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Abstract: Polyunsaturated fatty acids (PUFAs) are important components of the diet of mammals.
Their role was first established when the essential fatty acids (EFAs) linoleic acid and «-linolenic
acid were discovered nearly a century ago. However, most of the biochemical and physiological
actions of PUFAs rely on their conversion to 20C or 22C acids and subsequent metabolism to lipid
mediators. As a generalisation, lipid mediators formed from n-6 PUFAs are pro-inflammatory
while those from n-3 PUFAs are anti-inflammatory or neutral. Apart from the actions of the classic
eicosanoids or docosanoids, many newly discovered compounds are described as Specialised Pro-
resolving Mediators (SPMs) which have been proposed to have a role in resolving inflammatory
conditions such as infections and preventing them from becoming chronic. In addition, a large
group of molecules, termed isoprostanes, can be generated by free radical reactions and these too
have powerful properties towards inflammation. The ultimate source of n-3 and n-6 PUFAs are
photosynthetic organisms which contain A-12 and A-15 desaturases, which are almost exclusively
absent from animals. Moreover, the EFAs consumed from plant food are in competition with each
other for conversion to lipid mediators. Thus, the relative amounts of n-3 and n-6 PUFAs in the diet
are important. Furthermore, the conversion of the EFAs to 20C and 22C PUFAs in mammals is rather
poor. Thus, there has been much interest recently in the use of algae, many of which make substantial
quantities of long-chain PUFAs or in manipulating oil crops to make such acids. This is especially
important because fish oils, which are their main source in human diets, are becoming limited. In
this review, the metabolic conversion of PUFAs into different lipid mediators is described. Then, the
biological roles and molecular mechanisms of such mediators in inflammatory diseases are outlined.
Finally, natural sources of PUFAs (including 20 or 22 carbon compounds) are detailed, as well as
recent efforts to increase their production.

Keywords: polyunsaturated fatty acids; synthesis; lipid mediators; inflammation; eicosanoids;
docosanoids; specialised pro-resolving mediators

1. Introduction

It was the husband and wife team of George and Mildred Burr which demonstrated for
the first time that lipids were a vital component of a healthy diet for mammals [1]. A year
later, they showed that the polyunsaturated fatty acids (PUFA) linoleic acid [2] and later
a-linolenic acid [3] could alleviate the symptoms produced by a fat-free diet. Although
controversial at the time, there were, thus, two distinct types of PUFAs which were both
essential—the n-3 (omega-3) and the n-6 (omega-6) families [4]. In their experiments
(using fat-free diets) a variety of physiological symptoms were observed which were
characteristic of essential fatty acid (EFA) deficiency and these characteristic features could
be abrogated by feeding linoleic and o-linolenic acids [4]. These acids can be regarded as
key to preventing EFA deficiency and, as we will see later, are essential in a normal healthy
diet [5].

While only small amounts of linoleic and o-linolenic acids are needed to prevent EFA
deficiency, it has become increasingly recognised that the n-3 and n-6 PUFAs have further
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dietary importance, mainly because they can be metabolised to a whole series of lipid me-
diators. The latter compounds are usually formed from longer-chain (20C or 22C) PUFAs,
and there has been increasing interest in such acids as dietary components. Research has
primarily centred on arachidonic (ARA), n-3 eicosapentaenoic (EPA) and docosahexaenoic
(DHA) acids. Moreover, because ARA mainly gives rise to pro-inflammatory or inflamma-
tory mediators whereas the n-3 PUFA products have the opposite effect, attention has also
been paid to the n-6/n-3 ratio in diets with the advice this should be about 3—4, which is
much lower than current “Western” diets [6].

Many of the most prevalent diseases have chronic inflammation as an important
determinant [7]. Thus, it is not surprising that there has been much interest in the role that
dietary PUFAs could play in increasing the risk of onset or in ameliorating such diseases
through the production of useful lipid mediators [8]. Thus, for example, a potential
therapeutic target for atherosclerosis has been suggested for mediators that reduce NF«xB
inflammatory effects and resolve inflammatory episodes [9,10]. By the same token, it has to
be recognised that both n-3 and n-6 PUFAs are needed for good health. Table 1 lists diseases
where n-3 PUFAs have been shown to have beneficial effects. The major complaints will be
dealt with in more detail in later sections.

Table 1. Complaints where increased n-3 PUFAs have been reported to be beneficial.

Arthritis—rheumatoid, osteoarthritis

Cancer—e.g., colon

Cardiovascular disease

Chronic pain

Crohn’s disease

Neural development—brain development (AHD, cognitive function)

—vision (optic nerve function)

Neurodegeneration—Alzheimer’s disease, dementia

Infections—Dbacterial, viral (incl. COVID-19)

Ulcerative colitis

Uncontrolled and/or chronic inflammation is important in many widespread patho-
logical situations. These include arthritis, cancers, cardiovascular diseases, chronic pain,
and neurological complaints, as well as bacterial and viral (including COVID-19) infec-
tions [11,12]. Thus, there is an urgent need to understand the mechanism(s) of inflammation
so that new treatments can be developed [13,14]. Current treatments, such as the use of
steroids or non-steroid anti-inflammatory drugs (NSAIDs) [15] are clearly inadequate and,
indeed, have unwanted side effects. Therefore, the development of new concepts and novel
mediators is urgently required [11,16,17].

2. Conversion of Polyunsaturated Fatty Acids into Lipid Mediators

The production of lipid mediators from PUFAs can be considered in two main sec-
tions. First, there is the conversion of EFAs into classic eicosanoids. This aspect has been
covered in some detail recently [18-20] and, in particular, the molecular mechanisms of the
three types of oxidases involved have been described in detail [21]. Second, there is the
production of specialised pro-resolving mediators (SPMs) which can be formed by both
enzymatic and non-enzymatic PUFA oxidation [11,22].

2.1. Eicosanoid Biosynthesis

The biosynthesis of the classic eicosanoids (20C oxidised derivatives of PUFAs) is due
to the action of three different types of oxidation. The enzymes involved are the cyclooxy-
genases, lipoxygenases, or the cytochrome P450 oxidase/epoxygenases [18,19,21,23]. All
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these reactions utilise a non-esterified PUFA which is usually released from a membrane
phosphoglyceride by phospholipase A2 (PLA2) action. A number of PLA2 enzymes have
been characterised [24]. These can be categorised into cytosolic Ca-dependent (cPLA2),
cytosolic Ca-independent (iPLA2) and secreted PLA2 (sPLA2) groups. Moreover, the main
substrate fatty acids (ARA, EPA, DHA) have different phospholipid sources [18] and, to
an extent, different activities with the various hydrolytic enzymes [25]. Further details of
the physiological interactions that influence the PLA2-mediated release of PUFAs from
membrane lipids may be found in [18,19].

Oxidation of the 20C PUFA (usually ARA or EPA) can be through cyclooxidase ac-
tion [26]. There are two major human cyclooxygenase isoforms (COX-1, COX-2) which
differ in their expression and substrate selectivity [18]. COX-1 is expressed constitutively
in most mammalian tissues while COX-2 has a characteristic low expression unless in-
duced by inflammatory stimuli such as cytokines or tumour promoters [27,28]. The main
exceptions to this are that both isoforms (COX-1, COX-2) are expressed constitutively in
the brain, testes, and the macular densa of the kidney [29]. Two reactions are catalysed by
both COXs. In the first, two molecules of oxygen are added to the substrate by a cyclooxy-
genase reaction. For ARA this leads to prostaglandin PGG2. The latter intermediate is then
reduced during a peroxidase cycle to PGH2. The COX enzymes are more correctly called
prostaglandin endoperoxide H synthase. Although COX-2 has a wider substrate selectivity
(including n-3 PUFAs) than COX-1 [27,28], ARA is still the preferred substrate for both [30].

Once the endoperoxide intermediate has been produced by COX activity, it can be
converted into three classes of prostanoids: prostaglandins (e.g., PGD2, PGE2, PGF2),
prostacyclin (PGI2), or thromboxane TXA2—all from PGH?2 (Figure 1). PGI2 promotes
vasodilation, inhibits platelet aggregation, and contributes to myocardial protection. In
contrast, TXA2 promotes platelet aggregation [31]. Since these two prostanoids have antago-
nistic effects, their balance is important for vascular homeostasis and healthy cardiovascular
function [32]. Notably, prostanoid synthases have isoforms with variable distributions in
different tissues. Thus, the eicosanoid composition produced in individual tissues can vary
significantly [19].
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Figure 1. Conversion of cyclooxygenase endoperoxide products to different eicosanoids. The example
shown is for PGH2 as formed from arachidonic acid. Arachidonic acid is first converted to the
cyclooxygenase endoperoxide product PGH,. This, in turn, can form the prostaglandins PGE; or
PGF,«, prostacyclin PGI, or thromboxanes TXA; and TXB;.
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The isolation, purification, and characteristics of enzymes involved in the production
of prostanoids via COX activity are detailed in [33]. In addition, details of the structure
of COXs as well as their catalytic mechanisms and substrate selectivities are described
in [21]. COX-1 and possibly COX-2 can undergo an irreversible substrate-independent
self-inactivating process [34], possibly due to radical intermediates formed in either of the
two partial reactions [33].

All the lipid mediators described here have local and normally transient actions in tis-
sues. For prostanoids, they can be metabolized to other less-active metabolites (Figure 1) or,
in the case of 15d-prostaglandin J2, they can bind to PPAR-y [35]. In turn, such binding can
have anti-inflammatory and anti-oxidant actions e.g., via inhibition of NFkB and JAK-STAT
pathways [36]. For many prostaglandins, 15-PGDH (15-hydroxyprostaglandin dehydro-
genase) is a key enzyme. It causes the rapid oxidation of 15-hydroxy-prostaglandins into
their less active 15-keto derivatives. It is ubiquitously expressed in mammalian tissues and
is particularly important for PGD2, PGE2, and PGF2« catabolism.

Lipoxygenases (LOXs) can catalyse three different types of reactions: hydroperox-
ide production via dioxygenation, hydroperoxidation which yields keto lipids, and a
leukotriene synthase reaction to give epoxy leukotrienes [18]. They have also been pro-
posed to be involved in the biosynthesis of SPMs. In humans, six main families of LOXs
have been identified—5-LOX, 12-LOX, 12/15-LOX (15-LOX type 1), 15-LOX type 2, 12R-
LOX and epidermal LOX [37]. Traditionally, LOXs have been named according to their
positional specificity for arachidonic acid so that, for example, 15-LOX would be called
ALOX-15 [21]. In mice, there are seven LOXs. All of the animal LOXs have a single
polypeptide chain of 75-80 kDa mass. A beta-barrel at the N end is used for substrate
acquisition and a catalytic domain contains a single non-heme iron atom. Other features of
the reaction, such as the role of iron and molecular interactions of the substrate with the
lipoxygenase, are summarised in [18]. In humans, there are six functional genes (ALOX5,
ALOX12, ALOX12B, ALOX15, ALOX15B, ALOXE3), four pseudogenes, and an ALOX12
antisense gene [38].

5-LOX is involved in the formation of leukotrienes (Figure 2) and is expressed mainly
in cells of myeloid origin. In resting cells, 5-LOX is a soluble enzyme in the cytosol. After
cell activation, it co-migrates with PLA2 to the endoplasmic reticulum [19]. It can also
interact with cytosolic phospholipase A2 and can be phosphorylated at multiple sites [21].
Moreover, after phosphorylation, 5-LOX can translocate to the nuclear envelope [39]. 5-
LOX catalyses a two-step concerted reaction with two accessory proteins (5-lipoxygenase
activating protein (FLAP), coactosin-like protein (CLP)) being needed [21]. The product
from ARA is LTA4 and this can then form LTB4 or, alternatively, the cysteinyl leukotrienes
(Figure 2).

LOXs are usually constitutively expressed except for 15-LOX (ALOX15) which can be
induced by IL-4 or IL-13 in macrophages [40]. Studies on mammalian LOXs show that the
N-terminal domain can function for membrane-binding and regulation [41,42], such as in
the translocation from the cytosol to the cell membrane [21].

Crystal structures are available for the 5- and 15-LOXs which show a single polypep-
tide chain with the characteristics outlined previously. Other crystal structures for various
LOXs are noted in [43]. The coordination positions of the catalytic iron are occupied by
three conserved histidine residues, the carboxyl group of the C-terminus Ile, and a variable
ligand [43]. Although all human LOXs were thought to function as monomers, studies with
the human platelet 125-LOX (ALOX12) revealed it as a dimer [44]. Indeed, human 5-LOX
can function as a monomer or a dimer [45]. The reaction mechanism for the dioxygenase
activity of LOX and a note of other reactions involving free-radical processes are discussed
well in detail by Hajeyah et al. [21]. Some LOXs exhibit suicide inactivation. For example,
human 5-LOX is irreversibly inactivated by both 5-HpETE and leukotriene A4 products [46].
Further molecular mechanisms for catalysis and regio [47,48] and stereoselectivities [49]
are discussed in [50].
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Figure 2. Leukotriene biosynthesis from arachidonic acid. 5-LOX is a key enzyme and catalyses
a two-step concerted reaction. In the second step, two accessory proteins, FLAP (5-lipoxygenase
activating protein) and CLP (coactosin-like protein) are needed and LTA4 is produced. LTA4 can
either be hydrolysed to form LTB,4 or converted to various ‘cysteinyl leukotrienes’. Adapted and
re-drawn from [18].

Instead of being converted to leukotrienes, ARA can form lipoxins, which are consid-
ered a class of SPMs. The biosynthesis of lipoxin (5,6,15-trihydroxy-7,9,11,13-eicosatetraenoic
acid) (LX) is carried out by interactions between different cells. The process involves three
lipoxygenases (5-,12-, and 15-LOX) and, in addition, aspirin-triggered lipoxins (ATL) can
be formed [51]. All the LXs are strongly anti-inflammatory [52]. The aspirin-triggered
lipoxins are 15-isomers of LX [53] but have been reported to be more resistant to metabolic
inactivation [54]. Two other products of LOX action are eoxins (which are strongly pro-
inflammatory) [55] and hepoxilins. The latter are important in human epidermis func-
tion [56].

The third type of oxidation that can occur on PUFAs such as ARA is catalysed by the
cytochrome P450 oxidases (CYPs). They belong to a superfamily of heme-containing mixed-
function monooxygenases [57]. In humans, there are over 50 functional genes and their
active enzymes are widely distributed with important functions in health and disease [58].
The CYPs transfer a single oxygen to the substrate and are membrane-bound haem proteins.
NADPH is needed and comes via an NADPH-cytochrome P450 reductase. They produce a
mixture of hydroxy-eicosatetraenes (HETEs) due to their omega-hydroxylase activities, the
mixture depending on the individual isoforms [59]. Alternatively, epoxygenase activity
allows the production of cis-epoxyeicosatrienoic acids (EETs) which have major functions
as autocrine and paracrine effectors in the renal and cardiovascular systems. EETs are
rapidly metabolised to their corresponding dihydroxyeicosatrienoic acids (DHETs) which
have significantly smaller physiological activities [18].
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As is the case with COX and LOX products, research on products of cytochrome
P450 oxidases has concentrated on metabolites of ARA [59]. However, it should be noted
that the latter oxidases often have a preferential selectivity towards n-3 PUFAs such as
EPA or DHA [18]. Furthermore, oxidation of linoleic acid can take place to form octade-
canoids which can influence the inflammation associated with metabolic syndrome and
cancer [60,61].

The oxylipins produced by CYPs are dependent upon and easily altered by diet [62,63].
CYPs primarily convert linoleic acid into epoxyoctadecamonoenoic acid (EpOME) while
a-linolenic acid (ALA) is converted mainly into epoxyoctadecadienoic acid (EpODE) [63].
Since linoleic acid is the main PUFA in human diets it is important to note that CYP
products tend to be pro-inflammatory. They can act by activating NFkB to give oxidative
stress [64,65] or to change lipid metabolism through PPARy [66]. For the ALA-derived
oxylipins, much less is known but some products inactivate the NLRP3 inflammasome [66]
suggesting that they may play a role in reducing inflammation [62].

Our current knowledge of the structure of mammalian CYPs is described in [21]. There
are two domains; a beta-sheet-rich N-terminal domain and a larger helix-rich C-terminal
catalytic region. A transmembrane helix is located in the N-terminal domain. Important
structural features and the general molecular reaction mechanism are described in [21,67].

Apart from the 18C oxylipins, CYP products of ARA [57] have been shown to have
important effects on inflammation. EETs reduced cytokine-induced endothelial cell ad-
hesion molecule expression and leukocyte adhesion to the vascular wall by inhibiting
transcription factor NF«B [68]. Moreover, later work showed that 14,15-DHET,11,12-EET
and 20-HETE were all potent activators of PPARwx [69]. PPAR« can then inhibit the inflam-
matory response by repressing NF«B signalling. Expression of several genes involved in
inflammation, including COX-2, was inhibited after PPAR« activation [70].

2.2. Eicosanoid Receptors

It has become apparent over the last two decades that most eicosanoids mediate
their effects through G-protein-coupled receptors [71-73]. A list of G-protein-coupled
eicosanoid receptors along with their ligands and signalling systems is provided in [19].
In addition, a comprehensive recent review of prostanoid receptors included details of
their expression, characterisation, regulation and mechanism of action [74]. Although each
receptor binds with highest affinity to a particular prostanoid, there is considerable cross-
reactivity towards different prostanoids. Thus, receptors DP1 and DP2, whose affinities
are highest for PGD2, will also bind PGE2 and PGF2x. Moreover, some prostanoids can
bind to several receptors. For example, PGF2« can bind to both DP receptors and all four
EP receptors, as well as those for prostacyclin and thromboxane. Moreover, the 1-series
prostaglandin, prostacyclin, can bind to the prostanoid receptor IP but also to PPARS [75].
Furthermore, the EETs can bind to PPARx and PPARY and, in addition, may have their
own G-protein-coupled receptors [19].

Prostaglandin D2 can be bound to either DP1 or DP2 which are distinct receptors [76].
Both receptors are coupled to G-proteins and, upon binding by PGD2 (or its PGJ]2 series
products) will change intracellular cAMP and Ca++ concentrations [74]. These alterations
for DP1 do not involve inositol-1,4,5-trisphosphate [77]. As with most G-coupled receptors,
regulation of DP1 and DP2 receptors is accomplished by desensitisation and internalization
but with some detailed differences. Desensitization begins with phosphorylation of the
receptor leading to the high-affinity binding of arrestins [78]. An example of the differences
between DPI and DP2 is where activation of the latter changes Ca++ concentrations via both
PI3K and Ca++/calmodulin/calcineurin signalling [79]. The synergy and opposing action
of DP1 and DP2 receptors are detailed in [74] where further descriptions of prostaglandin
E2 (EPs), prostacyclin (IP), thromboxane (TP) and prostaglandin F2x (FP) receptors will
be found.

Fujino [80] has recently proposed a new viewpoint for G-protein-coupled receptor-
mediated signalling. Instead of a single pathway being activated from a receptor, the
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new concept allows more than one pathway to be activated from a single receptor. Thus,
prostanoids can act as ‘biased” ligands and provide multiple benefits or disadvantages.

