1 was significantly different between sexes. 

The sum of all SPMs was 17.2 pg/50 μl in females and 10.5 pg/50 μl in males. The sum of D-

series Rvs was significantly higher in females while pro-inflammatory LTB4 was significantly 

lower. In a separate experiment, plasma SPMs were measured in females and males 8 hr 

following typhoid vaccination [94]. LTB4 was higher in males and was associated to the male 

lipid mediator cluster, while RvE1 and RvE3 were associated with the female lipid mediator 

cluster. However, no EPA- or DHA-derived SPM reported (18R-RvE1, 18R-RvE2, 18R-RvE3, 

RvD1, EvD2, RvD3, RvD4, RvD5, RvD6, AT-RvD1, AT-RvD3, PD1, AT-PD1) was different 

between the sexes, although the sum of E-series Rvs was significantly higher in females. 

Taking the findings of Barden et al. [41,60] and Rathod et al. [94] together suggests that 

differences in concentrations of individual SPMs in plasma between females and males may 

be small, although the data of Rathod et al. [94] suggest that the total “resolvome” may be more 

pro-resolving in females than males.  

 

5. Effects of age on EPA and DHA-derived SPMs 

The metabolism of n-3 PUFAs (both EPA and DHA) changes with aging [95,96] and there are 

reports of altered EPA and DHA status in blood, cells and tissues in older compared to younger 

adults [97,98,99]. Aging is associated with chronic low-grade inflammation, that predisposes 

to age-related morbidities [100], suggesting a loss of pro-resolution activity. Despite the many 

studies reporting data on SPM concentrations in humans (Tables 1, 2 and 3), there are few 

explorations of age differences in these. Jove et al. [101] conducted non-targeted metabolic 

analysis of plasma of 146 healthy individuals (68 males and 78 females) aged 39 to 100 yr. Out 

of 2,678 metabolites identified, 5 were associated with age (all inversely) in both males and 

females [90]; amongst these metabolites was RvD6. The other four metabolites were a vitamin 

D2-related compound, a specific phosphoserine, a specific monoacylglycerol and a specific 

diacylglycerol  

 

6. EPA and DHA-derived SPMs in human disease 
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Many diseases are characterised by chronic inflammation [1-3,100]; this may be due, at least 

in part, to loss to pro-resolution factors. Hence, disease, especially inflammatory disease, might 

be characterised by lower than usual levels of SPMs. On the other hand, it is possible that on-

going inflammation might induce pro-resolving factors to levels that are higher than normal 

but that they may be ineffective because of an imbalance between pro-inflammatory and pro-

resolving mediators (in favour of the former) or because of loss of sensitivity. The study of the 

concentrations of SPMs in disease states is therefore likely to be informative about the 

pathophysiology of inflammatory disease and also about strategies to intervene for clinical 

benefit. 

A number of studies report lower concentrations of some SPMs in plasma/serum, in 

other bodily fluids or in tissues in disease compared to the healthy state or in more severe 

compared to less severe disease. For example, concentrations of several D-series Rvs were 

numerically lower in serum of patients with rheumatoid arthritis than in controls, with the 

difference being significant for RvD3 and almost significant for RvD4 [45]. Likewise, the 

concentration of RvD1 was significantly lower in plasma of patients with lupus than in healthy 

controls [57]. Serum RvD1, RvD2 and PD1 concentrations were lower in patients with atopic 

dermatitis than in healthy controls [66]. Concentrations of RvD1 and RvD2 were lower in 

affected skin in atopic dermatitis than in non-affected skin [66], while PD1 was lower in 

lesional than non-lesional skin in psoriasis [58]. MaR1 was found in the hippocampus of 

controls but not of patients with Alzheimer’s Disease [85]. Patients with cystic fibrosis and 

detectable RvE1 in sputum had better lung function than patients with non-detectable levels 

[74]. Similarly, the RvD1 to IL-8 ratio was positively related to lung function in patients with 

cystic fibrosis [75]. There are a series of observations relating to low SPM concentrations and 

atherosclerotic plaques. A higher salivary ratio of RvD1 to LTB4 was associated with lower 

carotid intima media thickness [76], a marker of atherosclerosis. Serum RvD1 was lower by 

about 50% in patients with unstable plaques compared to those with asymptomatic plaques 

[53]. Fredman et al. [91] reported that RvD1 was much lower in vulnerable than stable plaques. 

Finally, plasma concentrations of RvD1 and RvD5 were lower in patients on admission to 

intensive care than in controls [55]. These observations are all consistent with the idea that 

many diseases, particularly those with a strong inflammatory component, are associated with 

a loss of, or at least a diminution in, pro-resolution factors including SPMs. Nevertheless, 

Barden et al. [41] and Freier et al. [52] reported no differences in plasma and serum 

concentrations of a number of EPA- and DHA-derived SPMs between patients with metabolic 

disease and healthy controls.  
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In contrast the findings described above, there are also several studies reporting higher 

concentrations of SPMs in disease than in health. For example, serum RvD2 and PD1 

concentrations were higher in patients with aggressive periodontitis than in healthy controls 

[36], while serum RvD1 and PD1 concentrations were higher in patients with psoriasis than in 

healthy controls, although this difference was not seen in plasma [58]. In contrast to what was 

seen with PD1, RvD5 concentrations were high in lesional skin in psoriasis but RvD5 was not 

detected in non-lesional skin or in skin from healthy controls [58]. Plasma RvD1, RvD5 and 

PD1 concentrations were higher in patients with multiple sclerosis than in healthy controls, 

with concentrations differing according to disease severity [70]. Plasma 18R-RvE1 was higher 

in breast milk from women with mastitis than without [81]. Cerebrospinal fluid 

RvD1concentration was higher in highly active multiple sclerosis than in less active disease, 

and PD1 was only detectable in some patients with highly active disease [84]. RvD2 was found 

in skeletal muscle of patients with peripheral artery disease but was not detected in muscle 

from healthy controls [89]. Plasma lipid mediator profiles were examined in 22 patients with 

sepsis within 48 hours of admission to the intensive care unit and on days 3 and 7 thereafter 

[54]. In addition to classic inflammatory lipid mediators like PGF2 and LTB4, some pro-

resolving mediators including 18R-RvE1 and PD1 were higher in plasma of non-survivors than 

survivors. Furthermore, higher concentrations of inflammation initiating mediators, including 

PGF2,and of some SPMs were associated with the development of acute respiratory distress 

syndrome. These findings differ from murine experiments where a range of SPMs protect 

against sepsis [28,28] and acute lung injury [30-32]. Studies reporting higher levels of SPMs 

in some diseases perhaps reflect the exaggerated inflammatory response which has induced 

resolution pathways as part of the normal attempt to restore homeostasis, but which fails 

perhaps because of an imbalance between the strong ongoing inflammation and an 

insufficiently strong resolution response. Alternatively, this situation may reflect a loss of 

responsiveness to pro-resolution signals either because of reduced receptor expression or 

failure of post-receptor signalling pathways 

 