3. Specialised Pro-Resolving Mediators (SPMs)

Recently, a multi-author publication [81] has questioned some aspects of the formation
and function of SPMs. This is a controversial area which is discussed in detail at the end of
Section 6.3.3. Because the disagreements have not yet been resolved, it should be mentioned
at this point that they have implications for Sections 3 and 6.

Specialised pro-resolving mediators are so called because of their proposed function in
the resolution stage of inflammation and the first representative was isolated some 20 years
ago [82]. Inflammation itself is a natural protective process where the body responds to
harmful stimuli such as pathogens or wounding. It functions to clear out damaged tissues
and necrotic cells as well as eliminate the initial cause. Acute inflammation is actively
terminated by its resolution which has been proposed to involve several mechanisms
including the production of SPMs, as well as the down-regulation of pro-inflammatory
substances (such as leukotrienes). If resolution does not occur, chronic inflammation will
ensue with severe consequences [11,22].

As mentioned above, the first SPM which was isolated was a resolvin formed from
EPA [82]. Four individual resolvins (E-series resolvins e.g., RvE1) can be formed from EPA
and have been characterised [83]. Six D-series resolvins are formed from DHA (RvD1, RvD2
etc.) [84] while n-3 docosapentaenoic acid can form D-series resolvins (e.g., RvDn-3DPA) as
well as the 13-series resolvins (RvTs) [11,22]. Some details of the enzymatic reactions and
molecular details for the generation of E-resolvins via COX-2 and CYPs have been discussed
in [21]. 18R-HEPE can be converted by 5-LOX into a 55-hydroperoxy intermediate and then
to a 55,65-epoxyintermediate [85]. The hydroperoxyl intermediate can be peroxidised to
resolvin E2 while the epoxy intermediate can be hydrolysed by LTA4H to resolvin E1 [86].
18S-HEPE has also been proposed to form 185-analogues of resolvin E1 and E2 [21].

It is, perhaps, ironic that aspirin (which is used widely along with other NSAIDs
to inhibit COX activity) [87] should have proven useful in the discovery of many SPMs.
Thus, aspirin treatment can lead to the formation of 17R-resolvins from DHA as well
as the aspirin-triggered resolvins AT-RvD1 and AT-RvD2 [18]. The discovery of these
reactions [82] and further details are given in [88].

As an alternative to resolvins, DHA has been proposed to be modified by 15-LOX to
generate protectins or by 12-LOX to form maresins. The first protectin (NPD1) was isolated
from the brain and was termed neuroprotection because of this and its protective action [84].
However, because similar docosanoids have now been reported in many tissues, the term
‘protectin’ is now preferred for their other peripheral actions [11,18]. Aspirin irreversibly
inhibits COX-1 at its active site but only partly blocks that of COX-2 and modifies its activity.
The latter can show activity similar to 15-LOX but with a difference in the configuration
for oxygen insertion [18]. The aspirin-triggered epimer, 17R-NPD1 shares the actions of
NPD1 by attenuating stroke, controlling polymorphonuclear leukocytes and facilitating
macrophage activity [11].

A recent review has provided more details about the biosynthesis, catabolism, and
structure-functions of the protectins [89]. Particular emphasis has been placed on structure-
function data for sulfido-conjugated protectins as well as the catabolism of protectin
D1. It was pointed out that by 2022 some 43 SPMs possessing pro-resolution and anti-
inflammatory reactions had been reported. Because mediators such as PD1 act locally,
they then have to be catabolized rapidly. The role of 3-oxidation in this process has been
detailed [90].

Maresin synthesis has been proposed to begin with 125-LOX generating 145-hydroperoxy-
DHA, followed by an epoxy-intermediate. The epoxy-intermediate can then be hydrolysed
by different enzymes [21] to generate maresins 1 or 2 [91,92].

Recently, three series of peptide lipid-conjugated SPMs have been reported. These are
conjugates with maresins, protectins, or resolvins and have been termed cys-SPMs [93].
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Each series has three members, all with potent pro-regenerative and pro-repair actions [11].
Data from detailed structure-function analyses of these sulfido protectin conjugates as well
as some protectin analogues have been published [89].

In contrast to the SPMs formed from n-3 PUFAs, ARA can be converted to lipox-
ins, which are trihydroxyeicosatetraenoic acids [39,94]. There are at least three routes
for the biosynthesis of lipoxins. LXA4 and LXB4 can be generated by 5-LOX action on
155-HPETE [95]. Alternatively, a transcellular pathway using 5-LOX in one cell and 12-
LOX in another has been reported [96]. A third mechanism produces epi-lipoxins (or
aspirin-triggered lipoxins; ATL) using an aspirin-modified COX-2 which forms 15R-HPETE
and then 5-LOX continues the process [95]. Catabolism of the lipoxins occurs via 15-
hydroperoxyprostaglandin dehydrogenase and prostaglandin reductase. The ATL share
the anti-inflammatory actions of AXs but are more resistant to metabolic inactivation [54]

A complex interaction between receptors and enzymes has been reported for lipoxin
generation in macrophages [97]. Lipoxins were generated following sequential activation
of toll-like receptor 4 (TLR4, a receptor for endotoxin) and P2X7. Initial activation of TLR4
led to an accumulation of 15-HETE within membrane phospholipids. Activation of P2X7
caused the release of 15-HETE through cPLA2 action. This allowed 5-LOX to produce
enhanced lipoxin levels.

3.1. Receptors for SPMs

As discussed in [18], lipid mediators bind to receptors in order to facilitate their cellular
actions. Apart from those for prostanoids and leukotrienes discussed previously, receptors
have been reported for lipoxins [98] and other SPMs [99] (see Figure 3).
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Figure 3. Illustration of the resolution metabolome showing proposed SPM biosynthesis, receptors
and functions. Precursors EPA and DHA are converted via biosynthetic enzymes to SPMs, which in
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turn activate their specific receptors to stimulate pro-resolving innate immune functions. Each
SPM demonstrates stereoselective activation of its cognate GPCR on selective cell types, leading to
intracellular signals, pathways and pro-resolving functions. The affinities of SPMs for their respective
recombination GPCRs (i.e., Kd or EC50 values) are consistent with their bioactive concentration
ranges e.g., macrophage phagocytosis (picomolar-low nanomolar) in vitro. The in vivo functions of
these SPM receptors were demonstrated using transgenic and /or knock-out mice, as well as specific
blockage of the receptor e.g., siRNA, antibodies or receptor agonists (see [22] for details. The figure is
taken from [18] under the terms of the Creative Commons License for an Open Access publication.
However, please see the end of Section 6.3 for comments arising from the publication of [81] about
challenges to some of the proposals for the generation, concentrations in vivo and action of SPMs.

In summary, each SPM has been suggested to promote resolution by interacting with
a specific G-protein-coupled receptor (GPCR) in a stereospecific manner [11]. The affinities
are reported to be in the low nM range which is consistent with their in vitro and, in
particular, in vivo biological activities. Details of the individual-reported GPCRs are given
in [11,22]. This includes recently discovered receptors such as GPCR37 for NPD1/PD1 [100],
LGR6 for maresin MaR1 [101], and GPR101 for RvDRn-3DPA [102]. Although there are
a considerable number of SPMs reacting with specific receptors, interactions can often
produce similar cellular changes such as alterations in cAMP or Ca**. Thus, receptor
activation by different SPMs can initiate overlapping functions [11] but see also the detailed
comments in [81] about the receptors.

The receptor for lipoxin A and formyl receptor 2 is ALX/FPR2. It possesses high
sequence homology to the formyl peptide receptors [103]. It will also ligate ATL [104],
resolving D1 [105] and D3 [106]. Genetic targeting of ALX/FPR2 in different murine
models has generated conflicting results. This is possible due to variable balances between
pro-inflammatory and pro-resolving agonists in the various models [107]. LXA4 is also a
ligand for the nuclear aryl hydrocarbon receptor [108].

3.2. Further Metabolism of SPMs

Just as prostanoids have their effects locally and are rapidly catabolised, so the SPMs
are quickly metabolised through enzyme inactivation [11]. Oxidative enzymes are active,
and for RvE1 at least four distinct pathways are involved [18]. As will be seen in Figure 3,
both cytochrome P450 and, especially, 15-hydroxyprostaglandin dehydrogenase have been
reported to be active. Because of the proposed beneficial actions of SPMs during inflam-
mation, metabolically stable analogues (that resist inactivation) have been created [109].
In particular, benzo-diacetylenic derivatives and several mimetics for RvD1 have been
identified. The creation of a number of different structures as mimetics should allow them
to be used as templates in the clinical development of useful therapeutics for reducing
inflammation in vivo [11].

4. Auto-Oxidation of PUFAs to Create Anti-Inflammatory Products

A major group of compounds was discovered much later than the eicosanoids when
the auto-oxidation of ARA by reactive oxygen species (ROS) through free radical reactions
was characterised [110]. These compounds are termed isoprostanes, of which phyto-
prostanes are produced by ROS action on ALA in plants and neuroprostanes are formed by
free radical-mediated peroxidation of DHA [111]. As noted above, the earliest studies on
isoprostanes (IsoPs) were with ARA and, more recently, this PUFA has continued to be well
studied. IsoPs can be considered to be geometric isomers of prostaglandins but where their
lateral chains are in the cis configuration (rather than the trans configuration). IsoPs exert
their effects through the activation of prostanoid receptors or via kinase receptors (e.g., tyro-
sine, Rho) [111]. In the main, IsoPs are formed by free radical reactions on PUFAs esterified
to phosphoglycerides rather than using unesterified fatty acids, as for the prostanoids. The
oxidation reactions produce a mixture of racemic IsoPs in equal amounts. They are released
from phosphoglycerides by phospholipase A2 or platelet-activating factor hydrolase [112]
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after which further modifications can take place. IsoPs influence numerous diseases and are
important in hypertension and ischemic health. Their metabolism and function have been
covered excellently in several recent reviews to which the reader is referred [22,111-114]
for further details.

5. Fatty Acid Esters of Fatty Acids (FAHFAs)

Hydroxylated fatty acids esterified to another fatty acid to form FAHFAs have been
found in a host of different tissues. Following their first identification in white adipose
tissue, they have been found in serum, milk and many other tissues from mice and humans.
In addition, FAHFAs are present in insects, plants and bacteria. Moreover, other lipids
containing hydroxy fatty acids are present in a variety of forms and in many different
tissues and organisms [115].

Although the complete biosynthetic pathway for FAHFA formation in mammals is still
unclear [115], it is known that they are formed endogenously with defined stereochemistry.
Thus, the hydroxyl is in the R-configuration and peroxisomal enzymes are believed to be
involved. The adipose tissue triacylglycerol stores are a source of FAHFAs. More is known
about the biosynthesis of some plant FAHFAs [115].

FAHFAs have been reported to have beneficial biological effects in a variety of
mammalian tissues including adipose tissue, gut, pancreas, liver, and muscles. Anti-
inflammatory actions have been reported after lipopolysaccharide-stimulated dendritic cell
and macrophage activation [116] as well as modulation of innate and adaptive immune
responses for type-1 diabetes [117] and in a mouse colitis model [118]. Actions mediated
through GPR120 and GPR40 receptors have been reported for these anti-inflammatory
effects. For further details on the chemical synthesis of FAHFAs, the diversity of differ-
ent FAHFA families, and their metabolism and biological effects, see the comprehensive
review [115].

6. Molecular Mechanisms and Biological Effects of Lipid Mediators
6.1. Role of Eicosanoids in Inflammation and Immunity

The various eicosanoids (prostaglandins, thromboxanes, prostacyclin, leukotrienes,
HETEs, EETs, lipoxins) have a variety of biological actions [19]. Nevertheless, their role
in inflammation and immunity is the best researched [119-125] compared to other health
aspects. As mentioned before, there are two families of relevant PUFAs: the n-3 and n-6
groups. As a generalisation, the n-6 PUFAs give rise to inflammatory mediators while
the n-3 form neutral or anti-inflammatory compounds [6,124-127]. As discussed later (see
Sections 7 and 8), this has led to interest in the ratio of dietary n-3/n-6 PUFAs with regard
to consumer health [6].

As a result of infection, the inherent immunity response activates PLA2, COX-2, and
5-LOX so that there is an increased capacity for eicosanoid production [19]. In many cases,
however, the increased production of a particular prostanoid has multiple and, to an extent,
conflicting consequences. For example, Calder [19] illustrated these events for PGE2. The
latter has pro-inflammatory actions in inducing pain and fever and enhancing vascular
permeability to allow white blood cells to infiltrate the site of infection. Nevertheless,
PGE2 is also able to reduce the production of pro-inflammatory cytokines as well as 5-LOX
(which will inhibit the formation of pro-inflammatory leukotrienes) and induce 15-LOX
to increase the synthesis of pro-resolution lipoxins [19,126]. PGE2, therefore, has both
pro- and anti-inflammatory actions and is a regulator of inflammation with activity in its
initiation, propagation and resolution phases [19]. Moreover, the actions of PGE2 towards
different cells (dendritic cells, T lymphocytes, B lymphocytes, T-helper 1 cells, etc.) point to
the complexity of responses towards individual eicosanoids.

PGE2 is usually the most abundant PG in tissues [127]. It is released into the intracellu-
lar space and rapidly converted to 15-keto PGE2 which is essentially inactive. Non-steroidal
anti-inflammatory drugs, including aspirin, cause acute reductions in PGE2 through the
inhibition of COX activity [128]. PGE2-EP receptor-mediated effects have notable actions
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on acute and chronic inflammation as well as for some autoimmune diseases [127]. The
mechanisms involved in PGE2-induced several acute inflammatory conditions have been
reported e.g., [129,130]. Downstream events often involve IL-6 production and cellular
Ca++ changes. PGE2-EP2/EP4 signalling is involved in T cell differentiation [131] with
effects on TLR signalling via the cAMP-protein kinase A pathway [132]. PGE2 will also
affect Th17 cell expansion [133] and induce IL-23 production from dendritic cells [127] and
amplify this expression through canonical and non-canonical NF«kB pathways [134]. Some
autoimmune diseases (contact hypersensitivity, autoimmune encephalomyelitis, atopic
dermatitis, and multiple sclerosis) also appear to be strongly influenced by PGE2-EP2/EP4
signalling [127].

PGD2 is an allergic and inflammatory mediator when released from mast cells [120,122].
It is important for the induction of asthma and can have pro-inflammatory actions on the
skin to cause erythema, oedema, and leukocyte infiltration [135]. PGD2 also has multiple
pro-inflammatory effects in several animal models [19]. PGD2 is one of the eicosanoids
(along with PGA1, PGA2, PGD1 and PGJ2) which activates PPAR [136] and this activation
is not found with many prostaglandins. Using a competition binding assay, the eicosanoids
8(S)-hydroxyeicosatetraenoic acid and 15-deoxy-PGJ2 (15d-PGJ2) bound to PPAR alpha
and PPAR gamma, respectively, at physiological concentrations [137]. Further work on
15d-PG]J2 as a natural PPARgamma agonist has revealed that it can play many roles in
anti-tumour and anti-inflammatory processes [138]. Simultaneously, PPARs can influence
NFkappaB and JAK-STAT which regulate the expression of downstream genes and mediate
inflammatory diseases such as arthritis [139,140] as well as cancer [141]. Moreover, the con-
nection between PPARgamma with 15dPG]J2 activation and different cancer lines has been
confirmed [142]. A similar connection has been reported for reductions in inflammatory
parameters [143].

LOX products are also important in inflammation [19,120,122,144]. LTB4 is a potent
chemoattractant and acts to recruit leukocytes to inflammatory sites. It can also act to
increase the adhesion of these cells to the endothelium. Other pro-inflammatory effects
include increasing the production of reactive oxygen species and pro-inflammatory cy-
tokines [19]. The cysteinyl-LTs (LTC4, LTD4, LTE4) are produced by a number of cells (e.g.,
macrophages) following stimuli such as allergens. This, in turn, can have a role in asthma
as well as other pro-inflammatory responses [119,145,146].

While 5-LOX produces various leukotrienes, other LOXs give rise to different lipid
mediators [18,19]. 15-LOX (15-LOX type 2) metabolises ARA to 15-HpTE which can be
reduced to 15-HETE. The latter will form 5,6-epoxyeicosatetraenoic acid (by 5-LOX activity),
a precursor of the lipoxins LXA4 and LXB4 [147]. Epimers of LXA4 and LXB4 can also be
produced by COX-2 activity in the presence of aspirin and are termed aspirin-triggered
LXs [147]. In contrast to the leukotrienes, LXs are SPMs and, therefore, anti-inflammatory.

The divergent functions of pro- and anti-inflammatory products of 5-LOX have been
discussed in detail [148] as well as possibilities for new targets to inhibit. For example, an-
tagonists of LTC4 or LTD4 can compete for binding to their G-protein-coupled receptor [148]
while inhibitors of LTA4 hydrolase [149] or LTC4 synthase [150] have been developed. In
contrast to the leukotrienes, lipoxin binds to different receptors (e.g., FPR2/ALX) and
interferes with LTB4 functions and antagonises cysteinyl-leukotriene receptors 1 and 2
to block pro-inflammatory responses [148]. Thus, lipoxins reduce vascular permeability,
stop excessive neutrophil infiltration and activation, and are chemoattractants of mono-
cytes for wound healing [147]. The balance between LTs and SPMs such as lipoxins in
leukocytes might be influenced significantly by differential intracellular localisation of
5-LOX [151]. Moreover, experiments with macrophages using a FLAP inhibitor which
inhibited 5-LOX production of LTs while allowing SPM production emphasized the molec-
ular details of the production of pro- and anti-inflammatory LOX products [152]. While LTs
are known to impact several important diseases (arthritis, cardiovascular disease, cancer,
neuropathology in Alzheimer’s disease) lipoxins can alleviate oxidative stress connected
to inflammation [51]. Reactive oxygen species (ROS) activate the NF«kB pathway which
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causes levels of inflammatory cytokines (IL-6, TNFo etc.) to rise. These cytokines sensitise
PLA2 to release arachidonic acid which can then be converted into lipoxins. Lipoxins can
then reduce the production of ROS [153]. Lipoxin inhibits activation of the NF«B signalling
pathway and is of benefit in intracerebral haemorrhage [51], bacterial pneumonia [154]
and osteoarthritis [155]. In addition, some of the anti-inflammatory actions of lipoxin can
be through reducing NO generation [156]. In fact, lipoxin could inhibit the production of
both ROS and NO [51]. Indeed, ATLX4 could have an important anti-inflammatory action
through NO [157].

The aspirin-triggered lipoxin A4 (in addition to lipoxin) can be considered a breaking
signal in inflammation [156]. The effects of ATL on LPS-induced NF«B activation, phos-
phorylation of MAPKSs and activation of activator protein-1 have been studied. The results
showed that ATL inhibited NO and pro-inflammatory cytokine production at least in part
via NFkB and p38MAPK signalling pathways. This has implications for neurodegenerative
diseases [156]. In addition, the receptors for lipoxins (ALX/FPR2) and their interactions
with lipoxin A4 are important for the chronic inflammation associated with cardiovascular
disease [107,156,157].

The regulation of 5-LOX is described in detail in [158]. These authors detail the
regulatory domain of 5-LOX with phosphorylation sites and binding positions for Ca,
diacylglycerol etc. The action of dicer (a multi-domain RNA helicase) is notable. 5-LOX is
an effector and regulator of p53 and, as such, is important in cell/tissue growth [159]. This
can have implications for cancer and 5-LOX can also be important as a regulator of Wnt
and in other developmental pathways [160].

Recently, the characteristics and functions of 12/15-LOX have been described in de-
tail [38]. This enzyme can have both pro- and anti-inflammatory actions. For example, the
metabolite 12(5)-HETE is a strongly inflammatory attractant for neutrophils and leuko-
cytes in heart tissue [161] while, in the brain, 12(S)HETE and 15(S)HETE both have anti-
inflammatory actions [162]. The pro-inflammatory actions of 12(S)HETE and 15(S)HETE
have been reported for several tissues [38]. Sometimes these effects involve the induction
of pro-inflammatory cytokines. This may be caused by changes in 12(S)HETE such as in its
effects on LPS-induced pulmonary inflammation [38]. Conversely, 12/15-LOX regulates the
expression of pro-inflammatory eosins in epithelial airway cells [163]. Moreover, increased
expression of some of these inflammatory molecules was also dependent on nuclear factor
(NFkB) activation [38]. When increased 12/15-LOX expression is found in asthma patients,
its product 15(S)-HETE correlates with disease severity [38].

The anti-inflammatory actions of 12(S)HETE and 15(S)HETE in ischemic brains were
reported to be dependent on PPARy [162,164]. Moreover, in arthritic mouse models,
deletion of 12/15-LOX increased joint disruption [165]. In addition, because 12/15-LOX is
involved in the production of SPMs, such as protectin D1, the resolution of inflammation
can be impaired significantly [38]. In addition, lipoxins generated from 15(S)HPETE are also
pro-resolving and this benefit can overcome the pro-inflammatory action of HETEs [166].
Lipoxin A4 has several beneficial effects on inflammation, including reducing neutrophil
recruitment and clearance of apoptotic cells by macrophages [38]. Such functions appear
to be mediated via the G-protein-coupled receptor ALX [167]. Such benefits of SPMs,
produced via 12/15-LOX activity, have been reported in a variety of situations including
chronic air inflammation, T cell migration and apoptosis, epithelial wound healing and
bacterial-mediated peritonitis [38]. Thus, it is obvious that 12/15-LOX and its metabolites
can have both pro- and anti-inflammatory actions. These are summarised in Table 2.

Another subject is intimately associated with inflammation. That is, clearance of
apoptotic cells is important for the resolution of infection and its related inflammation.
Phagocytosis of apoptotic cells causes the non-immunogenic removal of damaged cells
as well as autoantigens [168]. It is noteworthy that resident macrophages expressing
12/15-LOX do the primary clearance whereas other phagocytic cells (which do not express
12 /15-LOX) rarely participate. This process may be improved by 12/15-LOX metabolites
such as lipoxins [38].
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Table 2. Effects of 12/15-LOX on Inflammation (see [29]).

Pro-Inflammatory Effects

12/15-LOX products
12/15-LOX activity
12/15-LOX deletion

Anti-inflammatory effects
12/15-LOX products

12/15-LOXactivity

12/15-LOX deficiency
Deletion of 12/15-LOX
12/15-LOX expression

12(S)HETE pro-inflammatory chemoattractant for neutrophils, leukocytes; induces expression of
inflammatory cytokines

Expression of pro-inflammatory eoxins; induces MCP1 expression

Interacts with LPS to increase inflammation; promotes severity of asthma

Reduces the expression of pro-inflammatory genes

Forms lipoxins, protectins, resolvins

Pro-resolving effects; regulates dendritic immune function; macrophages with 12/15-LOX activity
clear apoptotic cells

Reduced protectin synthesis; resolution of inflammation impaired; wound healing reduced
Reduced lipoxin production; increased joint destruction; impairs apoptotic clearance

Implications for complaints (CVD, diabetes, obesity, neurological)

Although 12/15-LOX can produce both pro- and anti-inflammatory metabolites
(Table 2), their nature is influenced by the substrates they react with. As noted before,
in general, metabolites from n-3 PUFAs, such as DHA, are significantly anti-inflammatory.
Indeed, 17-HDHA produced from DHA is a more potent agonist against PPARy than DHA
itself [38].

For a detailed survey of 12/15-LOX potential actions in relation to cardiovascular
disease, diabetes, neurological diseases and obesity, the reader is directed to the review by
Singh and Rao [38].

Arachidonate 15-lipoxygenase type B (ALOX15B) is one of two lipoxygenases that
catalyse peroxidation at the 15-position. Details of the reaction mechanism have been de-
scribed [169-171]. It produces 15-HpETE from arachidonic acid [169] but its main product
is 15-HETE. In addition, it will oxygenate EPA, DHA, and linoleic and y-linolenic acids.
Moreover, it has a special characteristic in that it can oxygenate ester-lipid-bound PUFAs
as well as lipoproteins [49,172,173]. 15-LOX orthologs have been implicated in the synthe-
sis of pro-resolving lipoxins [174]. ALOX15B has important functions in atherosclerosis,
inflammatory lung and skin diseases, arthritis, cancer, and several other complaints [169].

Products of cytochrome P450 eicosanoids can be important for inflammation. As
mentioned before, the cytochrome P450 oxidases (CYPs) are a super-family of enzymes
which can generate lipid mediators in the HETE and EET families from arachidonic acid.
Various CYPs can also oxidise the n-3 PUFAs, EPA and DHA. In fact, some CYPs show a
selectivity towards n-3 PUFAs [95] with epoxide products being particularly important.
In addition, various oxylipins can be produced from linoleic acid. They may activate
NFkB pathways and cause oxidative stress [64] or affect obesity through PPARy [175,176].
The HETEs are regarded generally as inflammatory. Thus, 5-HETE can cause airway
constriction, 12-HETE enhances platelet aggregation, 15-HETE produces vasoconstriction,
and 20-HETE constricts vascular smooth muscle [62]. In contrast, some HETEs like 5-
HETE have been noted to have anti-inflammatory actions such as regulating anti-oxidant
responses [177].

The connection of HETE products in relation to inflammatory-related diseases has
been reviewed by Ni and Liu [178]. In particular, they note the effects of 20-HETE on
the cardiovascular system [179], kidney [180], brain [181], and lung function [179,181].
19S-HETE was also noted to be of benefit to cardiovascular function [182].

The EETs work through several different mechanisms and are regarded generally
as anti-inflammatory [62]. They may contribute to lowering blood pressure through the
manipulation of sodium levels [183]. 5,6-EET inhibits B-cell proliferation, possibly through
inhibition of NFkB, while 8,9-EET and 11,12-EET have beneficial effects on pulmonary
artery endothelial cell proliferation [184]. 14,15-EET suppresses mitochondrial apopto-
sis [184]. Physiological concentrations of EETs decreased cell adhesion molecule expression
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and prevented leukocyte adhesion to the vascular wall by a mechanism involving NF«kB
inhibition [62].

CYP products from EPA have a variety of beneficial effects on blood pressure, neuronal
function, steatohepatitis, adiposity and lung cancer [62]. Products from DHA were often
vasodilators and protected against oxidative stress and vascular dysfunction [185].

Early work on the cytochrome P450 eicosanoids showed that several (including 14,15-
DHET, 11,12-EET, and 20-HETE) were potential activators of PPARy. In addition, these
eicosanoids could enhance CYP4A1, sEH, and CYP2C11 expression, suggesting that they
could regulate their own levels [69]. Recently, CYP450 metabolites, such as 14,15-DHET,
have been shown to activate PPARy, which in turn inhibited NFkB-dependent bacterial
clearance during post-influenza superinfection [186]. This was unexpected because PPARy
has been shown in several infection and disease models to exert anti-inflammatory activ-
ity [187]. The authors suggest that the complexity of the superinfection could result in an
aberrant PPAR activation [186]. Nevertheless, there is a body of evidence that eicosanoids
derived from CYP metabolism of arachidonic acid have potential as novel preventative
and therapeutic targets for inflammatory diseases including those such as cardiovascular
complaints [39] that have chronic inflammation as a contributive factor.

6.2. Roles of Specialised Pro-Resolving Mediators in Inflammation

As mentioned previously, uncontrolled inflammation is a significant factor in a host
of important diseases, including cardiovascular complaints, arthritis, cancer, metabolic
syndrome, neurological diseases, chronic pain, as well as bacterial or viral infections.
Although acute inflammation is usually protective and self-limiting, if it persists then it is
harmful. This has led to increasing awareness of the dangers of chronic inflammation and
the proposal that SPMs may have considerable potential for clinical treatments. Two recent
reviews summarise the proposed metabolism, function, and utilisation in disease for the
different SPMs [11,22].

6.3. SPM Production in Diseases and on Challenge

While there are numerous clinical studies emphasising the role of dietary PUFAs
in health and diseases, there are an increasing number of reports about the specific in-
volvement in n-3 PUFA-derived SPMs. Thus, dietary supplementation with n-3 PUFA or
marine oils should increase SPM synthesis to correlate with better phagocyte function [11].
In contrast, SPM biosynthesis is reduced in several diseases such as multiple sclerosis,
osteoarthritis, and tuberculous meningitis [8]. In addition, it has been noted that SPM
biosynthesis in COVID-19 patients is lowered (as revealed in bronchoalveolar lavages,
plasma, and serum samples) [22].

The proposed routes for the formation of the SPMs (protectins, resolvins, maresins)
and their peptide-conjugates have been covered well in recent reviews [11,22] (see Section 3).
More details about the molecular details of their enzymatic biosynthesis will be found
in [21,89,95,188].

In an experimental system for bacterial-triggered skin inflammation, SPMs are pro-
duced locally at the site of infection. These include several resolvins as well as lipoxin LXB4
which (when applied at physiological concentrations) reduced PMN numbers [189]. In
the same model system, oral treatment with a cannabinoid anabasum increased resolvins,
reduced pro-inflammatory leukotriene LTB4, and promoted resolution [190]. Moreover, in
LPS-challenge experiments, the role of SPMs in inflammation resolution was confirmed [11].
Macrophages, which are involved in inflammatory reactions, can be divided into M1 and
M2 types. M1-macrophages respond to bacterial infections by producing pro-inflammatory
mediators such as LTB4 and PGE2. In contrast, M2-macrophages are proposed to produce
SPMs. Moreover, a dual inhibitor of PGE2-synthase 1 and 5-LOX selectively reduced LT and
PG production in M1-macrophages while increasing SPM (resolvins, maresins) production
in M2-macrophages [191].
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6.3.1. Production of Resolvins

The potential functions of the various types of SPMs have been described well in recent
reviews [11,19,22]. The E-series resolvins are formed from EPA and RvE1 protects tissues
from leukocyte-mediated injury as well as excessive pro-inflammatory responses [12].
This resolvin regulates vascular inflammation by protecting against stenosis including
modifying oxidised LDL uptake [11]. RvE1 reduces neuroinflammation in an Alzheimer’s
disease model and, in addition, shows benefits against cancerous cells [192]. Other E-series
resolvins exhibit similar benefits against harmful inflammatory situations. RvE2 prevents
PMN infiltration in peritonitis, RvE3 acts on airway allergic inflammation, and RvE4 has
several actions in physiological hypoxia [11].

Resolvin E1 reduces injury-related vascular neointima formation by inhibiting in-
flammatory responses [193] and early treatment with this resolvin facilitates myocardial
recovery from ischaemia in mice [194]. In fact, some studies have shown that RvE1 and
other SPMs are reduced in patients with atherosclerosis [195]. In addition, RvE1 can reg-
ulate the functions of macrophages by stimulating efferocytosis in murine models [196].
Other animal models have been used to show that RvE1 can decrease atherogenesis [197]
and reduce the size of atherosclerotic lesions [198]. The potential beneficial roles of resolvins
and other SPMs in cardiovascular disease have been reviewed [8,107].

The D-series resolvins are produced from DHA either from LOX action (RvDs) or by
COX-2 in the presence of aspirin (AT-RvDs/17R-RvDs) [11,18]. Both RvD1 and 17R-RvD1
are reported to regulate phagocytosis at very low concentrations. Thus, they may have
benefits against inflammation in Parkinson’s disease, bacterial-induced lung inflammation,
and tumour growth [11,199]. These resolvins may also benefit ischemia following tissue
injury such as in ischemia/reperfusion-induced kidney injury [11] as well as regulating
leukocyte functions [200]. RvD2 also suppresses tumour growth and may be a potent
regulator of bacterial sepsis. It can reduce tissue necrosis after burn wounds and stimulate
repair while enhancing muscle regeneration [11]. RvD3 and 17R-RvD3 are reported to show
anti-cancer activity and regulate leukocyte actions, while RvD4 has been suggested to have
potential for controlling thrombo-inflammatory disease. RvD5 may help control bacterial
infections [11] and, interestingly, shows gender dimorphism for pain regulation [201].

While the FPR2/ALX receptor is involved with lipoxin signalling, AT-RvD1 is also an
antagonist [107]. However, RvD1 and RvD2 additionally signal via DRV1/GPR32 [107]. As
expected, GPR32 is expressed in vascular endothelial [202] and smooth muscle cells [203].
The beneficial effects of RvD1 on endothelial cell integrity and barrier function are blocked
by antibodies against DRV1/GPR32 or FPR2/ALX, suggesting that RvD1 acts through
both [202]. For RvD2, the receptor is termed DRV2/GPR18 [204,205]. Several other ligands
can activate this receptor and, depending on the cell type and stimuli, the intracellular
signal is an increase or a reduction in cAMP production [107]. Downstream effects include
an increased capacity of macrophages to phagocytose debris and dead cells and a reduction
in PMN filtration [204]. In separate studies, RVD1 has been shown to mitigate muscle cell
proliferation and leukocyte infiltration [206]. Both RvD1 and RvD2 can inhibit VSMC and
monocyte proliferation, migration and adhesion [207] while a new RvD1 mimetic served as
a potent immunoresolvent [208].

Further beneficial effects of RvD1, AT-RvD1 and RvD2 are summarized in [188].
These include diminishing neutrophil infiltration [209-211], reducing the NF«B signalling
pathway [212], and promoting resolution and survival in infectious inflammation [213-215].
General reviews are [8,188].

6.3.2. Biosynthesis of Protectins and Maresins

A second group of SPMs are the protectins synthesised from DHA via 15-LOX ac-
tion [11,18]. Although protectins were originally researched in brain tissue, following
aspirin treatment (and termed neuroprotectins), they are found in many tissues [18]. They
have been reported to have acute actions in many disease states [11]. For example, in
brain tissues where DHA is a major fatty acid [216,217], NPD1/PD1 can protect against
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ischemic stroke, retina degenerative disease [218], and traumatic brain injury [11]. The
same protectin seems to be involved in asthma and with macrophage activity connected
to inflammatory pain. PD1 is protective in many models of infection and sepsis [22]. A
positional isomer of PD1 can be generated from DHA by the action of two plant LOXs. It is
now called PDX and differs from PD1 in the geometry of double bonds in the conjugated
triene. PDX inhibits platelet activation and improves insulin sensitivity and atherosclerosis
in type-2 diabetes [219]. Both PD1 and PDX suppress the replication of the influenza
virus [101]. In addition, the aspirin-triggered epimer 17R-NPD1 has similar actions to
NPD1 [11].

A recent update about the biosynthesis of protectins has been made [89]. This goes
into detail about the mechanisms of the reactions resulting in the production of protectins
(including PDX) and their sulfido-conjugates. Examples of typical pro-resolving mecha-
nisms of protectins (mainly PD1) are given. These include upregulating efferocytosis and
phagocytosis, enhancing bacterial clearance and neuroprotection, downregulating NFxB
signalling and pro-inflammatory cytokine production, and regulating T-cell migration.
These effects have important implications for infection, obesity, cardiovascular disease,
neuroinflammation, multiple sclerosis, and sepsis [89].

Confirmation of the general benefits of PD1 is documented in [100] for phagocytosis
regulation, protection against inflammation [100], epithelial injury repair [220], and artery
conditions [207]. Similarly, protectins have been reported to have protective actions in
general for atherosclerosis [8] and bacterial infections [188].

Maresins, a third group of SPMs derived from DHA, are first biosynthesised by 12-
LOX activity [11]. Mar1 was first identified in human macrophages. The name derives from
macrophage mediators in resolving inflammation. MaR1 has been reported to be pro-repair,
pro-regenerative, and neuroprotective in a range of tissues and phyla [221]. It activates a
specific G-protein-coupled receptor, LGR6, which is involved in the pro-resolving functions
of phagocytes [22]. Another receptor, ROR-«, can be involved in MaR1 actions on liver
macrophages. MaR1 can improve recovery after spinal cord injury, reduce inflammation in
perioperative disorders and attenuate pain sensitivity [11]. It will also accelerate wound
healing and bone regeneration while reducing pain after tooth extraction [101]. Psoriasis-
like inflammation and UVB irradiation damage are also reduced in the skin [11].

A variety of beneficial actions of maresins with regard to inflammation have been
reported. Some of these relate to the pathogenesis of atherosclosis [8] as well as bacterial
infections [188]. MaR1 attenuates inflammatory signalling pathways in smooth muscle and
endothelial cells [222]. It also prevents atheroprogression in mice [223], promotes phagocyte
immunoresolvent functions [101], and has general PSM actions [224]. With bacterial
infections, MaR1 mitigates the inflammatory response and protects from sepsis [225,226].
It will activate LGR6 and thus promote phagocytic immune-relevant functions [101]. For
LPS-induced acute lung injury, MaR1 mitigates the process [227] and accelerates resolution
partly by preventing neutrophil survival [228].

The peptide-lipid conjugates (cys-SPMs) can have pro-repair and pro-regenerative
actions [11]. The maresin conjugates (MCTRs) prevent LTD4-induced airway contraction
and alleviate allergic airway inflammation. Together with the protectin conjugate PCTR1,
MCTR1 can also prevent adult respiratory distress syndrome and its associated organ
failure [229,230].

6.3.3. Further Remarks about SPM Production and Potential Activities

Apart from EPA and DHA, n-3 docosapentaenoic acid (n-3DPA) can also be con-
verted into SPMs. These include resolvins, protectins and maresins as well as 13-series
resolvins [11,22]. A number of studies suggest a role for DPA in inflammation [231]. The
effects are due to the conversion of DPA into bioactive mediators by similar pathways to
those for EPA and DHA. Diurnal regulation of RvDn-3DPA, as well as its addition to the
blood of healthy volunteers, support its protective role in cardiovascular disease [22]. In
addition, the benefits of RvD5n-3DPA were noted in arthritic inflammation. The same
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mediator can help during experimental sepsis [22]. 13-series resolvins, which are also
formed from n-3 DPA, ensure neutrophil movement to infection sites, increase the up-
take and killing of bacteria by phagocytes, and promote the uptake of apoptotic cells by
macrophages. Moreover, the production of such mediators is upregulated by statins, which
have been suggested to increase their efficacy in reducing inflammation [232,233].