7. Effects of increased intake of omega-3 fatty acids on SPM concentrations 

Since EPA and DHA are precursors for the biosynthesis of SPMs (Figures 3 and 4), it is self 

evident that the endogenous production of SPMs is dependent, at least to some extent, upon the 

availability of EPA and DHA. DHA is usually more abundant than EPA in different body pools 
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in humans, including in blood plasma/serum, leukocytes, erythrocytes, platelets and tissues (see 

Table 3 of [102]). Increased intake of EPA and DHA results in increased amounts of EPA and 

DHA in blood lipids, leukocytes, platelets and tissues [103]. The increase in content of EPA and 

DHA is highly related to the increase in intake (Figures 6 and 7). As discussed in detail elsewhere 

[13], increased n-3 PUFA content of leukocytes and platelets has been shown to result in reduced 

capacity to produce eicosanoids from arachidonic acid including PGs and LTs and to enhanced 

production of some EPA-derived eicosanoids [12-14]. Thus, human studies demonstrate that 

increased intake of EPA and DHA (usually in combination) is able to modify the production of 

bioactive lipid mediators involved in inflammatory processes. Hence, it seems reasonable to 

assume that increased intake of EPA and DHA would result in increased capacity to produce n-

3 PUFA-derived SPMs and to result in higher blood (and tissue) concentrations of those SPMs. 

A number of studies investigating whether increased intake of n-3 PUFAs increases blood 

concentrations of SPMs have reported increases in the concentrations of the immediate 

precursors of SPMs such as 18-hydroxy-EPA, 14-hydroxy-DHA and 17-hydroxy-DHA. 

Analysis of plasma samples from a 12-month long study in healthy participants who consumed 

increased amounts of EPA and DHA provides significant insight into the effect on concentrations 

of EPA- and DHA-derived oxylipins [104]. Increases in the plasma concentrations of a number 

of epoxy, hydroxy and dihydroxy derivatives of both EPA and DHA were reported [104]. These 

increases were highly correlated with the increase in intake of EPA and DHA, as shown for 18-

hydroxy-EPA and 17-hydoxy-DHA in Figures 6 and 7, respectively. Thus, it seems clear that 

increased intake of EPA and DHA increases the circulating concentrations of the immediate 

precursors of Rvs, protectins and maresins, presumably reflecting cellular production of these 

precursor species. Table 4 summarises selected studies that have investigated the effects of 

increased intake of n-3 PUFAs on SPM concentrations in human body fluids, most often plasma 

or serum [35,37,38,40-43,46,48,50,59,63,105,106]. These have used a variety of study designs 

and populations, have used different doses of n-3 PUFAs and been of different durations. Some 

studies do not provide data for pre-n-3 PUFA supplementation SPM concentrations or 

concentrations in a comparator control group [105,106] which makes it impossible to fully 

interpret the findings. Nevertheless, a number of studies report that plasma or serum 

concentrations of some SPMs are higher after a period of increased intake of EPA and DHA 

([35,38,40-43,46,59,63]; Table 4). One study reporting no effect of n-3 PUFAs on plasma SPM 

concentrations was conducted in infants [50] and it is possible that intakes used were too low to 

have an effect. In adults, increases in concentrations of 18R-RvE1, 18R-RvE2, 18R-RvE3, RvD1 

and RvD2 have been reported several times, but effects on AT-RvD1, other D-series Rvs, PD1 
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and MaR1 are less consistently seen (Table 4). Figure 8A shows the average % change in 

concentration reported for five SPMs across several studies, showing the biggest effects are on 

E-series Rvs. This might reflect the higher EPA than DHA content of most n-3 PUFA 

preparations used. Figure 8B depicts the reported % change in concentration of RvE1, RvE2 and 

RvD1 in individual studies in relation to the EPA or DHA intake used in those studies. This 

figure demonstrates that there may be a threshold intake of n-3 PUFAs that is required before 

plasma/serum concentrations of SPMs can be meaningfully increased. Such a threshold may 

relate to the amount of EPA and DHA required to fuel SPM biosynthesis.  

 

8. Summary and discussion 

Although inflammation has a physiological role, unrestrained inflammation can be detrimental, 

causing tissue damage and leading to disease. Therefore, under normal circumstances 

inflammation is self-limiting with induction of active resolution processes. Central to these is 

the generation of SPMs from the bioactive n-3 PUFAs EPA and DHA (SPMs are also produced 

from docosapentaenoic acid). These SPMs include Rvs, protectins and maresins whose 

activities have been well described in numerous cell culture and laboratory animal models. The 

findings of these experiments suggest that inflammation can become pathological in the 

absence of endogenous synthesis of SPMs, that exogenous SPMs could be used therapeutically 

in conditions of adverse inflammation, and that the effects of SPMs may explain many of the 

observed effects of n-3 PUFAs. Hence there has been much interest in describing the presence 

of SPMs in blood, other fluids and tissues in human disease and in investigating whether 

providing EPA and DHA can increase SPM concentrations in humans. A number of studies 

report SPM concentrations in various pools in humans (Tables 1, 2 and 3). However, this is 

analytically challenging because of the low concentrations frequently seen. Hence many SPMs 

are reported as not detected in many studies (they may often be present but at concentrations 

below to level of detection) and there are wide variations within and between studies in the 

concentrations of SPMs reported that are not fully explained. These could relate to sample 

storage, sample processing and analytical differences. Nevertheless a number of SPMs have 

been reported in human plasma or serum in infants, children, healthy adults and individuals 

with various diseases (Table 1), as well as in human sputum, saliva, tears, breast milk, urine, 

synovial fluid and cerebrospinal fluid (Table 2) and in human adipose tissue, skeletal muscle, 

hippocampus, skin, placenta, lymphoid tissues and atherosclerotic plaques (Table 3). There 

may be differences in concentrations of some SPMs between males and females [94] and with 
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age [101] but these are not yet well explored. There are certainly differences in SPM 

concentrations between health and disease, as would be expected. Observations that SPM 

concentrations are lower in people with certain diseases than in healthy controls (or are lower 

in more severe compared to less severe disease) are consistent with the idea that many diseases, 

particularly those with a strong inflammatory component, are associated with a loss of, or at 

least a diminution in, pro-resolution factors including SPMs. Such a situation could be 

amenable to treatment with the n-3 PUFAs EPA and DHA, with the hydroxy-EPA and -DHA 

precursors to SPMs, or with SPMs themselves. However, there are also studies reporting higher 

concentrations of SPMs in some diseases than in healthy controls. These findings perhaps 

reflect an exaggerated inflammatory response which has induced resolution pathways as part 

of the normal attempt to restore homeostasis, but which fails. Such a failure could be because 

of an imbalance between the strong ongoing inflammation and an insufficiently strong 

resolution response. Alternatively, this situation may reflect a loss of responsiveness to pro-

resolution signals either because of reduced receptor expression or failure of post-receptor 

signalling pathways. It is clear that more needs to be understood about the relationship of SPMs 

to human disease in order to fully evaluate appropriate targets and therapeutic options. It may 

be that in some situations therapeutic use of SPM precursors or of SPMs themselves may not 

be appropriate. 