In this section, I have concentrated on the actions of lipid mediators in inflammation
per se. However, as noted before, many important diseases have chronic inflammation as a
causative or pre-disposing factor. Thus, the classic eicosanoids and newly discovered SPMs,
as well as elovanoids and isoprostanes, can be important in these diseases. For more details
on the actions of lipid mediators in the health or diseases of the cardiovascular system,
renal or gastrointestinal function, reproduction, arthritis, or cancer, the reader is referred
to recent publications [11,12,18,19,22,38,148]. The role of SPMs in glial cell function, and
hence in nervous system development, homeostasis, and response to injury, have been
reviewed recently [234]. Receptors for all the main SPMs (including LXA4) have been noted
with differences in their effects on astrocytes and neurons. As in other tissues, the binding
of LXA4 to the ALX/FPR2 receptor inhibits the expression of pro-inflammatory cytokines
via an NFkB-dependent mechanism [235]. SPMs strongly reduce microglial activation and
their production of pro-inflammatory mediators, and increase their ability to phagocytose
and remove aggregated proteins such as amyloid 3 [236,237]. These actions have relevance
to several models of neurodegenerative conditions such as Alzheimer’s disease, multiple
sclerosis, and Parkinson’s disease [234]. In addition, Ponce et al. [238] reviewed the role
of SPMs in reducing neuroinflammation associated with neurodegenerative disorders.
Alzheimer’s and Parkinson’s diseases were particularly emphasised, along with the links
between pro-inflammatory compounds and signalling pathways such as NF«B. Notably, the
beneficial effects of NPD1 on beta-amyloid precursor protein metabolism were noted [239].
Such observations suggest that SPMs could be useful as add-on or standalone agents for
the treatment of patients with neurodegenerative diseases [238].

Despite an impressive number of publications from different laboratories documenting
the presence and biological activities of various SPMs, some key aspects have been ques-
tioned recently [81]. These authors challenge the analytical methodology when applied to
leukocytes and other cells. They suggest that concentrations of SPMs in vivo are too low to
have the biological effects claimed. Moreover, SPMs in tissues are too low and too unstable
to be assayed with any confidence. Furthermore, SPMs did not increase with supplements
of their omega-3 precursors and the evidence for their appearance during the resolution
phase of inflammation was inadequate. In addition, the identity of G-protein-coupled
receptors needs to be confirmed by independent means.

What is not in dispute seems to be the detailed structural analysis and synthesis
work to identify the various SPMs that can be formed from EPA and DHA. Moreover, the
increasing body of evidence showing that SPMs have beneficial effects when applied at
sufficient concentrations in various disease states is important and suggests significant future
clinical applications.

A meeting (since the publication of [81]) in Sweden, where the different parties were
present, failed to resolve the points at issue and future clarification is needed. In the
meantime, it seems prudent for journals (and their referees) to be fully cognizant of the
questions raised about studies of SPMs and the difficulty of robust analysis of these unstable
molecules in biological samples.

7. Production of VLCPUFAs from Dietary Essential Fatty Acids

As commented previously, the dietary EFAs, first elucidated by the Burrs, are the
typical higher plant PUFAs, linoleic and a-linolenic acids [18]. However, the various lipid
mediators are produced from VLCPUFAs which are 20C or 22C in length and contain
additional double bonds. In humans, they are produced from linoleic and «-linolenic acids
by a series of desaturation and elongation reactions as illustrated in Figure 4. Almost all
of the reactions needed take place on the endoplasmic reticulum and usually begin with
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a A-6 desaturation. There is an alternative pathway using an elongation first (Figure 4).
The supply of the EFAs is due to the fact that oxygen-evolving photosynthetic organisms
(cyanobacteria, algae, lower and higher plants) contain A-12 and A-15 desaturases. It is
recognised that dietary EFAs are converted to VLCPUFAs (especially into DHA) rather
poorly in mammals [5,217] so there has been considerable interest in finding sources of
EPA and DHA for the diet. The vast majority of VCPUFAs are produced by algae which
lie at the base of food chains [240]. However, because desaturation reactions tend to be
reduced at higher temperatures, the supply is under threat due the climate change [6,241].
In fact, this whole topic has been reviewed in detail recently [242]. Moreover, because of
the poor conversion of EFAs into VLCPUFAs in mammals, a dietary supply of EPA and
DHA can be considered ‘conditionally essential” in certain circumstances [5] and may also
be considered advisable for certain individuals, especially newborns [243-246].

linoleic 9,12-18:2 9,12,15-18:3 a-linolenic

A6-desaturase FADS2 A6-desaturase
v-linolenic 6,9,12-18:3 6,9,12,15-18:4 stearidonic
elongation ELOVL5 elongation
dihomo-y-linolenic 8,11,14-20:3 8,11,14,17-20:4

Ab-desaturase FADS1 Ab-desaturase

arachidonic 5,8,11,14-20:4 5,8,11,14,17-20:5 EPA
elongation ELOVL2/5 l elongation

onaat
9.12,15,18-24:4 % 7.10,13,16-22:4  7,10,13,16,19-22:5 _A4-desaturase 47 10 13 16.19-22:6

' ’ DPA DHA
FADS?2 | A6-desaturase FADS2 elongation FADS2
) ELOVL2 retro-conversion
retro-conversion
6,9,12,15,18-24:;5 —— > 4,7,10,13,16-22:5  6,9,12,15,18,21-24:6

omega-6 series omega-3 series

Figure 4. Conversion of the essential fatty acids to 20-and 22-carbon PUFAs. The two EFAs (linoleic
and alpha-linolenic acids) are metabolized by the same desaturases (Fads) and elongases (Elovls).
Conversion to longer chains usually begins with A6-desaturation although an alternative pathway
elongates the chain first. In algae, a A4-desaturase allows direct production of 22:6 (DHA) but, in
animals, DHA is made via a 24C intermediate followed [3-oxidation in the Sprecher pathway.

Although conversion of EFAs into VLCPUFAs is needed for dietary PUFAs to be
effective, the speed of production of EPA and DHA has been questioned and carefully
re-examined recently [247]. The authors make several important conclusions. First, they
consider that the conversion of ALA into EPA and DHA may be higher than previously
thought. Second, there is an unsuspected complex relationship between tetracosahexaenoic
acid (24:6 n-3) and DHA and, third, the increase in EPA levels on feeding DHA is only
partly due to retroconversion [247]. In addition, it should be noted that ALA is essential in
the diet even when VLCPUFAs are present. This may be due to the different utilisation of
dietary DHA and liver-derived DHA. Thus, these authors conclude that dietary ALA is
critical in maintaining tissue levels of n-3 PUFAs [248].

One feature of the conversion of EFAs into VLCPUFAs as illustrated in Figure 4, is the
so-called ‘Sprecher pathway’ involving a 24:6 intermediate followed by (3-oxidation. This
is named after its discoverer who could not detect a A4-desaturase in mammalian tissues to
convert 22:5 into DHA (Figure 4) [249]. The Sprecher pathway is key in humans and other
mammals and, with the exception of a few teleost species, in fish also [250].
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Sources of VLCPUFAS for Humans

In human diets, fish and fish oils are the main sources of VLCPUFAs. Fish should
normally have an adequate supply of such acids in their feeds, whether they are from
capture fishing or from aquaculture. In fact, aquaculture now supplies more than half the
total fish used [251] and about 75% of marine-sourced fish oils are used in aquaculture [252].
Because this situation is not sustainable where demand for VLCPUFAs (particularly EPA
and DHA) is rising [253], there is much importance attached to how aquaculture can
be adapted for the future. In particular, because so much fish oil is currently used in
aquaculture and wild fish catches are dwindling, efforts are being made to substitute plant
oils in the feed [254,255].

It is important to point out that the enzymes used for the production of VLCPUFAs
in mammals (Figure 4) have activity with both n-3 and n-6 PUFAs. Consequently, the
ratio of such acids in the diet is important. Moreover, ‘Western” diets usually have a ratio
of linoleic/ o-linolenic acids of 10 or more whereas a ratio of 3—4 is recommended for
good health [6,217,243]. This aspect needs urgent attention in order to provide suitable
recommendations for everyday intake of dietary fats.

Since fish are the main dietary sources of VLCPUFAs (especially n-3 PUFAs) and
there is an increasing shortage of them around the world, alternative sources of such
acids have been sought. Crops have been genetically modified to synthesise EPA and/or
DHA [254-257]. Such manipulations have either used a polyketide synthase system [257]
or a combination of mainly algal genes to make significant amounts of EPA and/or
DHA [258,259]. Currently, there are a number of potential commercial sources for such
acids [255,256] (see Section 8).

Although fish are the main source of VLCPUFAs in typical human diets, the content of
such acids depends on their feeds. However, there is not a simple relationship between the
algae (or fish oil) consumed and the final fish content. Thus, the relationship depends on a
multitude of factors, including the environment as well as fish development and feeding
strategies (particularly “finishing diets’) [260]. It has generally been considered that most
fish have a somewhat limited ability to biosynthesise VLCPUFAs. However, there are
exceptions such as the rabbit fish (Siganus canaliculatatus). Moreover, relevant desaturases
or elongases have been found in many species. These findings are of special relevance in
view of the widespread use of fish oils in aquaculture [261]. Nevertheless, despite these
recent findings, fish (like other vertebrates) lack the A-12 and A-15 desaturase that provide
the EFAs. In contrast, microorganisms such as algae, protists, cyanobacteria and a few
bacteria are capable of synthesising EFAs de novo. This is usually done by an aerobic
desaturase (and elongase) pathway but can also be achieved by an anaerobic polyketide
synthase pathway (such as in Thraustochytrids) [262-264]. The microorganisms involved
have been well reviewed by Qiu et al. [265].

Marine ecosystems are enriched in n-3 VLCPUFAs where algae are recognised as the
main sources [240]. However, recently it has also become clear that many invertebrates
(mostly aquatic) contain the necessary enzymes to biosynthesise a variety of PUFAs de
novo. For more details see [266] which includes a discussion of VLCPUFA biosynthesis
in fish. Actually, the first reports of non-photosynthetic organisms that contain the critical
A-12 desaturase to make linoleic acid were from the work of Borgeson and Blomquist. They
first reported linoleic acid synthesis in two insects, the house cricket (Acheta domesticus)
and the American cockroach (Periplaneta americana) [267-269]. Later, they found de novo
formation of linoleic acid in two non-insect invertebrates, the land slug and the garden
snail [270].

8. Sources of Dietary PUFAs

Oil crops are the main sources of PUFAs in food and feed. Currently, the main crops
are oil palm, soybean, oilseed rape and sunflower, representing about 35%, 26%, 15% and
9%, respectively, of the total consumption [271]. In short, these four crops currently provide
86% of the world’s vegetable oils. Details of the production, composition, processing, and
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utilisation of major oil crops are given in The Lipid Handbook [272]. The dominant fatty
acids of commodity vegetable oils are palmitic, oleic, and linoleic acids. While «-linolenic
acid (ALA) is present in most oils, it is usually only in small amounts. Soybean (7%),
oilseed rape (6%), and flax (47%) are crops with significant amounts of ALA. However,
there is so much linoleic acid in soybean oil that the ratio of n-6/n-3 PUFA is about 8.
Only In oilseed rape (Canola varieties) is there a “healthy ratio” (about 2.3) for human
consumption [240,271]. As noted before, because the conversion of EFAs into VLCPUFAs
(which provide almost all lipid mediators) uses enzymes which work with both n-6 and n-3
PUFAs (Figure 4), their dietary ratio is very important and has led to increased attention
being paid to adequate dietary n-3 PUFAs. Dietary effects and recommendations are
discussed in [240] while the food applications of lipids are reviewed in [273].

8.1. Increasing Oil Crop Yields

There are two main aspects to consider when discussing dietary sources of PUFAs.
First, there is a continuous need for more oil year after year [272], the vast bulk of which
comes from land-based crops. Second, dietary considerations dictate that the overall
composition of oils and their contribution to lipid uses is important [271].

For increasing oil yields in crops, several approaches have been used [271]. These
include traditional breeding and agricultural practices. The problems with climate change
have increased the importance of both these aspects. For seed oils, quantitative trait loci
(QTL) analysis has been used to try and identify useful genes. Moreover, a combination of
transcriptome and metabolome analysis can identify regulators that can influence seed oil
content [274].

Metabolic control analysis has been utilised to study individual enzymes and quantify
their regulatory influence in triacylglycerol formation [275,276]. Such a method allows
precise characterisation of how manipulating a particular enzyme can change lipid accu-
mulation. An example was where DGAT1 was up-regulated in B. napus and increased
the oil content of seeds significantly in both greenhouse [277] and field conditions [278].
Following this example, DGAT is often used in combination with other genes to increase
oil accumulation. The synergistic effect of DGAT together with a transcription factor, Wrin-
kled 1 (WRI1), was shown to channel carbon from carbohydrate metabolism into lipid
biosynthesis [279]. In fact, this combination of useful genes to increase oil accumulation has
now been taken further with the ‘Push/Pull/Package/Protect’ combination [280]. In this,
WRI1 is used to push carbon into lipid synthesis, DGAT pulls the carbon into triacylglyc-
erol formation, oleosin packages oil into droplets, and lipase action is reduced to prevent
catabolism. Another example of combining the expression of several genes to augment oil
accumulation is given in [281].

The usefulness of flux control analysis in defining the amount of regulation caused
by individual enzymes in a pathway has been utilised further. Examination of lysophos-
phatidate acyltransferase showed that, despite its low intrinsic flux control coefficient, it
could contribute significantly to oil accumulation [282]. This agreed with the data of Liu
et al. [281], also with B. napus. Instead of DGAT, triacylglycerol can also be formed by
phospholipid: diacylglycerol acyltransferase (PDAT) in a non-acyl-CoA reaction. When
the activity of this enzyme was increased it had a negative effect on oil accumulation and
altered lipid metabolism in B. napus [283]. This contrasts with the beneficial effect of PDAT
in crops producing some unusual oils [283]. Thus, flux control analysis can provide very
useful information about triacylglycerol formation in oil crops. Nevertheless, it neglects
the integration of lipid metabolism into a genome-scale metabolic network, which has been
reviewed recently [284].

8.2. New Sources of VLCPUFAs

As mentioned previously [6,240], the main source of VLCPUFAs in human diets is fish
where the animals have consumed algae, the actual site of such synthesis [240]. Because
this situation is unsustainable, there have been attempts to engineer vegetable crops to
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produce VLCPUFAs over the last decade, mainly by using algal enzymes. In addition,
several commercially useful algae (that accumulate significant quantities of VLCPUFAs)
have been studied and ways of increasing their yields as well as their % of VLCPUFAs
examined [6,285]. However, unless the algal oils are used for high-value products (such
as infant formulae) the cost of growing and processing algae remains a serious problem.
Nevertheless, they can be used to provide VLCPUFAs for supplements in eggs, meat, and
milk, in pet foods, and especially in aquaculture; see [6,285-288].

Because of the currently prohibitive cost of producing algal oils, serious efforts have
been made to modify plants to produce VLCPUFAs. Examples of commercial genetically-
modified plants are listed in Correa et al. [284]. The examples listed are mainly in oilseed
rape but two groups have successfully modified Camelina sativa to produce EPA and/or
DHA contents that are similar to fish oils [289,290]. These research efforts have been driven
by the need to develop a land-based source of EPA and DHA to replace dwindling fish
oils [254,255]. The most popular approach (as exemplified in the above examples) has been
to install an alternative pathway of desaturases and elongases. A major problem with
this approach has been the issue of ‘substrate dichotomy” where desaturation often uses
phosphatidylcholine whereas elongation uses acyl-CoA substrates [254,291,292]. The initial
attempts with different oilseeds are summarised in [256]. Some of the recent attempts which
have seen significant improvements in vegetable oils as important sources of VLCPUFAs
are documented in [256,284,293,294]. The present position is that a number of plant crops
can provide alternatives to the currently fragile source of VLCPUFAs from fish for use in
food or feeds (especially in aquaculture).

9. Conclusions

Since their discovery as essential fatty acids, linoleic and a-linolenic acids have been
recognised for a number of important biochemical and physiological functions. Their
actions are almost always due to their metabolic conversion to lipid mediators. Apart from
the classic eicosanoids, recent research has identified many other mediators, such as the
SPMs and isoprostanes. Together, the lipid mediators have very important health functions
and, moreover, they impact many of the most important human disease states. With this
recognition, it has become clear that dietary supplies of the necessary PUFAs, especially
VLCPUFAs, are critical. Thus, efforts are being made to replace the current main source,
fish oils, with photosynthetic products, especially in land crops. Success in these ventures
promises to ensure these vital constituents for future diets.

Funding: The author acknowledges research support from the ARC, BBSRC, NERC, SRC, and the
Royal Society for the work described in this review.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Burr, G.O.; Burr, M.M. A new deficiency disease produced by the rigid exclusion of fat from the diet. J. Biol. Chem. 1929, 82,
345-367. [CrossRef]

Burr, G.O.; Burr, M.M. On the nature and role of the fatty acids essential in nutrition. J. Biol. Chem. 1930, 86, 587—621. [CrossRef]
Burr, G.O.; Burr, M.M.; Miller, E.S. On the fatty acids essential in nutrition. J. Biol. Chem. 1932, 97, 1-9. [CrossRef]

Spector, A.; Kim, H.-Y. Discovery of essential fatty acids. J. Lipid Res. 2015, 56, 11-21. [CrossRef] [PubMed]

Cunnane, S.C. Problems with essential fatty acids. Prog. Lipid Res. 2003, 42, 544-568. [CrossRef] [PubMed]

Harwood, J.L. Algae: Critical sources of very long chain polyunsaturated fatty acids. Biomolecules 2019, 9, 708. [CrossRef]
Harwood, J.L.; Caterson, B. Dietary omega-3 polyunsaturated fatty acids and inflammation. Lipid Technol. 2006, 18, 7-10.
Salazar, J.; Pirela, D.; Nava, M.; Castro, A.; Angarita, L.; Parra, H.; Duran-Aguero, S.; Rojas-Gomez, D.M.; Galban, N.; Anez, R;;
et al. Specialized proresolving lipid mediators: A potential therapeutic target for atherosclerosis. Int. ]. Molec. Sci. 2022, 23, 3133.
[CrossRef]

PN LN


https://doi.org/10.1016/S0021-9258(20)78281-5
https://doi.org/10.1016/S0021-9258(20)78929-5
https://doi.org/10.1016/S0021-9258(18)76213-3
https://doi.org/10.1194/jlr.R055095
https://www.ncbi.nlm.nih.gov/pubmed/25339684
https://doi.org/10.1016/S0163-7827(03)00038-9
https://www.ncbi.nlm.nih.gov/pubmed/14559071
https://doi.org/10.3390/biom9110708
https://doi.org/10.3390/ijms23063133

Int. ]. Mol. Sci. 2023, 24, 8838 22 of 32

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.
27.
28.
29.

30.

31.

32.

33.
34.

35.

36.