There has been significant interest in the ability of exogenous EPA and DHA to 

promote increased concentrations of SPMs. A number of studies report that plasma or serum 

concentrations of some SPMs are higher after a period of increased intake of EPA and DHA 

(Table 4). In adults, increases in concentrations of 18R-RvE1, 18R-RvE2, 18R-RvE3, RvD1 

and RvD2 have been reported several times, but effects on AT-RvD1, other D-series Rvs, PD1 

and MaR1 are less consistently seen (Table 4). There may be a threshold intake of n-3 PUFAs 

that is required before plasma/serum concentrations of SPMs can be meaningfully increased. 

Such a threshold may relate to the amount of EPA and DHA required to drive SPM 

biosynthesis. “Free” EPA and DHA are required as substrates for endogenous SPM 

biosynthesis. Most EPA and DHA in the bloodstream, in cell membranes and inside cells is 

esterified into phospholipids, triacylglycerols, cholesteryl esters and other complex lipids, 

although some non-esterified (“free”) EPA and DHA is found in the bloodstream. EPA and 

DHA are released from complex lipids, such as phospholipids, by lipase enzymes, such as 

phospholipases. These enzymes typically have a fairly broad specificity, for example for 

PUFAs at the sn-2 position of phospholipids. Hence, esterified EPA and DHA will comprise 

only part of the available substrate for lipase enzymes. Therefore, when the EPA and DHA 
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content of complex lipids, such as membrane phospholipids, is low, liberation of EPA and 

DHA is likely to be modest and other fatty acids like arachidonic acid, which is present in much 

higher amounts, are likely to be liberated preferentially. As EPA and DHA contents increase 

as a result of increasing oral intake, the likelihood for their liberation by lipases increases. Once 

PUFAs are liberated from their parent complex lipids they will compete for other enzymes like 

COXs and LOXs. Use of EPA and DHA in the COX pathways is enhanced in the presence of 

aspirin. Nevertheless, it is the availability of a range of competing substrate PUFAs for the 

enzymes involved in the pathways of SPM biosynthesis that likely establishes the threshold 

that is suggested by Figure 8B. At low intakes of EPA and DHA, the relative availability of 

these fatty acids in both free and esterified pools may be too low to promote significant 

endogenous SPM biosynthesis. Perhaps it is only when intakes are sufficient to create larger 

free and esterified pools of EPA and DHA that the pathway of SPM biosynthesis can be 

significantly enhanced. Even then, the increase in apparent SPM production (as reflected in the 

concentrations reported in the studies described in Table 4) is highly mediator-specific, with 

large increases reported for some, modest or no increases for some, and even decreases for 

some (Table 4). The widely reported increase in the concentrations of the immediate hydroxy 

fatty acid precursors to SPMs and the linear relationships of these concentrations to increased 

intake of EPA and DHA shown in Figures 6 and 7, support EPA and DHA provision as a 

strategy to promote endogenous synthesis of SPMs. However, the relationship of specific 

intakes of EPA and DHA to enhancement in the production of specific SPMs is not clear and 

needs a more thorough investigation. This is important because of the potential for EPA and 

DHA to be used more effectively in prevention and treatment of inflammatory conditions. If 

generation of SPMs represents an important mechanism of action of EPA and DHA, then more 

needs to be known about the most effective strategies by which EPA and DHA can increase 

SPM concentrations. 

 

Conflicts of interest 

PCC has received research funding from BASF AS and acts as a consultant to BASF AS, 

Smartfish, DSM, Cargill and Fresenius-Kabi. 

 

References 



15 
 

[1] P.C. Calder, R. Albers, J-M. Antoine, et al. Inflammatory disease processes and 

interactions with nutrition. Brit. J. Nutr. 101 (2009) S1-S45. 

[2] P.C. Calder, N. Ahluwalia, R. Albers, et al. A consideration of biomarkers to be used 

for evaluation of inflammation in human nutritional studies. Brit. J. Nutr. 109 (Suppl. 

1) (2013) S1-S34. 

[3] C. Barnig, T. Bezema, P.C. Calder, A. Charloux, N. Frossard, J. Garssen, O.  Haworth, 

K. Dilevskaya, F. Levi-Schaffer, E. Lonsdorfer, M. Wauben, A.D. Kraneveld, A.A. te 

Velde. Activation of resolution pathways to prevent and fight chronic inflammation: 

Lessons from asthma and inflammatory bowel disease. Front. Immunol. 10 (2019) 

1699. 

[4] C.N. Serhan. Discovery of specialized pro-resolving mediators marks the dawn of 

resolution physiology and pharmacology. Mol. Aspects Med. 58 (2017) 1-11. 

[5] B.D. Levy, C.B. Clish, B. Schmidt, K. Gronert, C.N. Serhan. Lipid mediator class 

switching during acute inflammation: signals in resolution. Nat. Immunol. 2 (2001) 

612-619. 

[6] I. Vachier, P. Chanez, C. Bonnans, P. Godard, J. Bousquet, C. Chavis C. Endogenous 

anti-inflammatory mediators from arachidonate in human neutrophils. Biochem. 

Biophys. Res. Commun. 290 (2002) 219-224. 

[7] J.K. Innes, P.C. Calder PC. Omega-6 fatty acids and inflammation. Prostagland. 

Leukotr. Essent. Fatty Acids 138 (2018) 41-48. 

[8] G. Bannenberg, C.N. Serhan. Specialized pro-resolving lipid mediators in the 

inflammatory response: An update. Biochim. Biophys. Acta 1801 (2010) 1260-1273. 

[9] C.N. Serhan, N. Chiang N. Resolution phase lipid mediators of inflammation: agonists 

of resolution. Curr. Opin. Pharmacol. 13 (2013) 632-640. 

[10] C.N. Serhan, N. Chiang, J. Dalli. The resolution code of acute inflammation: Novel 

pro-resolving lipid mediators in resolution. Semin. Immunol. 27 (2015) 200-215. 

[11] K.H. Weylandt. Docosapentaenoic acid derived metabolites and mediators - The new 

world of lipid mediator medicine in a nutshell. Eur. J. Pharmacol. 785 (2016) 108-115. 

[12] P.C. Calder. Omega-3 (n-3) polyunsaturated fatty acids and inflammation: From 

membrane to nucleus and from bench to bedside. Proc. Nutr. Soc. (2020) in press. 

[13] P.C. Calder. Marine omega-3 fatty acids and inflammatory processes: effects, 

mechanisms and clinical relevance. Biochim. Biophys. Acta Mol. Cell. Biol. Lipids 

1851 (2015) 469-484. 



16 
 

[14] P.C. Calder. Omega-3 fatty acids and inflammatory processes: from molecules to man. 

Biochem. Soc. Trans. 45 (2017) 1105-1115. 

[15] L. Balas, T. Durand T. Dihydroxylated E,E,Z-docosatrienes. An overview of their 

synthesis and biological significance. Prog. Lipid Res. 61 (2016) 1-18. 

[16] N. Chiang, C.N. Serhan. Structural elucidation and physiologic functions of specialized 

pro-resolving mediators and their receptors. Mol. Aspects Med. 58 (2017) 114-129. 

[17] C.N. Serhan, N. Chiang, J. Dalli. New pro-resolving n-3 mediators bridge resolution of 

infectious inflammation to tissue regeneration. Mol. Aspects Med. 64 (2018) 1-17. 

[18[ C.N. Serhan, B.D. Levy. Resolvins in inflammation: emergence of the pro-resolving 

superfamily of mediators. J. Clin. Invest. 128 (2018) 2657-2669. 

[19] N. Chiang, C.N. Serhan. The specialised pro-resolving mediator network: an update on 

in vivo production and actions. Essays Biochem. (2020) in press. 

[20] J. Dalli, I. Vlasakov, I.R. Riley, A.R. Rodriguez, B.W. Spur, N.A. Petasis, N. Chiang, 

C.N. Serhan. Maresin conjugates in tissue regeneration biosynthesis enzymes in human 

macrophages. Proc. Natl. Acad. Sci. USA 113 (2016) 12232-12237.  

[21] J.F. Lima-Garcia, R.C. Dutra, K. da Silva, E.M. Motta, M.M. Campos, J.B. Calixto. 

The precursor of resolvin D series and aspirin-triggered resolvin D1 display anti-

hyperalgesic properties in adjuvant-induced arthritis in rats. Brit. J. Pharmacol. 164 

(2011) 278-293. 

[22] H.A. Benabdoun, M. Kulbay, E-P. Rondon, F. Vallières, Q. Shi, J. Fernandes, H. 

Fahmi, M. Benderdour. In vitro and in vivo assessment of the proresolutive and 

antiresorptive actions of resolvin D1: relevance to arthritis. Arthritis Res. Ther. 21 

(2019) 72.  

[23] M. Arita, M. Yoshida, S. Hong, E. Tjonahen, J.N. Glickman, N.A. Petasis, R.S. 

Blumberg, C.N. Serhan. Resolvin E1, an endogenous lipid mediator derived from 

omega-3 eicosapentaenoic acid, protects against 2,4,6-trinitrobenzene sulfonic acid-

induced colitis. Proc. Natl. Acad. Sci. USA 102 (2005) 7621-7626. 

[24] H. Aoki, T. Hisada, T. Ishizuka, M. Mori. Resolvin E1 dampens airway inflammation 

and hyperresponsiveness in a murine model of asthma. Biochem. Biophys. Res. 

Commun. 367 (2008) 509-515. 

[25] O. Haworth, M. Cernadas, R. Yang, C.N. Serhan, B.D. Levy. Resolvin E1 regulates 

interleukin 23, interferon-gamma and lipoxin A4 to promote the resolution of allergic 

airway inflammation. Nat. Immunol. 9 (2008) 873-879. 



17 
 

[26] S. Bilal, O. Haworth, L. Wu, K.H. Weylandt, B.D. Levy, J.X. Kang. Fat-1 transgenic 

mice with elevated omega-3 fatty acids are protected from allergic airway responses. 

Biochim. Biophys. Acta 1812 (2011) 1164-1169.  

[27] A.P. Rogerio, O. Haworth, R. Croze, S.F. Oh, M. Uddin, T. Carlo, M.A. Pfeffer, R. 

Priluck, C.N. Serhan, B.D. Levy. Resolvin D1 and aspirin-triggered resolvin D1 

promote resolution of allergic airways responses. J. Immunol. 189 (2012) 1983-1891. 

[28] M. Spite, L.V. Norling, L. Summers, R. Yang, D. Cooper, N.A. Petasis, R.J. Flower, M. 

Perretti, C.N. Serhan. Resolvin D2 is a potent regulator of leukocytes and controls 

microbial sepsis. Nature 461 (2009) 1287-1291. 

[29] F. Chen, X.H. Fan, Y.P. Wu, J.L. Zhu, F. Wang, L.L. Bo, J.B. Li, R. Bao, X.M. Deng. 

Resolvin D1 improves survival in experimental sepsis through reducing bacterial load 

and preventing excessive activation of inflammatory response. Eur. J. Clin. Microbiol. 

Infect. Dis. 33 (2014) 457-464. 

[30] H. Seki, K. Fukunaga, M. Arita, H. Arai, H. Nakanishi, R. Taguchi, T. Miyasho, R. 

Takamiya, K. Asano, A. Ishizaka, J. Takeda, B.D. Levy. The anti-inflammatory and 

proresolving mediator resolvin E1 protects mice from bacterial pneumonia and acute 

lung injury. J. Immunol. 184 (2010) 836-843. 

[31] B. Wang, X. Gong, J.Y. Wan, L. Zhang, Z. Zhang, H.Z. Li, S. Min. Resolvin D1 

protects mice from LPS-induced acute lung injury. Pulmon, Pharmacol. Ther. 24 (2011) 

434-441.  

[32] Z. Liao, J. Dong, W. Wu, T. Yang, T. Wang, L. Guo, L. Chen, D. Xu, F. Wen. Resolvin 

D1 attenuates inflammation in lipopolysaccharide-induced acute lung injury through a 

process involving the PPARγ/NF-κB pathway. Respir. Res. 13 (2012) 110. 

[33] M. Arita, F. Bianchini, J. Aliberti, A. Sher, N. Chiang, S. Hong, R. Yang, N.A. Petasis, 

C.N. Serhan. Stereochemical assignment, antiinflammatory properties, and receptor for 

the omega-3 lipid mediator resolvin E1. J. Exp. Med. 201 (2005), 713-722. 

[34] S.F. Oh, M. Dona, G. Fredman, S. Krishnamoorthy, D. Irimia, C.N. Serhan CN. 

Resolvin E2 formation and impact in inflammation resolution. J. Immunol. 188 (2012) 

4527-4534. 

[35] A.M. Zivkovic, J. Yang, K. Georgi, C. Hegedus, M.L. Nording, A. O'Sullivan, J.B. 

German, R.J. Hogg, R.H. Weiss, C. Bay, B.D. Hammock. Serum oxylipin profiles in 

IgA nephropathy patients reflect kidney functional alterations. Metabolomics 8 (2012) 

1102-1113.  



18 
 

[36] H.R.Z. Elabdeen, M. Mustafa, M. Szklenar, R. Rühl, R. Ali, A.I. Bolstad. Ratio of pro-

resolving and pro-inflammatory lipid mediator precursors as potential markers for 

aggressive periodontitis. PLoS One 8 (2013) e70838.  

[37] R.A. Colas, M. Shinohara, J. Dalli, N. Chiang, C.N. Serhan. Identification and 

signature profiles for pro-resolving and inflammatory lipid mediators in human tissue. 

Am. J. Physiol. Cell Physiol. 307 (2014) C39-C54. 

[38] A. Barden, E. Mas, K.D. Croft, M. Phillips, T.A. Mori. Short-term n-3 fatty acid 

supplementation but not aspirin increases plasma proresolving mediators of 

inflammation. J. Lipid Res. 55 (2014) 2401-2407. 

[39] X.W. Zhao, J.J. Bao, C. Hu, H. Ding, X.C. Liu, Q. Mei, J.M. Xu. Effect of diclofenac 

on the levels of lipoxin A4 and Resolvin D1 and E1 in the post-ERCP pancreatitis. Dig. 