Han, Y-H.; Lee, K; Saha, A.; Han, J.; Choi, H.; Noh, M.; Lee, Y.-H.; Lee, M.-O. Specialized proresolving mediators for therapeutic
interventions targeting mtabolic and inflammatory disorders. Biomol. Ther. 2021, 29, 455-464. [CrossRef]

McCrary, M.R;; Jiang, M.Q.; Giddens, M.M.; Zhang, ].Y.; Owino, S.; Wei, Z.Z.; Zhong, W.; Gu, X,; Xin, H.; Hall, R.A,; et al.
Protective effects of GPR37 via regulation of inflammation and multiple cell death pathways after ischaemic stroke in mice.
FASEB ]. 2019, 33, 10680-10691. [CrossRef]

Chiang, N.; Serhan, C.N. Specialised pro-resolving mediator network: An update on production and actions. Essays Biochem.
2020, 64, 443-462. [PubMed]

Serhan, C.N.; Levy, B.D. Resolvins in inflammation; emergence of the pro-resolving super family of mediators. J. Clin. Investig.
2018, 128, 2657-2669. [CrossRef] [PubMed]

Lee, C.R;; Zeldin, D.C. Resolvin infectious inflammation by targeting the host response. N. Eng. ]. Med. 2015, 373, 2183-2185.
[CrossRef]

Panigrahy, D.; Gilligan, M.M.; Huang, S.; Gartung, A.; Costes-Puch, I.; Sime, PJ.; Phipps, R.P; Serhan, C.N.; Hammock, B.D.
Inflammation resolution: A dual-ponged approach to averting cytokine storms in COVID-19. Cancer Metastasis Rev. 2020, 39,
337-340. [CrossRef] [PubMed]

Van Dyke, T.E. Shifting the paradigm from inhibitors of inflammation to resolvers of inflammation in periodontitis. J. Periodontol.
2020, 91 (Suppl. 1), S19-525. [CrossRef]

Perretti, M.; Cooper, D.; Dalli, J.; Norling, L.V. Immune resolution mechanisms in inflammatory arthritis. Nat. Rev. Rhematol. 2017,
13, 87-99. [CrossRef]

Jones, H.R.; Robb, C.T.; Perretti, M.; Rossi, A.G. The role of neutrophils in inflammation resolution. Semin. Immunol. 2016, 28,
137-145. [CrossRef]

Christie, W.W.; Harwood, J.L. Oxidation of polyunsaturated fatty acids to produce lipid mediators. Essays Biochem. 2020, 64,
401-421.

Calder, P.C. Eicosanoids. Essays Biochem. 2020, 64, 423-441.

Gabbs, M,; Leng, S.; Devassy, ].G.; Monirujjaman, M.; Aukema, H.M. Advances in our understanding of oxylipins derived from
dietary PUFAs. Adv. Nutr. 2015, 6, 513-540. [CrossRef]

Hajeyah, A.A; Griffiths, W].; Wang, Y.; Finch, A.J.; O’Donnell, V.B. The biosynthesis of enzymatically oxidized lipids. Front.
Endocrinol. 2020, 11, 591819. [CrossRef] [PubMed]

Dyall, S.C.; Balas, L.; Bazan, N.G.; Brenna, ].T.; Chiang, N.; da Costa Souza, F.; Dalli, J.; Durand, T.; Galano, J].-M.; Lein, PJ.; et al.
Polyunsaturated fatty acids and fatty acid-derived lipid mediators: Recent advances in the understanding of their synthesis,
structures and functions. Prog. Lipid Res. 2022, 86, 101165. [CrossRef] [PubMed]

Smith, M.L.; Murphy, R.C. The eicosanoids: Cyclooxygenase, lipoxygenase and epoxygenase pathways. In Biochemistry of
Lipids, Lipoproteins and Membranes, 6th ed.; Ridgeway, N.D., McLeod, R.S., Eds.; Elsevier: Amsterdam, The Netherlands, 2016;
pp- 260-296.

Dennis, E.A.; Cao, J.; Hsu, Y.H.; Magrioti, V.; Kokotos, G. Phospholipase A2 enzymes: Physical structure, biological function,
disease implication, chemical inhibition and therapeutic interventions. Chem. Rev. 2011, 111, 6130-6185. [CrossRef]

Jenkins, C.M,; Yang, K.; Liu, G.; Moou, S.H.; Dilthay, B.G.; Gross, R.W. Cytochrome c is an oxidative stress-activated plasmaloge-
nase that cleaves plasmenycholine and plasmenylethanolamine at the sn-1 vinyl ether linkage. J. Biol. Chem. 2018, 293, 8693-8709.
[CrossRef] [PubMed]

Smith, W.L.; Urada, Y.; Jakobsson, P-J. Enzymes of the cyclooxygenase pathways of prostanoid biosynthesis. Chem. Rev. 2011,
111, 5821-5865. [CrossRef]

Rouzer, C.A.; Marnett, L.J. Cyclooxygenase: Structural and functional insights. . Lipid Res. 2009, 50, S29-534. [CrossRef]

Smith, W.L.; Langenbach, R. Why are there two cyclooxygenase enzymes. J. Clin. Investig. 2001, 107, 1491-1495. [CrossRef]
Cuendet, M.; Mesecar, A.D.; DeWitt, D.L.; Pezzuto, ].M. An ELISA method to measure inhibition of the COX enzymes. Nat.
Protoc. 2006, 1, 1915-1921. [CrossRef]

Laneuville, O.; Breuer, D.K,; Xu, N.; Huang, Z.H.; Gage, D.A.; Watson, ].T.; Lagarde, M.; DeWitt, D.L.; Smith, W.L. Fatty acid
substrate specificities of human prostaglandin-endoperoxide H synthetase-1 and -2. . Biol. Chem. 1995, 270, 19330-19336.
[CrossRef]

Paul, Z.S,; Jin, J.; Kunapuli, S.P. Molecular mechanisms of thromboxane A2-induced platelet aggregation. J. Biol. Chem. 1999, 274,
29108-29114. [CrossRef]

Smyth, E.M. Thromboxanes and the thromboxane receptor in cardiovascular disease. Clin. Lipidol. 2010, 5, 209-219. [CrossRef]
[PubMed]

Biringer, R.G. The enzymology of the human prostanoid pathway. Mol. Biol. Rep. 2020, 47, 4569-4586. [CrossRef] [PubMed]
Wu, G.,; Wei, C,; Kulmacz, R].; Osawa, Y.; Tsai, A.L. A mechanistic study of self-inactivation of the peroxidase activity
prostaglandin H synthase-1. J. Biol. Chem. 1999, 274, 9231-9237. [CrossRef] [PubMed]

Alvarez-Almazan, S.; Bello, M.; Tamay-Cach, F; Martinex-Archundia, M.; Aleman-Gonzalez-Duhart, D.; Correa-Basurto, J.;
Mendieta-Wejebe, ].E. Study of new interactions of glitazone’s stereoisomers and the endogenous ligand 15d-PGJ2 on six different
PPAR gamma proteins. Biochem. Pharmacol. 2017, 142, 168-193. [CrossRef]

Scher, J.U; Pillinger, M.H. The anti-inflammatory effects of prostaglandins. |. Investig. Med. 2015, 57, 703-708. [CrossRef]


https://doi.org/10.4062/biomolther.2021.094
https://doi.org/10.1096/fj.201900070R
https://www.ncbi.nlm.nih.gov/pubmed/32885825
https://doi.org/10.1172/JCI97943
https://www.ncbi.nlm.nih.gov/pubmed/29757195
https://doi.org/10.1056/NEJMcibr1511280
https://doi.org/10.1007/s10555-020-09889-4
https://www.ncbi.nlm.nih.gov/pubmed/32385712
https://doi.org/10.1002/JPER.20-0088
https://doi.org/10.1038/nrrheum.2016.193
https://doi.org/10.1016/j.smim.2016.03.007
https://doi.org/10.3945/an.114.007732
https://doi.org/10.3389/fendo.2020.591819
https://www.ncbi.nlm.nih.gov/pubmed/33329396
https://doi.org/10.1016/j.plipres.2022.101165
https://www.ncbi.nlm.nih.gov/pubmed/35508275
https://doi.org/10.1021/cr200085w
https://doi.org/10.1074/jbc.RA117.001629
https://www.ncbi.nlm.nih.gov/pubmed/29530984
https://doi.org/10.1021/cr2002992
https://doi.org/10.1194/jlr.R800042-JLR200
https://doi.org/10.1172/JCI13271
https://doi.org/10.1038/nprot.2006.308
https://doi.org/10.1074/jbc.270.33.19330
https://doi.org/10.1074/jbc.274.41.29108
https://doi.org/10.2217/clp.10.11
https://www.ncbi.nlm.nih.gov/pubmed/20543887
https://doi.org/10.1007/s11033-020-05526-z
https://www.ncbi.nlm.nih.gov/pubmed/32430846
https://doi.org/10.1074/jbc.274.14.9231
https://www.ncbi.nlm.nih.gov/pubmed/10092596
https://doi.org/10.1016/j.bcp.2017.07.012
https://doi.org/10.2310/JIM.0b013e31819aaa76

Int. ]. Mol. Sci. 2023, 24, 8838 23 of 32

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Horn, T,; Adel, S.; Schumann, R.; Sur, S.; Kakularam, K.R.; Palamarasetty, A.; Redanna, P.; Kuhn, H.; Heydeck, D. Evolutionary
aspects of lipoxygenase and genetic diversity of human leukotriene signalling. Prog. Lipid Res. 2019, 57, 13-39. [CrossRef]
Singh, N.K,; Rao, G.N. Emerging role of 12/15-lipoxygenase (ALOX15) in human pathologies. Prog. Lipid Res. 2019, 73, 28-45.
[CrossRef]

Wang, B.; Wu, L.; Chen, J.; Dong, L.; Chen, C.; Wen, Z.; Hu, J.; Fleming, I.; Wang, D.W. Metabolism pethways of arachidonic acids:
Mechanisms and potential therapeutic targets. Signal Trans. Target. Ther. 2021, 6, 94. [CrossRef]

Wauest, S.J.; Crucet, M.; Gemperle, C.; Loretz, C.; Hersberger, M. Expression and regulation of 12/15-lipoxygenases in human
primary macrophages. Atherosclerosis 2012, 40, 714-723. [CrossRef]

Walther, M.; Hofheinz, K.; Vogel, R.; Roffeis, J.; Kuhn, H. The N-terminal beta-barrel domain of mammalian lipoxygenases
including mouse 5-lipoxygenase is not essential for catalytic activity and membrane binding but exhibits regulatory functions.
Arch. Biochem. Biophys. 2011, 516, 1-9. [CrossRef]

Hammerberg, T.; Provost, P.; Persson, B.; Radmark, O. The N-terminal domain of 5-lipoxygenase binds calcium and mediates
calcium stimulation of enzyme activity. J. Biol. Chem. 2000, 275, 38787-38793. [CrossRef] [PubMed]

Gilbert, N.C.; Bartlett, S.C.; Waight, M.T.; Neau, D.B.; Boeglin, W.E.; Brash, A.R.; Newcomer, M.E. The structure of human
5-lipoxygenase. Science 2011, 331, 217-219. [CrossRef] [PubMed]

Aleem, A.M.; Jankun, ]J.; Dignam, J.D.; Walther, M.; Kuhn, H.; Svergun, D.L.; Skrzypczak, E. Human platelet 12-lipoxygenase,
new findings about its binding and low-resolution structure. J. Mol. Biol. 2008, 37, 193-209. [CrossRef] [PubMed]

45 Hafner, A K.; Cernescu, M.; Hofmann, B.; Ermisch, M.; Hornig, M.; Metzner, J.; Schneider, G.; Brutschy, B.; Steinhilber, D.
Dimerization of human 5-lipoxygenase. J. Biol. Chem. 2011, 392, 1097-1111. [CrossRef]

Lepley, R.A ; Fitzpatrick, EA. Irreversible inactivation of 5-lipoxygenase by leukotiene A4. Characterization of product inactivation
with purified enzyme and intact leukocytes. J. Biol. Chem. 1994, 269, 2627-2631. [CrossRef] [PubMed]

An, J.U,; Hong, S.H.; Oh, D.K. Regiospecificity of a novel bacterial lipoxygenase from Myxococcus xanthus for polyunsaturated
fatty acids. Biochim. Biophys. Acta 2018, 1863, 823-833. [CrossRef] [PubMed]

Palmieri-Thiers, C.; Alberti, J.C.; Canaari, S.; Brunini, V.; Gambotti, C.; Tomi, F; Oliw, E.H.; Berti, L.; Maury, J. Identification of
putative residues involved in the accessibility of the substrate-binding site of lipoxygenase by site-directed mutagenesis studies.
Arch. Biochem. Biophys. 2011, 509, 82-89. [CrossRef]

Coffa, G.; Brash, A.R. A single active site residue directs oxygenation stereospecificity in lipoxygenases: Stereocontrol is linked to
the position of oxygenation. Proc. Natl. Acad. Sci. USA 2004, 101, 15579-15584. [CrossRef]

An, ].-U,; Kim, S.-E.; Oh, D.-K. Molecular insights into lipoxygenases for biocatalytic synthesis of diverse lipid mediators. Prog.
Lipid Res. 2021, 83, 101110. [CrossRef]

Zhou, Y.; You, C.-G. Lipoxin alleviates oxudative stress: A state-of-the-art review. Inflamm. Res. 2022, 71, 1169-1179. [CrossRef]
Serhan, C.N.; Chiang, N.; Van Dyke, T.E. Resolving inflammation: Dual anti-inflammatory and pro-resolution lipid mediators.
Nat. Rev. Immunol. 2008, 8, 349-361. [CrossRef] [PubMed]

Claria, J.; Serhan, C.N. Aspirin triggers previously undescribed bioactive eicosanoids by human endothelial cell-leukocyte
interactions. Proc. Natl. Acad. Sci. USA 1995, 92, 9475-9479. [CrossRef] [PubMed]

Serhan, C.N.; Savill, ]. Resolution of inflammation: The beginning programs the end. Nat. Immunol. 2005, 6, 1191-1197. [CrossRef]
[PubMed]

Feltenmark, S.; Gautam, N.; Brunnstrom, A.; Griffiths, W.; Backman, L.; Edenius, C.; Lindbow, L.; Bjorkholm, M.; Claesson, H.-E.
Eoxins are pro-inflammatory arachidonic acid metabolites produced via the 15-lipoxygenase-1 pathway in human eosinophils
and mast cells. Proc. Natl. Acad. Sci. USA 2008, 105, 680-685. [CrossRef]

Pace-Asciak, C.R. Pathophysiology of the hepoxilins. Biochim. Biophys. Acta 2015, 1851, 383-396. [CrossRef] [PubMed]

Nebert, D.W.; Wikvall, K.; Miller, W.L. Human cytochromes P450 in health and disease. Philos. Trans. R. Soc. Lond. B Biol. Sci.
2013, 368, 20120431. [CrossRef] [PubMed]

Spector, A.; Kim, H.Y. Cytochrome P450 epoxygenase pathway of polyunsaturated fatty acid metabolism. Biochim. Biophys. Acta
2015, 1851, 356-365. [CrossRef] [PubMed]

Capdevila, J.H.; Falk, ].R. The arachidonic acid monooxygenase: From biochemical curiosity to physiological /pathophysiological
significance. J. Lipid Res. 2018, 59, 2047-2062. [CrossRef]

Vangaveti, V.N.; Jansen, H.; Kennedy, R.L.; Malabu, U.H. Hydroxyoctadecadienoic acids: Oxidised derivatives of linoleic acid
and their role in inflammation associated with metabolic syndrome and cancer. Eur. |. Pharmacol. 2016, 785, 70-76. [CrossRef]
Heintz, M.M.; Kumar, R.; Rutledge, M.M.; Baldwin, W.S. Cyp2b-null mle mic are susceptible to diet-induced obesity and
perturbations in lipid homeostasis. J. Nutr. Biochem. 2019, 70, 125-137. [CrossRef]

Eccles, J.A.; Baldwin, W.S. Detoxification cytochrome P450s (CYPs) in families 1-3 produce functional oxylipins from polyunsatu-
rated fatty acids. Cells 2023, 12, 82. [CrossRef]

Deol, P.;; Fahrmann, J.; Yang, J.; Evans, ].R.; Rizo, A.; Grapov, D.; Salemi, M.; Wanichthanarak, K.; Fiehn, O.; Phinney, B.; et al.
Omega-6 and omega-3 oxylipins are implicated in soybean oil induced obesity in mice. Sci. Rep. 2017, 7, 12488. [CrossRef]
[PubMed]

Viswanathan, S.; Hammock, B.D.; Newman, ].W.; Meerrarani, P.; Toborek, M.; Hennig, B. Involvement of CYP 2C9 in mediating
the proinflammatory effects of linoleic acid in vascular endothelial cells. J. Am. Coll. Nutr. 2003, 22, 502-510. [CrossRef] [PubMed]


https://doi.org/10.1016/j.plipres.2014.11.001
https://doi.org/10.1016/j.plipres.2018.11.001
https://doi.org/10.1038/s41392-020-00443-w
https://doi.org/10.1016/j.atherosclerosis.2012.07.022
https://doi.org/10.1016/j.abb.2011.09.004
https://doi.org/10.1074/jbc.M006136200
https://www.ncbi.nlm.nih.gov/pubmed/10984486
https://doi.org/10.1126/science.1197203
https://www.ncbi.nlm.nih.gov/pubmed/21233389
https://doi.org/10.1016/j.jmb.2007.11.086
https://www.ncbi.nlm.nih.gov/pubmed/18155727
https://doi.org/10.1515/BC.2011.200
https://doi.org/10.1016/S0021-9258(17)41990-9
https://www.ncbi.nlm.nih.gov/pubmed/8300592
https://doi.org/10.1016/j.bbalip.2018.04.014
https://www.ncbi.nlm.nih.gov/pubmed/29684557
https://doi.org/10.1016/j.abb.2011.02.008
https://doi.org/10.1073/pnas.0406727101
https://doi.org/10.1016/j.plipres.2021.101110
https://doi.org/10.1007/s00011-022-01621-y
https://doi.org/10.1038/nri2294
https://www.ncbi.nlm.nih.gov/pubmed/18437155
https://doi.org/10.1073/pnas.92.21.9475
https://www.ncbi.nlm.nih.gov/pubmed/7568157
https://doi.org/10.1038/ni1276
https://www.ncbi.nlm.nih.gov/pubmed/16369558
https://doi.org/10.1073/pnas.0710127105
https://doi.org/10.1016/j.bbalip.2014.09.007
https://www.ncbi.nlm.nih.gov/pubmed/25240838
https://doi.org/10.1098/rstb.2012.0431
https://www.ncbi.nlm.nih.gov/pubmed/23297354
https://doi.org/10.1016/j.bbalip.2014.07.020
https://www.ncbi.nlm.nih.gov/pubmed/25093613
https://doi.org/10.1194/jlr.R087882
https://doi.org/10.1016/j.ejphar.2015.03.096
https://doi.org/10.1016/j.jnutbio.2019.05.004
https://doi.org/10.3390/cells12010082
https://doi.org/10.1038/s41598-017-12624-9
https://www.ncbi.nlm.nih.gov/pubmed/28970503
https://doi.org/10.1080/07315724.2003.10719328
https://www.ncbi.nlm.nih.gov/pubmed/14684755

Int. ]. Mol. Sci. 2023, 24, 8838 24 of 32

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Altmann, R.; Hausmann, M.; Spottl, T.; Gruber, M.; Bulld, A.W.; Menzel, K.; Vogl, D.; Herfarth, H.; Scholmerich, J.; Falk, W,;
et al. 13-Ox0-ODE is an endogenous ligand for PPARy in human colonic epithelial cells. Biochem. Pharmacol. 2007, 74, 612-622.
[CrossRef] [PubMed]

Kumar, N.; Gupta, G.; Anilkumar, K.; Fatima, N.; Karnati, R.; Reddy, V.; Giri, P.V,; Reddanna, P. 15-Lipoxygenase metabolites of
alpha-linolenic acid, [13-(S)-HPOTrE and 13-(S)-HOTrE] mediate anti-inflammatory effects by inctivating NLRP3 inflammasome.
Sci. Rep. 2016, 6, 31649. [CrossRef]

Guengerich, FP. Mechanisms of cytochrome P450-catalyzed oxidations. ACS Catal. 2018, 8, 10964-10976. [CrossRef]

Node, K.; Huo, Y,; Ruan, X.; Yang, B.; Spiecker, M.; Ley, K.; Zeldin, D.C,; Liao, ].K. Anti-inflammatory properties of cytochrome
P450 epoxygenase-derived eicosanoids. Science 1999, 285, 1276-1279. [CrossRef]

Ng, V.Y.;; Huang, Y.; Reddy, L.M.; Falck, J.R.; Lin, E.T.; Kroetz, D.L. Cytochrome P450 eicosanoids are activators of peroxisome
proliferator-activated receptor alpha. Drug Metab. Dispos. 2007, 35, 1126-1134. [CrossRef]

Bishop-Bailey, D. Peroxisome proliferator-activated receptors in the cardiovascular system. Br. J. Pharmacol. 2000, 129, 823-834.
[CrossRef]

Hirati, T.; Narumiya, S. Prostanoid receptors. Chem. Rev. 2011, 111, 6209-6230. [CrossRef]

Sugimoto, Y.; Inazumi, T.; Tsuchiya, S. Roles of prostaglandin receptors in female reproduction. J. Biochem. 2015, 157, 73-80.
[CrossRef] [PubMed]

Prostanoid Receptors-G-Protein-Coupled Receptors-UPHAR/BPS Guide to Pharmacology. Available online: www.
guidetopharmacology.org (accessed on 9 May 2023).