Dis. Sci. 59 (2014) 2992-2996. 

[40] C. Skarke, N. Alamuddin, J.A. Lawson, X. Li, J.F. Ferguson, M.P. Reilly, G.A. 

FitzGerald. Bioactive products formed in humans from fish oils. J. Lipid Res. 56 (2015) 

1808-1820. 

[41] A.E. Barden, E. Mas, K.D. Croft, M. Phillips, T.A. Mori. Specialized proresolving lipid 

mediators in humans with the metabolic syndrome after n-3 fatty acids and aspirin. Am. 

J. Clin. Nutr. 102 (2015) 1357-1364.  

[42] A. Polus, B. Zapala, U. Razny, A. Gielicz, B. Kiec-Wilk, M. Malczewska-Malec, M. 

Sanak, C.E. Childs, P.C. Calder, A. Dembinska-Kiec. Omega-3 fatty acid 

supplementation influences the whole blood transcriptome in women with obesity, 

associated with pro-resolving lipid mediator production. Biochim. Biophys. Acta 1861 

(2016) 1746-1755.  

[43] E. Mas, A. Barden, V. Burke, L.J. Beilin, G.F. Watts, R.C. Huang, I.B. Puddey, A.B. 

Irish, T.A. Mori. A randomized controlled trial of the effects of n-3 fatty acids on 

resolvins in chronic kidney disease. Clin. Nutr. 35 (2016) 331-336. 

[44] J.W. Winkler, S.K. Orr, J. Dalli, C.Y. Cheng, J.M. Sanger, N. Chiang, N.A. Petasis, 

C.N. Serhan CN. Resolvin D4 stereoassignment and its novel actions in host protection 

and bacterial clearance. Sci. Rep. 6 (2016) 18972. 

[45] H.H. Arnardottir, J. Dalli, L.V. Norling, R.A. Colas, M. Perretti, C.N. Serhan. resolvin 

D3 is dysregulated in arthritis and reduces arthritic inflammation. J. Immunol. 197 

(2016) 2362-2368. 



19 
 

[46] T.K. Elajami, R.A. Colas, J. Dalli, N. Chiang, C.N. Serhan, F.K. Welty. Specialized 

proresolving lipid mediators in patients with coronary artery disease and their potential 

for clot remodelling. FASEB J 30 (2016) 2792-2801.  

[47] V. Fedirko, G. McKeown-Eyssen, C.N. Serhan, E.L. Barry, R.S. Sandler, J.C. 

Figueiredo, D.J. Ahnen, R.S. Bresalier, D.J. Robertson, C.W. Anderson, J.A. Baron. 

Plasma lipoxin A 4 and resolvin D1 are not associated with reduced adenoma risk in a 

randomized trial of aspirin to prevent colon adenomas. Mol. Carcinogen. 56 (2017) 

1977-1983.  

[48] M. Poreba, M. Mostowik, A. Siniarski, R. Golebiowska-Wiatrak, K.P. Malinowski, M. 

Haberka, E. Konduracka, J. Nessler, A. Undas, G. Gajos. Treatment with high-dose n-3 

PUFAs has no effect on platelet function, coagulation, metabolic status or inflammation 

in patients with atherosclerosis and type 2 diabetes. Cardiovasc. Diabetol. 16 (2017) 50 

[49]  A.E. Barden, V. Chavez, M. Phillips, E. Mas, L.J. Beilin, K.D. Croft, T.A Mori, I.B. 

Puddey. A randomized trial of effects of alcohol on cytochrome P450 eicosanoids, 

mediators of inflammation resolution, and blood pressure in men. Alcohol Clin. Exp. 

Res. 41 (2017) 1666-1674.  

[50] V.H.L. See, E. Mas, S.L. Prescott, L.J. Beilin, S. Burrows, A.E. Barden, R.C. Huang, 

T.A. Mori TA. Effects of postnatal omega-3 fatty acid supplementation on offspring 

pro-resolving mediators of inflammation at 6 months and 5 years of age: A double 

blind, randomized controlled clinical trial. Prostagland. Leukot. Essent. Fatty Acids 126 

(2017) 126-132. 

[51] V.H.L. See, E. Mas, S.L. Prescott, L.J. Beilin, S. Burrows, A.E. Barden, R.C. Huang, 

T.A. Mori TA. Effects of prenatal n-3 fatty acid supplementation on offspring resolvins 

at birth and 12 years of age: a double-blind, randomised controlled clinical trial. Brit. J. 

Nutr. 118 (2017) 971-980. 

[52] M.O. Freire, J. Dalli, C.N. Serhan, T.E. Van Dyke. neutrophil resolvin E1 receptor 

expression and function in type 2 diabetes. J. Immunol. 198 (2017) 718-728. 

[53] H.A. Bazan, Y. Lu, B. Jun, Z. Fang, T.C. Woods, S. Hong. Circulating inflammation-

resolving lipid mediators RvD1 and DHA are decreased in patients with acutely 

symptomatic carotid disease. Prostagland. Leukot. Essent. Fatty Acids 125 (2017) 43-

47. 

[54] J. Dalli, R.A. Colas, C. Quintana, D. Barragan-Bradford, S. Hurwitz, B.D. Levy, A.M. 

Choi, C.N. Serhan, R.M. Baron. Human sepsis eicosanoid and proresolving lipid 



20 
 

mediator temporal profiles: correlations with survival and clinical outcomes. Crit. Care 

Med. 45 (2017) 58-68. 

[55] F. Riché, B.G. Chousterman, P. Valleur, A. Mebazaa, J-M. Launay, E. Gayat. 

Protracted immune disorders at one year after ICU discharge in patients with septic 

shock. Crit. Care 22 (2018) 42.  

[56] A. Barden, S. Shinde, M. Phillips, L. Beilin, E. Mas, J.M. Hodgson, I. Puddey, T.A. 

Mori. The effects of alcohol on plasma lipid mediators of inflammation resolution in 

patients with Type 2 diabetes mellitus. Prostagland. Leukot. Essent. Fatty Acids 133 

(2018) 29-34. 

[57] L. Navarini, T. Bisogno, D.P.E. Margiotta, A. Piccoli, S. Angeletti, A. Laudisio, M. 

Ciccozzi, A. Afeltra, M. Maccarrone. Role of the specialized proresolving mediator 

resolvin d1 in systemic Lupus Erythematosus: Preliminary Results. J. Immunol. Res. 

2018 (2018) 5264195.  

[58] A.V. Sorokin, P.C. Norris, J.T. English, A.K. Dey, A. Chaturvedi, Y. Baumer, J. 

Silverman, M.P Playford, C.N. Serhan, N.N. Mehta. Identification of proresolving and 

inflammatory lipid mediators in human psoriasis. J. Clin. Lipidol. 12 (2018) 1047-

1060.  

[59] P.C. Norris, A.C. Skulas-Ray, I. Riley, C.K. Richter, P.M. Kris-Etherton, G.L. Jensen, 

C.N. Serhan, K.R. Maddipati. Identification of specialized pro-resolving mediator 

clusters from healthy adults after intravenous low-dose endotoxin and omega-3 

supplementation: a methodological validation. Sci. Rep. 8 (2018) 18050. 