Biringer, R.G. A review of prostanoid receptors: Expression, characterisation, regulation and mechanism of action. J. Cell Commun.
Signalling 2021, 15, 155-184. [CrossRef] [PubMed]

Katusic, Z.S.; Santhanum, A.V.; He, T. Vascular effects of prostacyclin: Does activation of PPARgamma play a role. Trends
Pharmacol. Sci. 2012, 33, 559-564. [CrossRef]

Hirai, H.; Abe, H,; Tanaka, K.; Sugamura, K.; Nakamura, M.; Nagata, K. Gene structure and functional properties of mouse
CRTH2, a prostaglandin D2 receptor. Biochem. Biophys. Res. Commun. 2003, 307, 797-802. [CrossRef] [PubMed]

Boie, Y.; Sawyer, N.; Slipetz, D.M.; Metters, K.M.; Abramovitz, M. Molecular cloning and characterisation of the human prostanoid
DP receptor. J. Biol. Chem. 1995, 270, 18910-18916. [CrossRef]

Gallant, M. A ; Slipetz, D.; Hamelin, E.; Rochdi, M.D.; Talbot, S.; de Brum-Fernandes, A ].; Parent, ]J.L. Differential regulation of the
signalling and trafficking of the two prostaglandin D2 receptors, prostanoid DP receptor and CRTH2. Eur. J. Pharmacol. 2007, 557,
115-123. [CrossRef]

Xue, I; Gyles, S.L.; Barow, A.; Pettifer, R. Inhibition of PI3K and calcineurin suppresses chemoattractant receptor-homologous
molecule expressed on Th2 cells (CRTH2)-dependent responses of Th2 lymphocytes to prostaglandin D(2). Biochem. Pharmacol.
2007, 73, 843-853. [CrossRef]

Fujino, H. The biased activities of prostanoids and their receptors: Review and beyond. Biol. Pharm. Bull. 2022, 45, 684—690.
[CrossRef]

Schebb, N.S.; Kuhn, H.; Kahnt, A.S.; Rund, K.M.; O’Donnell, V.B.; Flamand, N.; Peters-Golden, M.; Jakobsson, P.-H.;
Weyland, K.H.; Rohwer, N.; et al. Formation, signaling and occurrence of specialized pro-resolving lipid mediators—what is the
evidence so far? Front. Pharmacol. 2022, 13, 838782. [CrossRef]

Serhan, C.N.; Clish, C.B.; Brannon, ].; Colgan, S.P.; Chiang, N.; Gronert, K. Novel functional sets of lipid-derived mediators with
anti-inflammatory actions generated from omega-3 fatty acids via cyclooxygenase 2-nonsteroidal anti-inflammatory drugs and
transcellular processing. J. Exp. Med. 2000, 192, 1197-1204. [CrossRef]

Libreros, S.; Shay, A.E.; Nshimiyinana, R.; Fichtner, D.; Martin, M.].; Wourms, N.; Serhan, C.N. A new E-series resolvin: RvE4
stereochemistry and function in efferocytosis of inflammation-resolution. Front. Immunol. 2020, 11, 631319. [CrossRef] [PubMed]
Bazan, A.G. Docosanoids and elovanoids from omega-3 fatty acids are pro-homeostatic modulators of inflammatory responses,
cell damage and neuroprotection. Mol. Asp. Med. 2018, 64, 18-33. [CrossRef] [PubMed]

Tjonahen, E.; Oh, S.F; Siegelman, J.; Elangovan, S.; Percarpio, K.B.; Hong, S.; Arita, M.; Serhan, C.N. Resolvin E2: Identification
and anti-inflammatory actions: Pivotal role of human 5-lipoxygenase in resolvin E series biosynthesis. Chem. Biol. 2006, 13,
1193-1202. [CrossRef] [PubMed]

Oh, S.E; Vickery, TW.; Serhan, C.N. Chiral lipidomics of E-series resolvins: Aspirin and the biosynthesis of novel mediators.
Biochim. Biophys. Acta 2011, 1811, 737-747. [CrossRef]

Patrono, C. Fifty Years with Aspirin and Platelets. 2022. Available online: https:/ /bpspubs.onlinelibrary.wiley.com (accessed on
9 May 2023).

Arita, M; Clish, C.B.; Serhan, C.N. The contributions of aspirin and microbial oxygenase to the biosynthesis of anti-inflammatory
resolvins: Novel oxygenase products from omega-3 polyunsaturated fatty acids. Biochem. Biophys. Res. Commun. 2005, 338,
149-157. [CrossRef] [PubMed]

Hansen, T.V.; Serhan, C.N. Protectins: Their biosynthesis, metabolism and structure-functions. Biochem. Pharmacol. 2022, 206,
115330. [CrossRef] [PubMed]

Balas, L.; Rise, P; Gandrath, D.; Rovati, G.; Bolego, C.; Stellari, F,; Trenti, A.; Buccaletti, C.; Durand, T.; Sala, A. Rapid
metabolization of protectin D1 by B-oxidation of its polar head chain. J. Med. Chem. 2019, 62, 9961-9975. [CrossRef]


https://doi.org/10.1016/j.bcp.2007.05.027
https://www.ncbi.nlm.nih.gov/pubmed/17604003
https://doi.org/10.1038/srep31649
https://doi.org/10.1021/acscatal.8b03401
https://doi.org/10.1126/science.285.5431.1276
https://doi.org/10.1124/dmd.106.013839
https://doi.org/10.1038/sj.bjp.0703149
https://doi.org/10.1021/cr200010h
https://doi.org/10.1093/jb/mvu081
https://www.ncbi.nlm.nih.gov/pubmed/25480981
www.guidetopharmacology.org
www.guidetopharmacology.org
https://doi.org/10.1007/s12079-020-00585-0
https://www.ncbi.nlm.nih.gov/pubmed/32970276
https://doi.org/10.1016/j.tips.2012.05.005
https://doi.org/10.1016/S0006-291X(03)01266-X
https://www.ncbi.nlm.nih.gov/pubmed/12878180
https://doi.org/10.1074/jbc.270.32.18910
https://doi.org/10.1016/j.ejphar.2006.11.058
https://doi.org/10.1016/j.bcp.2006.11.021
https://doi.org/10.1248/bpb.b21-01052
https://doi.org/10.3389/fphar.2022.838782
https://doi.org/10.1084/jem.192.8.1197
https://doi.org/10.3389/fimmu.2020.631319
https://www.ncbi.nlm.nih.gov/pubmed/33643307
https://doi.org/10.1016/j.mam.2018.09.003
https://www.ncbi.nlm.nih.gov/pubmed/30244005
https://doi.org/10.1016/j.chembiol.2006.09.011
https://www.ncbi.nlm.nih.gov/pubmed/17114001
https://doi.org/10.1016/j.bbalip.2011.06.007
https://bpspubs.onlinelibrary.wiley.com
https://doi.org/10.1016/j.bbrc.2005.07.181
https://www.ncbi.nlm.nih.gov/pubmed/16112645
https://doi.org/10.1016/j.bcp.2022.115330
https://www.ncbi.nlm.nih.gov/pubmed/36341938
https://doi.org/10.1021/acs.jmedchem.9b01463

Int. ]. Mol. Sci. 2023, 24, 8838 25 of 32

91.

92.

93.
94.
95.
96.
97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Deng, B.; Wang, C.W.; Arnardottir, H.H.; Li, Y.; Cheng, C.Y,; Dalli, J.; Serhan, C.N. Maresin biosynthesis and identification
of maresin 2, a new anti-inflammatory and pro-resolving mediator from human macrophages. PLoS ONE 2014, 9, e102362.
[CrossRef]

Dalli, J.; Zhu, M.; Vlasenko, N.A.; Deng, B.; Haeggstrom, J.Z.; Petasis, N.A.; Serhan, C.N. The novel 13S, 145-epoxy-maresin
is converted by human macrophages to maresin 1 (MaR1), inhibits leukotriene A4 hydrolase (LTA4H) and shifts macrophage
phenotype. FASEB |. 2013, 27, 2573-2583. [CrossRef]

Serhan, C.N.; Chiang, N.; Dalli, ]. New pro-resolving mediators bridge resolution of infectious inflammation to tissue regeneration.
Mol. Asp. Med. 2018, 64, 1-17. [CrossRef]

Chandrasekharan, J.A.; Sharma-Walia, N. Lipoxins: Nature’s Way to resolve inflammation. J. Inflamm. Res. 2015, 8, 181-192.
Christie, W.W. Lipid Essentials. Available online: https://lipidmaps.org/resources/lipidweb/index (accessed on 9 May 2023).
Capra, V,; Rovati, G.E.; Mangano, P; Buccellati, C.; Murphy, R.C.; Sala, A. Transcellular biosynthesis of eicosanoid lipid mediators.
Biochim. Biophys. Acta 2015, 1851, 377-382. [CrossRef] [PubMed]

Norris, P.C.; Gosselin, D.; Reichart, D.; Glass, C.K.; Dennis, E.A. Phospholipase A2 regulates eicosanoid class switching during
inflammasome activation. Proc. Natl. Acad. Sci. USA 2014, 111, 12746-12751. [CrossRef] [PubMed]

Ye, R.D.; Boulay, F.; Wang, ].M.; Dahlgren, C.; Gerard, C.; Parmentier, M.; Serhan, C.N.; Murphy, P.M. Nomenclature for the
formyl peptide receptor (FPR) family. Pharmacol. Rev. 2009, 61, 119-161. [CrossRef] [PubMed]

Serhan, C.N.; Chiang, N.; Dallj, J.; Levy, B.D. Lipid mediators in the resolution of inflammation. Cold Spring Harb. Perpect. Biol.
2015, 4, a016311. [CrossRef]

Bang, S.; Xie, YK.; Zhang, Z.J.; Wang, Z.; Xu, Z.Z.; Ji, RR. GPR37 regulates macrophage phagocytosis and resolution of
inflammatory pain. J. Clin. Investig. 2018, 128, 3568-3582. [CrossRef]

Chiang, N.; Libreros, S.; Norris, P.C.; de la Rosa, X.; Serhan, C.N. Maresin-1 activates LGR6 receptor promoting phagocyte
immunoresolvent functions. . Clin. Investig. 2019, 129, 5294-5311. [CrossRef]

Flak, M.B.; Koenis, D.S.; Sobrino, A.; Smith, J.; Pistorius, K.; Palmas, F.; Dalli, ]. GPR101 mediates the pro-resolving actions of
RvD5n-3DPA in arthritis and infections. . Clin. Investig. 2020, 130, 359-373. [CrossRef]

Chiang, N.; Serhan, C.N.; Dahlen, S.E.; Drazen, ] M.; Hay, D.W,; Rovati, G.E.; Shimizu, T.; Yokomizo, T.; Brink, C. The lipoxin
receptor ALX: Potent ligand-specific and stereoselective actions in vivo. Pharmacol. Rev. 2006, 58, 463—487. [CrossRef]

104 Chiang, N.; Fierro, LM.; Gronert, K.; Serhan, C.N. Activation of lipoxin A (4) receptors by aspirin-triggered lipoxins and select
peptides evokes ligand-specific responses in inflammation. J. Exp. Med. 2000, 191, 1197-1208. [CrossRef]

Krishnamoorthy, S.; Recchiuti, A.; Chiang, N.; Fredman, G.; Serhan, C.N. Resolvin D1 receptor stereoselectivity and regulation of
inflammation and proresolving microRNAs. Am. . Pathol. 2012, 180, 2018-2027. [CrossRef] [PubMed]

Arnardottir, H.H.; Dalli, J.; Norling, L.V.; Colas, R.A.; Perretti, M.; Serhan, C.N. Resolvin D3 is dysregulated in arthritis and
reduces arthritic inflammation. J. Immunol. 2016, 197, 2362-2368. [CrossRef] [PubMed]

Pirault, J.; Back, M. Lipoxin and resolvin receptors transducing the resolution of inflammation in cardiovascular disease. Front.
Pharmacol. 2018, 9, 1273. [CrossRef] [PubMed]

Schaldach, C.M.; Riby, J.; Bjeldanes, L.F. Lipoxin A4: A new class of ligand for the Ah receptor. Biochemistry 1999, 38, 7594-7600.
[CrossRef] [PubMed]

Arita, M.; Oh, S.; Chonan, T.; Hong, S.; Elangovan, S.; Sun, Y.-P,; Uddin, J.; Petasis, N.A.; Serhan, C.N. Metabolic inactivation of
resolvin E1 and stabilisation of its anti-inflammatory actions. J. Biol. Chem. 2006, 281, 22847-22854. [CrossRef] [PubMed]
Morrow, J.D.; Hill, K.E.; Burk, R.F.; Nammour, T.M.; Bads, K.F,; Roberts, L.J. A series of prostaglandin F2-like compounds are
produced in vivo in humans by a non-cyclooxygenase, free radical-catalysed mechanism. Proc. Natl. Acad. Sci. USA 1990, 87,
9383-9387. [CrossRef] [PubMed]

Ahmed, O.S.; Galano, ].-M.; Pavlickova, T.; Revol-Cavalier, J.; Viger, C.; Lee, ].C.-Y.; Oger, C.; Durand, T. Moving forward with
isoprostanes, neuroprostanes and phytoprostanes: Where are we now? Essays Biochem. 2020, 64, 463—484. [PubMed]

Milne, G.L.; Yin, H.; Hardy, K.D.; Davies, S.S.; Roberts, L.J. Isoprostane generation and function. Chem. Res. 2011, 111, 5973-5996.
[CrossRef]

Galano, ].M.; Roy, J.; Durand, T; Lee, ].C.; Le Guennec, ].Y.; Oger, C.; Demion, M. Biological activities of non-enzymatic oxygenated
metabolites of polyunsaturated fatty acids (NEO-PUFAs) derived from EPA and DHA: New anti-arrhythmic compounds? Mol.
Asp. Med. 2018, 64, 161-168. [CrossRef]

Galano, ].M.; Lee, Y.Y,; Oger, C.; Vigor, C.; Vereauteran, J.; Durand, T.; Giera, M.; Lee, ]J.C. Isoprostanes, neuroprostanes and
phytoprostanes: An overview of 25 years of research in chemistry and biology. Prog. Lipid Res. 2017, 68, 83-108. [CrossRef]
Brejchova, K.; Balas, L.; Paluchova, V.; Brazinova, M.; Durand, T.; Kuda, O. Understanding FAHFAs: From structure to metabolic
regulation. Prog. Lipid Res. 2020, 79, 101053. [CrossRef] [PubMed]

Yore, M; Syed, I.; Moraes-Vieira, PM.; Zhang, T.; Herman, M.A.; Herman, E.A.; Patel, R.T.; Lee, J.; Chen, S.; Peroni, O.D.; et al.
Discovery of a class of mammalian lipids with anti-diabetic and anti-inflammatory effects. Cell 2014, 159, 318-332. [CrossRef]
[PubMed]

Syed, I.; Rubin de Celis, M.F.; Mohan, J.F.; Moraes-Vieira, PM.; Vijayakumar, A.; Nelson, A.T.; Siegel, D.; Saghatelian, A.; Mathis,
D.; Kahn, B.B. PAHSASs attenuate immune response and promote beta cell survival in auto immune diabetic mice. J. Clin. Investig.
2019, 129, 3717-3731. [CrossRef] [PubMed]


https://doi.org/10.1371/journal.pone.0102362
https://doi.org/10.1096/fj.13-227728
https://doi.org/10.1016/j.mam.2017.08.002
https://lipidmaps.org/resources/lipidweb/index
https://doi.org/10.1016/j.bbalip.2014.09.002
https://www.ncbi.nlm.nih.gov/pubmed/25218301
https://doi.org/10.1073/pnas.1404372111
https://www.ncbi.nlm.nih.gov/pubmed/25139986
https://doi.org/10.1124/pr.109.001578
https://www.ncbi.nlm.nih.gov/pubmed/19498085
https://doi.org/10.1101/cshperspect.a016311
https://doi.org/10.1172/JCI99888
https://doi.org/10.1172/JCI129448
https://doi.org/10.1172/JCI131609
https://doi.org/10.1124/pr.58.3.4
https://doi.org/10.1084/jem.191.7.1197
https://doi.org/10.1016/j.ajpath.2012.01.028
https://www.ncbi.nlm.nih.gov/pubmed/22449948
https://doi.org/10.4049/jimmunol.1502268
https://www.ncbi.nlm.nih.gov/pubmed/27534559
https://doi.org/10.3389/fphar.2018.01273
https://www.ncbi.nlm.nih.gov/pubmed/30487747
https://doi.org/10.1021/bi982861e
https://www.ncbi.nlm.nih.gov/pubmed/10360957
https://doi.org/10.1074/jbc.M603766200
https://www.ncbi.nlm.nih.gov/pubmed/16757471
https://doi.org/10.1073/pnas.87.23.9383
https://www.ncbi.nlm.nih.gov/pubmed/2123555
https://www.ncbi.nlm.nih.gov/pubmed/32602531
https://doi.org/10.1021/cr200160h
https://doi.org/10.1016/j.mam.2018.03.003
https://doi.org/10.1016/j.plipres.2017.09.004
https://doi.org/10.1016/j.plipres.2020.101053
https://www.ncbi.nlm.nih.gov/pubmed/32735891
https://doi.org/10.1016/j.cell.2014.09.035
https://www.ncbi.nlm.nih.gov/pubmed/25303528
https://doi.org/10.1172/JCI122445
https://www.ncbi.nlm.nih.gov/pubmed/31380811

Int. ]. Mol. Sci. 2023, 24, 8838 26 of 32

118.

119.

120.