[60] A. Barden, M. Phillips, L.M. Hill, E.M. Fletcher, E. Mas, P.S. Loh, M.A. French, K.M. 

Ho, T.A. Mori, T.B. Corcoran. Antiemetic doses of dexamethasone and their effects on 

immune cell populations and plasma mediators of inflammation resolution in healthy 

volunteers. Prostagland. Leukot. Essent. Fatty Acids 139 (2018) 31-39. 

[61] A. Toewe. L. Balas, T. Durand, G. Geisslinger, N. Ferreirós N. Simultaneous 

determination of PUFA-derived pro-resolving metabolites and pathway markers using 

chiral chromatography and tandem mass spectrometry. Anal. Chim. Acta 1031 (2018) 

185-194. 

[62] T.M. Nordgren, A. Anderson Berry, M. Van Ormer, S. Zoucha, E. Elliott, R. Johnson, 

E. McGinn, C. Cave, K. Rilett, K. Weishaar, S.S. Maddipati, H. Appeah, C. Hanson C. 

Omega-3 fatty acid supplementation, pro-resolving mediators, and clinical outcomes in 

maternal-infant pairs. Nutrients 11 (2019) 98. 



21 
 

[63]  J.L. Ramirez, W.J. Gasper, S.A. Khetani, G.J. Zahner, N.K. Hills, P.T. Mitchell, B.E. 

Sansbury, M.S. Conte, M. Spite, S.M. Grenon. Fish oil increases specialized pro-

resolving lipid mediators in PAD (The OMEGA-PAD II Trial). J. Surg. Res. 238 

(2019) 164-174.  

[64] K.P. Singh, G. Lawyer, T. Muthumalage, K.P. Maremanda, N.A. Khan, S.R. 

McDonough, D. Ye, S. McIntosh, I. Rahman. Systemic biomarkers in electronic 

cigarette users: implications for noninvasive assessment of vaping-associated 

pulmonary injuries.  ERJ Open Res. 5 (2019) 00182-2019.  

[65] L.E. Fosshaug, R.A. Colas, A.K. Anstensrud, I. Gregersen, S. Nymo, E.L. Sagen, A. 

Michelsen, L.E. Vinge, E. Øie, L. Gullestad, B. Halvorsen, T.V. Hansen, P. Aukrust, J. 

Dalli, A. Yndestad. Early increase of specialized pro-resolving lipid mediators in 

patients with ST-elevation myocardial infarction. EBioMed. 46 (2019) 264-273.  

[66] D. Töröcsik, C. Weise, J. Gericke, A. Szegedi, R. Lucas, J. Mihaly, M. Worm, R. Rühl. 

Transcriptomic and lipidomic profiling of eicosanoid/docosanoid signalling in affected 

and non-affected skin of human atopic dermatitis patients. Exp. Dermatol. 28 (2019) 

177-189.  

[67] Y.C. Chen, M-C. Su,C-H. Chin,I-C. Lin,P-Y. Hsu,C-W. Liou, K-T. Huang,T-Y. Wang, 

Y-Y. Lin, Y-X. Zheng, C-C. Hsiao, M-C. Lin. Formyl peptide receptor 1 up-regulation 

and formyl peptide receptor 2/3 down-regulation of blood immune cells along with 

defective lipoxin A4/resolvin D1 production in obstructive sleep apnea patients. PLoS 

One 14 (2019) e0216607.  

[68] R. Coras, A. Kavanaugh, T. Boyd, Q. Huynh, B. Pedersen, A.M. Armando, S. 

Dahlberg-Wright, S. Marsal, M. Jain, T. Paravar, O. Quehenberger, M. Guma. Pro- and 

anti-inflammatory eicosanoids in psoriatic arthritis. Metabolomics 15 (2019) 65.  

[69] N. Morshedzadeh, A. Saedisomeolia, M. Djalali, M.R. Eshraghian, S. Hantoushzadeh, 

M. Mahmoudi. Resolvin D1 impacts on insulin resistance in women with polycystic 

ovary syndrome and healthy women. Diabetes Metab. Syndr. 13 (2019) 660-664.  

[70] G. Kooij, C. Derada Troletti, A. Leuti, P.C. Norris, I. Riley, M. Albanese, S. Ruggieri, 

S. Libreros, S.M.A. van der Pol, B. van Het Hof, Y. Schell, G. Guerrera, F. Buttari, 

N.B. Mercuri, D. Centonze, C. Gasperini, L. Battistini, H.E. de Vries, C.N. Serhan, V. 

Chiurchiù. Specialized pro-resolving lipid mediators are differentially altered in 

peripheral blood of patients with multiple sclerosis and attenuate monocyte and blood-

brain barrier dysfunction. Haematolog. 105 (2020) 2056-2070. 



22 
 

[71] L. Kutzner, K.M. Rund, A.I. Ostermann, N.M. Hartung, J.M. Galano, L. Balas, T. 

Durand, M.S. Balzer, S. David, N.H. Schebb. Development of an optimized LC-MS 

method for the detection of specialized pro-resolving mediators in biological samples. 

Front. Pharmacol. 10 (2019) 69. 

[72] P.R. Souza, R.M. Marques, E.A. Gomez, R.A. Colas, R. De Matteis, A. Zak, M. Patel, 

D.J. Collier, J. Dalli. Enriched Marine oil supplements increase peripheral blood 

specialized pro-resolving mediators concentrations and reprogram host immune 

responses: a randomized double-blind placebo-controlled study. Circ. Res. 126 (2020) 

75-90. 

[73] M.S. Schaller, M. Chen, R.A. Colas, T.A. Sorrentino, A.A. Lazar, S.M. Grenon, J. 

Dalli, M.S. Conte.treatment with a marine oil supplement alters lipid mediators and 

leukocyte phenotype in healthy patients and those with peripheral artery disease. J. Am. 

Heart Assoc. (2020) in press 

[74] J. Yang, J.P. Eiserich, C.E. Cross, B.M. Morrissey, B.D. Hammock. Metabolomic 

profiling of regulatory lipid mediators in sputum from adult cystic fibrosis patients. 

Free Radic. Biol. Med. 53 (2012) 160-171. 

[75] O. Eickmeier, D. Fussbroich, K. Mueller, F. Serve, C. Smaczny, S. Zielen, R. Schubert. 

Pro-resolving lipid mediator resolvin D1 serves as a marker of lung disease in cystic 

fibrosis. PLoS One 12 (2017) e0171249.  

[76] S. Thul, C. Labat, M. Temmar, A. Benetos, M. Bäck. Low salivary resolvin D1 to 

leukotriene B(4) ratio predicts carotid intima media thickness: A novel biomarker of 

non-resolving vascular inflammation. Eur. J. Prev. Cardiol. 24 (2017) 903-906. 

[77] S.I. Tobón-Arroyave, D,M. Isaza-Guzmán, J. Gómez-Ortega, A.A. Flórez-Alzate. 