121.
122.

123.
124.
125.
126.
127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Lee, J.; Moraes-Vieira, PM.; Castoldi, A.; Aryal, P.; Yee, E.U.; Vickers, C. Branched fatty acid esters of hydroxy fatty acids (FAHFAs)
protect against colitis by regulating gut innate and adaptive immune responses. J. Biol. Chem. 2016, 291, 22207-22217. [CrossRef]
Tilley, S.L.; Cofman, T.M.; Koller, B.H. Mixed messages: Modulation of inflammation and immune responses by prostaglandins
and thromboxanes. |. Clin. Investig. 2001, 108, 15-23. [CrossRef]

Samuchiwal, S.K.; Boyce, ].A. Role of lipid mediators and control of lymphocyte responses in type 2 immunopathology. J. Allergy
Clin. Immunol. 2018, 141, 1182-1190. [CrossRef]

Joo, M,; Sasiket, R.T. PGD synthase and PGD2 in immune response. Mediat. Inflamm. 2012, 2012, 503128. [CrossRef]

Brandt, S.L.; Serezani, C.H. Too much of a good thing: How modulating LTB4 actions restore host defence in homeostasis or
disease. Semin. Immunol. 2017, 33, 37-43. [CrossRef]

Christmas, P. Role of cytochrome P450s in inflammation. Adv. Pharmacol. 2015, 74, 163-192.

Calder, P.C. Polyunsaturated fatty acids: Inflammation and immunity. Lipids 2001, 36, 1007-1024. [CrossRef]

Calder, P.C. Polyunsaturated fatty acids and inflammation. Prostaglandins Leukot. Essent. Fatty Acids 2006, 75, 197-202. [CrossRef]
[PubMed]

Vachier, I.; Chanez, P.; Bonnans, C.; Godard, P.; Bousquet, J.; Chavis, C. Endogenous anti-inflammatory mediators from
arachidonate in neutral neutrophils. Biochem. Biophys. Res. Commun. 2002, 290, 219-224. [CrossRef]

Tsuge, K.; Inazumi, T.; Shimamoto, A.; Sugimoto, Y. Molecular mechanisms underlying prostaglandin E2-exacerbated inflamma-
tion and immune diseases. Int. Immunol. 2019, 31, 597-606. [CrossRef]

Kawahara, K.; Hohjoh, H.; Inazumi, T.; Tsuchiya, S.; Sugimoto, Y. Prostaglandin E2-induced inflammation: Relevance of
prostaglandin E receptors. Biochim. Biophys. Acta 2015, 1851, 414. [CrossRef]

Morimoto, K.; Shirata, S.; Taketomi, Y.; Schiya, S.; Segi-Nishida, E.; Inazumi, T.; Kabashima, K.; Tanaka, S.; Murakami, M.;
Naramiya, S.; et al. Prostaglandin E2-EP3 signalling induces inflammatory swelling by mast cell activation. J. Immunol. 2014, 192,
1130. [CrossRef]

Goulet, J.L.; Pace, AJ.; Key, M.L.; Byrum, R.S.; Nguyen, M.T;; Tilley, S.I; Morham, S.G.; Langenbach, R.; Stock, J.L.; McNeish,
J.D.; et al. E-prostanoid-3 receptors mediate the proinflammatory actions of prostaglandin E2 in acute cutaneous inflammation.
J. Immunol. 2004, 173, 1321-1326. [CrossRef]

Steinman, L. A brief history of T(H)17, the first major revision of the T(H)1/T(H)2 hypothesis of T cell-mediated tissue damage.
Nat. Med. 2007, 13, 139-145. [CrossRef]

Harris, S.G.; Padilla, ].; Koumas, L.; Ray, D.; Phipps, R.P. Prostaglandins as mediators of immunity. Trends Immunol. 2002, 23,
144-150. [CrossRef]

Lee, ].; Aoki, T.; Thumkeo, D.; Siriwach, R.; Tao, C.; Narumiya, S. T cell-intrinsic prostaglandin E2-EP2 /EP4 signalling is critical
in pathogenic TH17 cell-driven inflammation. J. Allergy Clin. Immunol. 2019, 143, 631-643. [CrossRef] [PubMed]

Ma, X.; Aoki, T.; Narumiya, S. Prostaglandin E2-EP4 signaling peristently amplifies CD40-mediated induction of IL-23 p19
expression through canonical and non-canonical NFkappaB pathways. Cell Mol. Immunol. 2016, 13, 240-250. [CrossRef] [PubMed]
Honda, T.; Kabashima, K. Prostanoids and leukotrienes in pathophysiology of atopic dermatitis and psoriasis. Int. Immunol. 2019,
31, 589-595. [CrossRef] [PubMed]

Yu, K.; Bayona, W.; Kallen, C.B.; Harding, H.P,; Ravera, C.P.; McMahon, G.; Brown, M.; Lazar, M.A. Differential activation of
peroxisome proliferator-activated receptors by eicosanoids. . Biol. Chem. 1995, 270, 23975-23983. [CrossRef] [PubMed]
Kliewer, S.A.; Sundseth, S.S.; Jones, S.A.; Brown, PJ.; Wisely, G.B.; Koble, C.S.; Devchand, P; Wahli, W.; Willson, TM,;
Lenhard, ].M,; et al. Fatty acids and eicosanoids regulate gene expression through direct interactions with peroxisome proliferator-
activated receptors alpha and gamma. Proc. Natl. Acad. Sci. USA 1997, 94, 4318-4323. [CrossRef]

Ruiz-Miyazawa, K.W.; Staurengo-Ferrari, L.; Pinho-Ribeiro, FA.; Fattori, V.; Zaninelli, T.H.; Badaro-Garcia, S.; Borghi, S.M.;
Andrade, K.C.; Clemente-Napimoga, J.T.; Alves-Filho, ].C.; et al. 15d-PGJ2-loaded nanocapsules ameliorate experimental gout
arthritis by reducing pain and inflammation in a PPAR-gamma-sensitive manner in mice. Sci. Rep. 2018, 8, 13979. [CrossRef]
[PubMed]

Wang, 1.S.; Xiao, WW.; Zhong, Y.S.; Li, X.-D.; Du, S.-X.; Xie, P; Zhang, G.-Z.; Han, J.-M. Galectin-3 deficiency protects
lipopolysaccharie-induced chondrocyte injury via regulation of TLR4 and PPAR-gamma-mediated NFkappaB signaling pathway.
J. Cell. Biochem. 2019, 120, 10195-10204. [CrossRef] [PubMed]

Richard, C.L.; Lowthers, E.L.; Blay, J. 15-deoxy-deltal2,14-prostaglandin ]2 down-regulates CXCR4 on carcinoma cells trough
PPARY and NFkB-mediated pathways. Exptl. Cell Res. 2007, 313, 3446-3458. [CrossRef]

Allred, C.D.; Kilgore, M.W. Selective activation of PPARY in breast, colon and lung cancer cell lines. Mol. Cell. Endocrinol. 2005,
235, 21-29. [CrossRef]

Ponferrada, A.; Caso, J.R.; Alou, L.; Colon, A.; Sevillao, D.; Maro, M.A.; Lizasoain, I.; Menchén, P.; Gomez-Lus, M.L.; Lorenzo, P,;
et al. The role of PPARYy on restoration of colonichomeostasis after experimental stress-induced inflammation and dysfunction.
Gastroenterology 2007, 132, 1791-1803. [CrossRef]

Marion-Letellier, R.; Savoye, G.; Ghosh, S. Fatty acids, eicosanoids and PPARy. Eur. J. Pharmacol. 2016, 785, 44-49. [CrossRef]
Jo-Watanabe, A.; Okuna, T.; Yokomizo, T. The role of leukotrienes as potential targets in allergic disease. Int. . Mol. Sci. 2019, 20,
3580. [CrossRef]

Theron, A J.; Steel, H.C.; Tintinger, G.R.; Gravett, C.M.; Anderson, R.; Feldman, C. Cysteinyl leukocyte receptor-1 antagonists as
modulators of innate immune cell function. J. Immunol. Res. 2014, 2014, 608930. [CrossRef] [PubMed]


https://doi.org/10.1074/jbc.M115.703835
https://doi.org/10.1172/JCI200113416
https://doi.org/10.1016/j.jaci.2018.02.006
https://doi.org/10.1155/2012/503128
https://doi.org/10.1016/j.smim.2017.08.006
https://doi.org/10.1007/s11745-001-0812-7
https://doi.org/10.1016/j.plefa.2006.05.012
https://www.ncbi.nlm.nih.gov/pubmed/16828270
https://doi.org/10.1006/bbrc.2001.6155
https://doi.org/10.1093/intimm/dxz021
https://doi.org/10.1016/j.bbalip.2014.07.008
https://doi.org/10.4049/jimmunol.1300290
https://doi.org/10.4049/jimmunol.173.2.1321
https://doi.org/10.1038/nm1551
https://doi.org/10.1016/S1471-4906(01)02154-8
https://doi.org/10.1016/j.jaci.2018.05.036
https://www.ncbi.nlm.nih.gov/pubmed/29935220
https://doi.org/10.1038/cmi.2015.70
https://www.ncbi.nlm.nih.gov/pubmed/26189370
https://doi.org/10.1093/intimm/dxy087
https://www.ncbi.nlm.nih.gov/pubmed/30715370
https://doi.org/10.1074/jbc.270.41.23975
https://www.ncbi.nlm.nih.gov/pubmed/7592593
https://doi.org/10.1073/pnas.94.9.4318
https://doi.org/10.1038/s41598-018-32334-0
https://www.ncbi.nlm.nih.gov/pubmed/30228306
https://doi.org/10.1002/jcb.28304
https://www.ncbi.nlm.nih.gov/pubmed/30565728
https://doi.org/10.1016/j.yexcr.2007.06.027
https://doi.org/10.1016/j.mce.2005.02.003
https://doi.org/10.1053/j.gastro.2007.02.032
https://doi.org/10.1016/j.ejphar.2015.11.004
https://doi.org/10.3390/ijms20143580
https://doi.org/10.1155/2014/608930
https://www.ncbi.nlm.nih.gov/pubmed/24971371

Int. ]. Mol. Sci. 2023, 24, 8838 27 of 32

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.
161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Laidlaw, T.M.; Boyce, J.A. Cysteinyl leukotriene receptors, old and new: Implications for asthma. Clin. Exp. Allergy 2012, 42,
1313-1320. [CrossRef] [PubMed]

Serhan, C.N. The lipoxins and aspirin triggered lipoxins. Prostaglandins Leukot. Essent. Fat. Acids 2005, 73, 3—4.

Gilbert, N.C.; Newcomer, M.E.; Werz, O. Untangling the web of 5-lipoxygenase-derived products from a molecular and structural
perspective: The battle between pro- and anti-inflammatory lipid mediators. Biochem. Pharmacol. 2021, 193, 114759. [CrossRef]
[PubMed]

Numao, S.; Hasler, E; Laguerre, C.; Srinivas, H.; Wack, N.; Jager, P.; Schmid, A.; Osmont, A.; Rothlisberger, P.; Houguenade,
J.; et al. Feasibility and physiological relevance of designing highly potent aminopeptidase-sparing leukotiene A4 hydrolase
inhibitors. Sci. Rep. 2017, 7, 13591. [CrossRef] [PubMed]

Kleinschmidt, T.K.; Harraldson, M.; Basavarajappa, D.; Lundeburg, E.; Thulasingam, M.; Ekoff, M.; Fauland, A.; Lehmann, C,;
Kahnt, A.S.; Lindbom, L. Tandem benzophenone amino pyridines, potent and selective inhibitors of leukotriene C4 synthase.
J. Pharmacol. Exp. Ther. 2015, 355, 108-116. [CrossRef] [PubMed]

Fredman, G.; Tabas, I. Resolvin D1 limits 5-lipoxygenase nuclear localisation and leukotriene B4 synthesis by inhibiting a
calcium-activated kinase pathway. Proc. Natl. Acad. Sci. USA 2014, 111, 14530-14535. [CrossRef]

Werner, M.; Jordan, PM.; Romp, E.; Czapka, A.; Rao, Z.; Kretzer, C.; Koeberle, A.; Garscha, U.; Pace, S.; Claesson, H.E. Targeting
biosynthetic networks of the proinflammatory and proresolving lipid metabolome. FASEB ]. 2019, 33, 6140-6153. [CrossRef]
Das, U.N. Arachidonic acid and lipoxin A4 as possible endogenous anti-diabetic molecules. Prostaglandins Leuko. Essent. Fat.
Acids 2013, 88, 201-210. [CrossRef]

Sham, H.P,; Walker, K.H.; Abdulnour, R.E.E.; Krishnamoorthy, N.; Douda, D.N.; Norris, P.C.; Barkas, I.; Benito-Figueroa, S.;
Colby, ].K.; Serhan, C.N. 15-epi-lipoxin A4,resolvin D2 and resolvin D3 induce NFkappaB regulators in bacterial pneumonia.
J. Immunol. 2018, 200, 2757-2766. [CrossRef]

Yang, Y.; Wang, Y.; Kong, YYW.; Zhang, X.; Bai, L. The effects of different frequency treadmill exercise on lipoxin A4 and articular
cartilage degeneration in an experimental model of monosodium iodoacetate-induced osteoarthritis in rats. PLoS ONE 2017, 12,
€0179162. [CrossRef]

Wang, Y.P; Wu, Y.; Li, L.-Y,; Zheng, J.; Liu, R.-G.; Zhou, ]J.-P,; Yuan, S.Y,; Shang, Y.; Yao, S.L. Aspirin-triggered lipoxin A4
attenuates LPS induced pro-inlammatory responses by inhibiting activation of NFkappaB and MAPKSs in BV-2 microglial cells.
J. Neuroinflamm. 2011, 8, 95. [CrossRef]

Morris, T.; Stables, M.; Hobbs, A.; de Souza, P.; Colville-Nash, P.; Warner, T.; Newson, J.; Bellingan, G.; Gilroy, D.W. Effects of
low-dose aspirin on acute inflammatory resonses in humans. J. Immunol. 2009, 183, 2089-2096. [CrossRef]

Hafner, A.-K.; Kahnt, A.S.; Steinhilber, D. Beyond leukotriene formation—The noncanonical functions of 5-lipoxygenase.
Prostaglandins Other Lipid Mediat. 2019, 142, 24-32. [CrossRef]

Gilbert, S.; Ahmad, K,; Roos, J.; Lehmann, C.; Chiba, T.; Ulrich-Ruckert, S.; Smeenk, L.; van Heeringen, S.; Maier, T.].; Groner, B.;
et al. 5-Lipoxygenase is a direct p53 target gene in humans. Biochim. Biophys. Acta 2015, 1849, 1003-1016. [CrossRef] [PubMed]
Clevers, H. Wnt/beta-catenin signaling in development and disease. Cell 2006, 127, 469-480. [CrossRef]

Katayama, Y.; Minamino, T.; Toko, H.; Sakamoto, M.; Shimizu, I.; Takahashi, H.; Okada, S.; Tateno, K.; Moriya, J.; Yokoyama, M.;
et al. Cardiac 12/15 lipoxygenase-induced inflammation is involved in heart failure. J. Exp. Med. 2009, 206, 1565-1574. [CrossRef]
Sun, L.; Xu, Y.W,; Han, ].; Liang, H.; Wang, N.; Chen, Y. 12/15-Lipoxygenase metabolites of arachidonic acid activate PPAR-y:
A possible neuroprotective effect in ischemic brain. J. Lipid Res. 2015, 56, 502-514. [CrossRef] [PubMed]

Uderhardt, S.; Herrmann, M.; Oskolhova, O.V.; Ashermann, S.; Bicker, W.; Ipseiz, N.; Sarter, K.; Frey, B.; Rothe, T.; Vell, R.; et al.
12/15-lipoxygenase orchestrates the clearance of apototic cells and maintains immunologic tolerance. Immunity 2012, 36, 834-846.
[CrossRef] [PubMed]

Huang, J.T.; Welch, ].S.; Ricote, M.; Binder, C.J.; Willson, T.M.; Kelly, C.; Witztum, J.L.; Funk, C.D.; Conrad, D.; Glass, C.K.
Interleukin-4-dependent production of PPAR-y ligands in macrophages by 12/15-lipoxygenase. Nature 1999, 400, 378-382.
[CrossRef]

Kronke, G.; Katzenbeisser, J.; Uberhardt, S.; Zeiss, M.M.; Scholtysek, C.; Schabbauer, G.; Zarbock, A.; Koenders, M.I.; Axmonn, R,;
Zwerina, J.; et al. 12/15-lipoxygenase counteracts inflammation and tissue damage in arthritis. J. Immunol. 2009, 183, 3383-3389.
[CrossRef]

Serhan, C.N.; Hamberg, M.; Samuelsson, B. Lipoxins: Novel series of biologically active compounds formed from arachidonate in
human leukocytes. Proc. Natl. Acad. Sci. USA 1984, 81, 5335-5339. [CrossRef]

Serhan, C.N.; Jain, A.; Marleau, S.; Clish, C.; Kantarci, A.; Behbehani, B.; Colgan, S.P; Stahl, G.L.; Merched, A.; Petasis,
N.A.; et al. Reduced inflammation and tissue damage in transgenic rabbits overexpressing 15-lipoxygenase and endogenous
anti-inflammatory lipid mediators. . Immunol. 2003, 171, 6856-6865. [CrossRef] [PubMed]

Elliott, M.R.; Ravichandran, K.S. Clearance of apoptotic cells: Implications in health and disease. J. Cell Biol. 2010, 189, 1059-1070.
[CrossRef] [PubMed]

Benatzy, Y.; Palmer, M.A.; Brune, B. Arachidonate 15-lipoxygenase type B: Regulation, function and its role in pathophysiology.
Front. Pharmacol. 2022, 13, 1042420. [CrossRef] [PubMed]

Brash, A.R.; Boeglin, W.E.; Chang, M.S. Discovery of a second 155-lipoxygenase in humans. Proc. Natl. Acad. Sci. USA 1997, 94,
6148-6152. [CrossRef] [PubMed]


https://doi.org/10.1111/j.1365-2222.2012.03982.x
https://www.ncbi.nlm.nih.gov/pubmed/22925317
https://doi.org/10.1016/j.bcp.2021.114759
https://www.ncbi.nlm.nih.gov/pubmed/34487716
https://doi.org/10.1038/s41598-017-13490-1
https://www.ncbi.nlm.nih.gov/pubmed/29051536
https://doi.org/10.1124/jpet.115.227157
https://www.ncbi.nlm.nih.gov/pubmed/26283693
https://doi.org/10.1073/pnas.1410851111
https://doi.org/10.1096/fj.201802509R
https://doi.org/10.1016/j.plefa.2012.11.009
https://doi.org/10.4049/jimmunol.1602090
https://doi.org/10.1371/journal.pone.0179162
https://doi.org/10.1186/1742-2094-8-95
https://doi.org/10.4049/jimmunol.0900477
https://doi.org/10.1016/j.prostaglandins.2019.03.003
https://doi.org/10.1016/j.bbagrm.2015.06.004
https://www.ncbi.nlm.nih.gov/pubmed/26070487
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1084/jem.20082596
https://doi.org/10.1194/jlr.M053058
https://www.ncbi.nlm.nih.gov/pubmed/25605873
https://doi.org/10.1016/j.immuni.2012.03.010
https://www.ncbi.nlm.nih.gov/pubmed/22503541
https://doi.org/10.1038/22572
https://doi.org/10.4049/jimmunol.0900327
https://doi.org/10.1073/pnas.81.17.5335
https://doi.org/10.4049/jimmunol.171.12.6856
https://www.ncbi.nlm.nih.gov/pubmed/14662892
https://doi.org/10.1083/jcb.201004096
https://www.ncbi.nlm.nih.gov/pubmed/20584912
https://doi.org/10.3389/fphar.2022.1042420
https://www.ncbi.nlm.nih.gov/pubmed/36438817
https://doi.org/10.1073/pnas.94.12.6148
https://www.ncbi.nlm.nih.gov/pubmed/9177185