Salivary levels of specialized pro-resolving lipid mediators as indicators of periodontal 

health/disease status. J. Clin. Periodontol. 46 (2019) 978-990.  

[78] S. Masoudi, Z. Zhao, M. Willcox. Relation between ocular comfort, arachidonic acid 

mediators, and histamine. Curr. Eye Res. 42 (2017) 822-826.  

[79] J.T. English, P.C. Norris, R.R. Hodges, D.A. Dartt, C.N. Serhan. Identification and 

profiling of specialized pro-resolving mediators in human tears by lipid mediator 

metabolomics. Prostagland. Leukot. Essent. Fatty Acids 117 (2017) 17-27.  

[80] G.A. Weiss, H. Troxler, G. Klinke, D. Rogler, C. Braegger, M. Hersberger. High levels 

of anti-inflammatory and pro-resolving lipid mediators lipoxins and resolvins and 

declining docosahexaenoic acid levels in human milk during the first month of 

lactation. Lipids Health Dis. 12 (2013) 89.  



23 
 

[81] H. Arnardottir, S.K. Orr, J. Dalli, C.N. Serhan. Human milk proresolving mediators 

stimulate resolution of acute inflammation. Mucosal Immunol. 9 (2016) 757-766.  

[82] A. Sasaki, H. Fukuda, N. Shida, N. Tanaka, A. Furugen, J. Ogura, S. Shuto, N. Mano, 

H. Yamaguchi. Determination of ω-6 and ω-3 PUFA metabolites in human urine 

samples using UPLC/MS/MS. Anal. Bioanal. Chem. 407 (2015) 1625-1639. 

[83] M. Giera, A. Ioan-Facsinay, R. Toes, F. Gao, J. Dalli, A.M. Deelder, C.N. Serhan, O.A. 

Mayboroda. Lipid and lipid mediator profiling of human synovial fluid in rheumatoid 

arthritis patients by means of LC-MS/MS. Biochim. Biophys. Acta 1821 (2012) 1415-

1424. 

[84] H. Prüss, B. Rosche, A.B. Sullivan, B. Brommer, O. Wengert, K. Gronert, J.M. 

Schwab. Proresolution lipid mediators in multiple sclerosis - differential, disease 

severity-dependent synthesis - a clinical pilot trial. PLoS One 8 (2013) e55859. 

[85] X. Wang, M. Zhu, E. Hjorth, V. Cortés-Toro, H. Eyjolfsdottir, C. Graff, I. Nennesmo, 

J. Palmblad, M. Eriksdotter, K. Sambamurti, J.M. Fitzgerald, C.N. Serhan, A.C. 

Granholm, M. Schultzberg. Resolution of inflammation is altered in Alzheimer's 

disease. Alzheimers Dement. 11 (2015) 40-50. 

[86] X. Wang, W. Jiao, M. Lin, C. Lu, C. Liu, Y. Wang, D. Ma, X. Wang, P. Yin, J. Feng, J. 

Zhu, M. Zhu. Resolution of inflammation in neuromyelitis optica spectrum disorders. 

Mult. Scler. Relat. Disord. 27 (2019) 34-41.  

[87] T. Yang, G. Xu, P.T. Newton, A.S. Chagin, S. Mkrtchian, M. Carlström, X-M. Zhang, 

R.A. Harris, M. Cooter, M. Berge, K.R. Maddipati, K. Akassoglou, N. Terrando. 

Maresin 1 attenuates neuroinflammation in a mouse model of perioperative 

neurocognitive disorders. Brit. J. Anaesth. 122 (2019) 350-360.  

[88] J. Clària, B.T. Nguyen, A.L. Madenci, C.K. Ozaki, C.N. Serhan CN. Diversity of lipid 

mediators in human adipose tissue depots.  Am. J. Physiol. Cell Physiol. 304 (2013) 

C1141-C1149. 

[89] M.J. Zhang, B.E. Sansbury, J. Hellmann, J.F. Baker, L. Guo, C.M. Parmer, J.C. 

Prenner, D.J. Conklin, A. Bhatnagar, M.A. Creager, M. Spite. Resolvin D2 enhances 

postischemic revascularization while resolving inflammation. Circulation 134 (2016) 

666-680. 

[90] J.A. Keelan, E. Mas, N. D'Vaz, J.A. Dunstan, S. Li, A.E. Barden, P.J. Mark, B.J. 

Waddell, S.L. Prescott, T.A. Mori. Effects of maternal n-3 fatty acid supplementation 

on placental cytokines, pro-resolving lipid mediators and their precursors. Reproduction 

149 (2015) 171-178. 



24 
 

[91] G. Fredman, J. Hellmann, J.D. Proto, G. Kuriakose, R.A. Colas, B. Dorweiler, E.S. 

Connolly, R. Solomon, D.M. Jones, E.J. Heyer, M. Spite, I. Tabas. An imbalance 

between specialized pro-resolving lipid mediators and pro-inflammatory leukotrienes 

promotes instability of atherosclerotic plaques. Nat. Commun. 7 (2016) 12859.  

[92] E.J. Baker, E.A. Miles, G.C. Burdge, P. Yaqoob, P.C. Calder. Metabolism and 

functional effects of plant-derived omega-3 fatty acids in humans. Prog. Lipid Res. 64 

(2016) 30-56. 

[93] S. Lohner, K. Fekete, T. Marosvölgyi, T. Decsi. Gender differences in the long-chain 

polyunsaturated fatty acid status: systematic review of 51 publications. Ann. Nutr. 

Metab. 62 (2013) 98-112. 

[94] K.S. Rathod, V. Kapil, S. Velmurugan, R.S. Khambata, U. Siddique, S. Khan,S. Van 

Eijl, L.C. Gee, J. Bansal, K. Pitrola, C. Shaw, F. D'Acquisto, R.A. Colas, F. Marelli-

Berg, J. Dalli, A. Ahluwalia. Accelerated resolution of inflammation underlies sex 

differences in inflammatory responses in humans. J. Clin. Invest 127 (2017) 169-182.  

[95] M. Plourde, R. Chouinard-Watkins, C. Rioux-Perreault, M. Fortier, M.T. Dang, M.J. 

Allard, J. Tremblay-Mercier, Y. Zhang, P. Lawrence, M.C. Vohl, P. Perron, D. Lorrain, 

J.T. Brenna, S.C. Cunnane. Kinetics of 13C-DHA before and during fish-oil 

supplementation in healthy older individuals. Am. J. Clin. Nutr. 100 (2014) 105-112. 

[96] P. Léveillé, R. Chouinard-Watkins, A. Windust, P. Lawrence, S.C. Cunnane, J.T. 

Brenna, M. Plourde. Metabolism of uniformly labeled 13C-eicosapentaenoic acid and 
13C-arachidonic acid in young and old men. Am. J. Clin. Nutr. 106 (2017) 467-474.  

[97] C. Bolton-Smith, M. Woodward, R. Tavendale. Evidence for age-related differences in 

the fatty acid composition of human adipose tissue, independent of diet. Eur. J. Clin. 

Nutr. 51 (1997) 619-624. 

[98] D. Rees, E.A. Miles, T. Banerjee, S.J. Wells, C.E. Roynette, K.W. Wahle, P.C. Calder 

PC. Dose-related effects of eicosapentaenoic acid on innate immune function in healthy 

humans: a comparison of young and older men. Am. J. Clin. Nutr. 83 (2006) 331-342. 

[99] C.G. Walker, L.M. Browning, A.P. Mander, J. Madden, A.L. West, P.C. Calder, S.A. 

Jebb. Age and sex differences in the incorporation of EPA and DHA into plasma 

fractions, cells and adipose tissue in humans. Brit. J. Nutr. 111 (2014) 679-689. 

[100] P.C. Calder, N. Bosco, R. Bourdet-Sicard, et al. Health relevance of the modification of 

low grade inflammation in ageing (inflammageing) and the role of nutrition. Ageing 

Res. Rev. 40 (2017) 95-119. 



25 
 

[101] M. Jové, I. Maté, A. Naudí, N. Mota-Martorell, M. Portero-Otín, M. De la Fuente, R. 

Pamplona. Human aging is a metabolome-related matter of gender. J. Gerontol. A Biol. 

Sci. Med. Sci. 71 (2016) 578-585.  

[102]  P.C. Calder. Very long-chain n-3 fatty acids and human health: fact, fiction and the 

future. Proc. Nutr. Soc. 77 (2018) 52-72. 

[103] L.M. Browning, C.G. Walker, A.P. Mander, A.L. West, J. Madden, J.M. Gambell, S. 

Young, L. Wang, S.A. Jebb, P.C. Calder. Incorporation of eicosapentaenoic and 

docosahexaenoic acids into lipid pools when given as supplements providing doses 

equivalent to typical intakes of oily fish. Am. J. Clin. Nutr. 96 (2012), 748-758. 

[104] A.I. Ostermann, A.L. West, K. Schoenfeld, L.M. Browning, C.G. Walker, S.A. Jebb, 

P.C. Calder, N.H. Schebb. Plasma oxylipins respond in a linear dose-response manner 

with increased intake of EPA and DHA: results from a randomized controlled trial in 

healthy humans. Am. J. Clin. Nutr. 109 (2019) 1251-1263.  

[105] E. Mas, K.D. Croft, P. Zahra, A. Barden, T.A. Mori. Resolvins D1, D2, and other 

mediators of self-limited resolution of inflammation in human blood following n-3 fatty 

acid supplementation. Clin. Chem. 58 (2012) 1476-1484.  

[106] A.E. Barden, M. Moghaddami, E. Mas, M. Phillips, L.G. Cleland, T.A. Mori. 

Specialised pro-resolving mediators of inflammation in inflammatory arthritis. 

Prostagland. Leukot. Essent. Fatty Acids 107 (2016) 24-29. 

 

 

 

 

 

  



26 
 

Figure captions 

 

Figure 1. Schematic representation of self-limiting and chronic inflammation. Modified 

from Prostaglandins Leukotrienes and Essential Fatty Acids, Vol 131, J.K. Innes and P.C. 

Calder, Omega-6 fatty acids and inflammation, pp 41-48, Copyright 2018, with permission 

from Elsevier [7]. This version of the figure appeared in [12]. 

 

Figure 2. The role of n-3 polyunsaturated fatty acid (PUFA) derived specialised pro-

resolving lipid mediators (SPMs) in resolving acute and chronic inflammation. 

 

Figure 3. Outline of the pathway of synthesis of specialised pro-resolving mediators from 

eicosapentaenoic acid (EPA). COX, cyclooxygenase; CytP450, cytochrome P450; LOX, 

lipoxygenase; Rv, resolvin. 

 

Figure 4. Outline of the pathway of synthesis of specialised pro-resolving mediators from 

docosahexaenoic acid (DHA). AT, aspirin-triggered; COX, cyclooxygenase; CytP450, 

cytochrome P450; LOX, lipoxygenase; MaR, maresin; P, protectin; Rv, resolvin. 

 

Figure 5. Average concentrations of 11 specialised pro-resolving mediators in plasma or 

serum of healthy adult humans reported from different studies. All analyses used LC-

MS/MS and reported concentration as weight/ml. Data are from [36-38,40,44,45,52,55,58 

(plasma data only),59,60,66,70,72,73].  

 

Figure 6. The relationship between increased EPA intake, the incorporation of EPA into 

different blood pools in healthy humans and the increase in plasma 18-hydroxy-EPA. 

Healthy human participants consumed fish oil providing different amounts eicosapentaenoic 

acid (EPA) and docosahexaenoic acid per week for one yr. EPA content of plasma 

phosphatidylcholine (closed circles), plasma non-esterified fatty acids (closed squares), 

mononuclear cells (open circles) and platelets (open squares) was determined by gas 

chromatography and is expressed as mean group difference in EPA as % of total fatty acids 
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from the placebo group at 12 months. These data are from [93]. Plasma 18-hydroxy-EPA 

concentrations (closed triangles) were determined by liquid chromatography-mass 

spectrometry and are expressed as mean group difference in nmol/l from the placebo group at 

12 months. These data are from [104]. 

 

Figure 7. The relationship between increased DHA intake, the incorporation of DHA into 

different blood pools in healthy humans and the increase in plasma 17-hydroxy-DHA. 

Healthy human participants consumed fish oil providing different amounts eicosapentaenoic 

acid and docosahexaenoic acid (DHA) per week for one yr. DHA content of plasma 

phosphatidylcholine (closed circles), plasma non-esterified fatty acids (closed squares), 

mononuclear cells (open circles) and platelets (open squares) was determined by gas 

chromatography and is expressed as mean group difference in DHA as % of total fatty acids 

from the placebo group at 12 months. These data are from [103]. Plasma 17-hydroxy-DHA 

concentrations (closed triangles) were determined by liquid chromatography-mass 

spectrometry and are expressed as mean group difference in nmol/l from the placebo group at 

12 months. These data are from [104]. 

 

Figure 8. The effect of oral n-3 PUFAs on plasma concentrations of specialised pro-

resolving mediators in adult humans. A) Calculated average % change in plasma 

concentration of 5 specialised pro-resolving mediators in plasma of adult humans after 

consuming oral n-3 PUFAs reported from different studies. Data are combined from 

[35,37,38,41,63] (RvE1), [37,38,41,46,63] (RvE2 and RvE3), [37,38,41,42,43,63] (RvD1) and 

[37,38,41,42,43] (RvD2). Data are calculated as % difference between group average after and 

before n-3 PUFAs or, where before n-3 PUFA data were not available [46], between after n-3 

PUFAs and values in the control group. B) Change in plasma concentrations of RvE1 (closed 

circles), RvE2 (open circles) and RvD1 (grey squares) according to increased daily intake of 

EPA (for RvE1 and RvE2) or DHA (for RvD1). Data are from [35,38,41,63] (RvE1), 

[38,41,46,63] (RvE2) and [38,41,42,43,63] (RvD1). All studies used LC-MS/MS for analysis. 

Data are calculated as % difference between group average after and before n-3 PUFAs or, 

where before n-3 PUFA data were not available [46], between after n-3 PUFAs and values in 

the control group. 