Int. ]. Mol. Sci. 2023, 24, 8838 28 of 32

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.
184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

Brash, A.R,; Jisaka, M.; Boeglin, W.E.; Chang, M.S. Molecular cloning of a second human 155-lipoxygenase and its murine
homologue, an 8S-lipoxygenase. Their relationship to other mammalian lipoxygenases. Adv. Exp. Med. Biol. 1999, 447, 29-36.
Bender, G.; Schexnaydre, E.E.; Murphy, R.C.; Uhlson, C.; Newcomer, M.E. Membrane-dependent activities of human 15-LOX-2
and its murine counterpart: Implications for murine models of atherosclerosis. J. Biol. Chem. 2016, 291, 19413-19424. [CrossRef]
[PubMed]

Belkner, J.; Stender, H.; Kuhn, H. The rabbit 15-lipoxygenase preferentially oxygenates LDL cholesterol esters and this reaction
does not require vitamin E. J. Biol. Chem. 1998, 273, 23225-23232. [CrossRef]

Adel, S.; Karst, F.; Gonzalez-Lafont, A.; Pekarova, M.; Saura, P.; Masgrau, L.; Lluch, ] M.; Stehling, S.; Horn, T.; Kuhn, H.; et al.
Evolutionary alteration of ALOX15 specificity optimizes the biosynthesis of antiinflammatory and proresolving lipoxins. Proc.
Natl. Acad. Sci. USA 2016, 113, E4266-E4275. [CrossRef]

Heintz, M.M.; Eccles, J.A.; Olack, E.M.; Maner-Smith, K.M.; Otlund, E.A.; Baldwin, W.S. Human CYP2B6 is an anti-obesity
enzyme that produces active oxylipins from polyunsaturated fatty acids. PLoS ONE 2022, 17, e0277053. [CrossRef] [PubMed]
Lecka-Czernik, B.; Moerman, E.J.; Grant, D.F; Lehmann, M.].; Manolagas, S.C.; Jilka, R.I. Divergent effects of selective peroxisome
proliferator-activated receptor-gamma 2 ligands on adipocyte versus osteoblast differentiation. Endocrinology 2002, 143, 2376-2384.
[CrossRef] [PubMed]

Ma, Q. Role of Nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401-426. [CrossRef] [PubMed]

Ni, K.-D.; Liu, J.-Y. The functions of cytochrome P450 omega-hydroxylases and the associated eicosanoids in inflammation-related
diseases. Front. Pharmacol. 2021, 12, 716801. [CrossRef]

Fan, F; Ge, Y.; Lv, W,; Elliott, M.R.; Muroya, Y.; Hirata, T.; Booz, G.W.; Roman, R.]. Molecular mechanisms and cell signalling of
20-hydroxyeicosatetraenoic acid in vascular pathophysiology. Front. Biosci. 2017, 21, 1427-1463.

Fan, F.; Roman, R.J. Effect of cytochrome P450 metabolites of arachidonic acid in nephrology. J. Am. Soc. Nephrol. 2017, 28,
2845-2855. [CrossRef]

Elshenawy, O.H.; Shoieb, S.M.; Mohamed, A.; El-Kadi, K.H. Clinical implications of 20-hydroxyeicosatetraenoic acid in the
kidnay, liver, lung and brain: An emerging therapeutic target. Pharmaceutics 2017, 9, 9. [CrossRef]

Elkhatali, S.; El-Sherbeni, A.A.; Elshenawy, O.H.; Abdelhamid, G.; El-Kadi, A.O. 19-Hydroxyeicosatetraenoic acid and isoniazid
protect against angiotensin II-induced cardiac hypertrophy. Toxicol. Appl. Pharmacol. 2015, 289, 550-559. [CrossRef]
O’Shaughnessy, K.M.; Karet, FE. Salt handling and hypertension. J. Clin. Investig. 2004, 113, 1075-1081. [CrossRef]

Geng, H.-X,; Li, R.-P; Li, Y.-G.; Wang, X.-Q.; Zhang, L.; Deng, ].-B.; Deng, J.-X. 14,15-EET suppressesw neuronal apoptosis in
ischaemia-reperfusion through the mitochondrial pathway. Neurochem. Res. 2017, 42, 2841-2849. [CrossRef]

Wiest, E.F.; Walsh-Wilcox, M.T.; Walker, M.K. Omega-3 polyunsaturated fatty acids protect agaist cigarette smoke-induced
oxidative stress and vascular disfunction. Toxicol. Sci. 2017, 156, 300-310. [PubMed]

Lucarelli, R.; Gorrochotegui-Escalante, N.; Taddeo, J.; Buttaro, B.; Beld, J.; Tam, V. Eicosanoid-activated PPARalpha inhibits
NFkappaB-dependent bacterial clearance during post-influenza superinfection. Front. Cell. Infect. Microbiol. 2022, 12, 881462.
[CrossRef] [PubMed]

Schaefer, M.B.; Pose, A.; Ott, J.; Hecker, M.; Behnk, A.; Schulz, R.; Weissmann, N.; Giinther, A.; Seeger, W.; Mayer, K. Peroxisome
proliferator-activated. receptor-alpha reduces inflammation and vascular leakage in a murine model of acute lung injury. Eur.
Respir. 2008, 32, 1344-1353. [CrossRef] [PubMed]

Jordan, PM.; Werz, O. Specialized pro-resolving mediators; biosynthesis and biological role in bacterial infections. FEBS J. 2021,
289, 4212-4227. [CrossRef] [PubMed]

Motwani, P.; Colas, R.A.; George, M.].; Flint, ].D.; Dalli, J.; Richard-Loendt, A.; De Maeyer, R.P.; Serhan, C.N.; Gilroy, D.W.
Pro-resolving mediators promote resolution in a human skin model of UV-killed Escherichia coli-driven acute inflammation. JCI
Insight 2018, 3, €94463. [CrossRef]

Norris, P.C.; Skulas-Ray, A.C.; Riley, L; Richter, C.K.; Kris-Etherton, P.M.; Jenson, J.L.; Serhan, C.N.; Maddigati, K.R. Identifi-
cation of specialised pro-resolving mediator clusters from healthy adults after intravenous low-dose endotoxin and omega-3
supplementation: A methodological validation. Sci. Rep. 2018, 8, 18050. [CrossRef]

Cheung, S.Y.; Werner, M.; Esposito, L.; Troisi, F.; Cantone, V.; Liening, S.; Konig, S.; Gerstmeier, J.; Koeberie, A.; Bilaneia, R.; et al.
Discovery of a benzenesulphonamide-based dual inhibitor of microsomal prostaglandin E(2) synthase and 5-lipoxygenase that
favourably modulates lipid mediator biosynthesis in inflammation. Eur. ]. Med. Chem. 2018, 156, 815-830. [CrossRef]

Sulciner, M.L.; Serhan, C.N.; Gilligan, M.M.; Mudge, D.K.; Chang, ].; Gartung, A.; Ehner, K.A_; Bielenberg, D.R.; Schmidt, B.;
Dallj, J.; et al. Resolvins suppress tumour growth and enhance cancer therapy. J. Exp. Med. 2018, 215, 115-140. [CrossRef]

Liu, G,; Gong, Y.; Zhang, R.; Piao, L.; Li, X;; Liu, Q.; Yan, S.; Shen, Y.; Guo, S.; Zhu, M.; et al. Resolvin E1 attenuates injury -induced
vascular neointimal formation by inhibition of inflammatory responses and vascular smooth muscle cell migration. FASEB J.
2018, 32, 5413-5425. [CrossRef] [PubMed]

Liu, G.; Liu, Q.; Shen, Y.; Kong, D.; Gong, Y.; Tao, B.; Chen, G.; Guo, S.; Li, J.; Zuo, S.; et al. Early treatment with resolvin E1
facilitates myocardial recovery from ischaemia in mice. Br. J. Pharmacol. 2018, 175, 1205-1216. [CrossRef]

Elajami, T.K,; Colas, R.A.; Dallj, J.; Chiang, N.; Serhhan, C.N.; Welty, EK. Specialized proresolving lipid mediators in patients with
coronary artery disease and their potential for clot remodeling. FASEB J. 2016, 30, 2792-2801. [CrossRef] [PubMed]

Schif-Zuck, S.; Gross, N.; Assi, S.; Rostoker, R.; Serhan, C.N.; Ariel, A. Saturated-efferocytosis generates pro-resolving CD11b low
macrophages: Modulation by resolvins and glucocorticoids. Eur. J. Immunol. 2011, 41, 366-379. [CrossRef]


https://doi.org/10.1074/jbc.M116.741454
https://www.ncbi.nlm.nih.gov/pubmed/27435673
https://doi.org/10.1074/jbc.273.36.23225
https://doi.org/10.1073/pnas.1604029113
https://doi.org/10.1371/journal.pone.0277053
https://www.ncbi.nlm.nih.gov/pubmed/36520866
https://doi.org/10.1210/endo.143.6.8834
https://www.ncbi.nlm.nih.gov/pubmed/12021203
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://www.ncbi.nlm.nih.gov/pubmed/23294312
https://doi.org/10.3389/fphar.2021.716801
https://doi.org/10.1681/ASN.2017030252
https://doi.org/10.3390/pharmaceutics9010009
https://doi.org/10.1016/j.taap.2015.10.003
https://doi.org/10.1172/JCI200421560
https://doi.org/10.1007/s11064-017-2297-6
https://www.ncbi.nlm.nih.gov/pubmed/28115642
https://doi.org/10.3389/fcimb.2022.881462
https://www.ncbi.nlm.nih.gov/pubmed/35860381
https://doi.org/10.1183/09031936.00035808
https://www.ncbi.nlm.nih.gov/pubmed/18653653
https://doi.org/10.1111/febs.16266
https://www.ncbi.nlm.nih.gov/pubmed/34741578
https://doi.org/10.1172/jci.insight.94463
https://doi.org/10.1038/s41598-018-36679-4
https://doi.org/10.1016/j.ejmech.2018.07.031
https://doi.org/10.1084/jem.20170681
https://doi.org/10.1096/fj.201800173R
https://www.ncbi.nlm.nih.gov/pubmed/29723062
https://doi.org/10.1111/bph.14041
https://doi.org/10.1096/fj.201500155R
https://www.ncbi.nlm.nih.gov/pubmed/27121596
https://doi.org/10.1002/eji.201040801

Int. ]. Mol. Sci. 2023, 24, 8838 29 of 32

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Hasturk, H.; Abdallah, R.; Kantarci, A.; Nguyen, D.; Gioordano, N.; Hamilton, J.; Van Dyke, T.E. Resolvin E1 (RvVE1) attenuates
atherosclerotic plaque formation in diet and inflammation-induced atherogenesis. Arter. Thromb. Vasc. Biol. 2015, 35, 1123-1133.
[CrossRef]

Salic, K.; Morrison, M.C.; Verschuren, L.; Wielinga, P.Y.; Wu, L.; Kleeman, R.; Gjorstrup, P.; Kooistra, T. Resolvin E1 attenuates
atherosclerosis in absence of cholesterol-lowering effects and on top of atorvastin. Atherosclerosis 2016, 250, 158-165. [CrossRef]
Shan, K.; Feng, N.; Cui, J.; Wang, S.; Qu, H.; Fu, G,; Li, J.; Chen, H.; Wang, X.; Wang, R.; et al. Resolvin D1 and D2 inhibit tumour
growth and inflammation via modulating macrophage polarisation. J. Cell. Mol. Med. 2020, 24, 8045-8056. [CrossRef]

Chiang, N.; Serhan, C.N. Structural elucidation and physiological functions of specialised pro-resolving mediators and their
receptors. Mol. Asp. Med. 2017, 58, 114-129. [CrossRef] [PubMed]

Luo, X.; Gu, Y;; Tao, X; Serhan, C.N.; Ji, R.R. Resolvin D5 inhibits neuropathic and inflammatory pain in male but not female mice:
Distinct actions of D-series resolvins in chemotherapy-induced peripheral neuropathy. Front. Pharmacol. 2019, 10, 745. [CrossRef]
[PubMed]

Chattopadhyay, R.; Raghavan, S.; Rao, G.N. Resolvin D1 via prevention of ROS-mediated SHP2 inactivation protects endothelial
adherens junction integrity and barrier function. Redox Biol. 2017, 12, 438-455. [CrossRef]

Karagiannis, G.S.; Weile, ].; Bader, G.D.; Minta, J. Integrative pathway dissection of molecular mechanusms of moxLDL-induced
vascular smooth muscle phenotype transformation. BMC Cardiovasc. Disord. 2013, 13, 4. [CrossRef]

Chiang, N.; Dallj, J.; Colas, R.A.; Serhan, C.N. Identification of resolvin D2 receptor mediating resolution of infections and organ
protection. . Exp. Med. 2015, 212, 1203-1217. [CrossRef]

Chiang, N.; de la Rosa, X; Libreros, S.; Serhan, C.N. Novel resolvin D2 receptor axis in infectious inflammation. J. Immunol. 2017,
198, 842-851. [CrossRef] [PubMed]

Makino, Y.; Miyahara, t.; Nitta, J.; Miyahara, K.; Seo, A.; Kimura, M.; Suhara, M.; Akai, A.; Akagi, D.; Yamamoto, K,; et al.
Proresolving lipid mediators resolvin D1 and protectin D1 isomer attenuate neointimal hyperplasia in the rat carotid artery
balloon injury model. J. Surg. Res. 2019, 233, 104-110. [CrossRef]

Miyahara, T.; Runge, S.; Chatterjee, A.; Chen, M.; Mottola, G.; Fitzgerald, ].M.; Serhan, C.N.; Conte, M.S. D-series resolvin
attenuates vascular smooth muscle cell activation and neointimal hyperplasia following vascular injury. FASEB J. 2013, 27,
2220-2232. [CrossRef] [PubMed]

Orr, SK;; Colas, R.A ; Dalli, J.; Chiang, N.; Serhan, C.N. Proresolving actions of a new resolvin D1 analog mimetic qualifies as an
immunoresolvant. Am. J. Physiol. Cell. Mol. Physiol. 2015, 308, L904-L911. [CrossRef]

Gao, J.; Wang, S.; Dong, X.; Leanse, L.G.; Dai, T.; Wang, Z. Co-delivery of resolvin D1 and antibiotics with nanovesicles to lungs
resolves inflammation and clears bacteria in mice. Commun. Biol. 2020, 3, 680. [CrossRef]

Codagnone, M.; Cianci, E.; Lamolinara, A.; Mari, V.C.; Nespoli, A.; Isopi, E.; Mattoscio, D.; Arita, M.; Iezzi, M.; Romano, M.
Resolvin D1 enhances the resolution of lung inflammation caused by long-term Pseudomonas aeruginosa infection. Mucosal
Immunol. 2018, 11, 35-49. [CrossRef]

Isopi, E.; Mattoscio, D.; Codagnone, M.; Mari, V.C.; Lamolinara, A.; Patruno, S.; D’Aurora, M.; Cianci, E.; Nespoli, A.; Franchi, S.
Resolvin D1 reduces lung infection and inflammation activating resolution in cystic fibrosis. Front. Immunol. 2020, 11, 581.
[CrossRef]

Wang, M.; Xu, R.L.;; He, P; Chen, R. Resolvin D1 protects against sepsis-induced cardiac injury in mice. BioFactors 2020, 46,
766-776. [CrossRef]

Chen, F; Fan, X.H.; Wu, Y.P; Zhu, ]J.L.; Wang, E; Bo, L.L.; Li, ].B.; Bao, R.; Deng, X.M. Resolvin D1 improves survival in
experimental sepsis through reducing bacterial load and preventing activation of inflammatory response. Eur. J. Cin. Microbial
Infec. Dis. 2014, 33, 457-464. [CrossRef] [PubMed]

Abdulnour, R.E.; Sham, H.P; Douda, D.N.; Colas, R.A ; Dalli, J.; Bai, Y.; Ai, X.; Serhan, C.N.; Levy, B.D. Aspirin-triggered resolvin
D1 is produced during self-resolving gram-negative bacterial pneumonia and regulates host immune responses for the resolution
of lung inflammation. Mucosal Immunol. 2016, 9, 1278-1287. [CrossRef] [PubMed]

Sekheri, M.; El Kebir, D.; Edner, N.; Filep, ].G. 15-Epi-LXA4 and 17-epi-RvD1 restore TLR9-mediated impaired neutrophil
phagocytosis and accelerate resolution of lung in inflammation. Proc. Natl. Acad. Sci. USA 2020, 117, 7971-7980. [CrossRef]
[PubMed]

Akelsen, PH.; Murphy, R.C. Quantitative analysis of phospholipids containing arachidonate and docosahexaenoate chains in
microdissected regions of mouse brain. J. Lipid Res. 2010, 51, 660-671. [CrossRef]

Hall, J.H.; Harwood, J.L. Brain lipids in health and disease. In Food Lipids, 4th ed.; Akoh, C.C., Ed.; CRC Press: Boca Raton, FL,
USA, 2017; pp. 747-764.

Serhan, C.N,; Dallj, J.; Colas, R.A.; Winkler, ].W.; Chiang, N. Protectins and maresins: New pro-resolving families of mediators in
acute inflammation and resolution bioactive metabolome. Biochim. Biophys. Acta 2015, 1851, 397-413. [CrossRef] [PubMed]
Imai, Y. Role of omega-3 PUFA-derived mediators, the protectins, in influenza virus infection. Biochim. Biophys. Acta 2015, 1851,
496-502. [CrossRef] [PubMed]

Yang, J.; Li, M.; Hu, X,; Lu, J.; Wang, Q.; Lu, S.; Gao, F,; Jin, S.; Zheng, S. Protectin DX promotes epithelial injury repair and inhibits
fibroproliferation partly via ALX/PI3K signalling pathway. J. Cell. Mol. Med. 2020, 24, 14001-14012. [CrossRef] [PubMed]
Wang, C.W.; Yu, S.H.; Fretwurst, T.; Larsson, L.; Sugai, ].V.; Oh, J.; Lehner, K.; Jin, Q.; Giannobile, W.V. Maresin-1 promotes wound
healing and socket bone regeneration for alveolar ridge preservation. J. Dent. Res. 2020, 99, 930-937. [CrossRef]


https://doi.org/10.1161/ATVBAHA.115.305324
https://doi.org/10.1016/j.atherosclerosis.2016.05.001
https://doi.org/10.1111/jcmm.15436
https://doi.org/10.1016/j.mam.2017.03.005
https://www.ncbi.nlm.nih.gov/pubmed/28336292
https://doi.org/10.3389/fphar.2019.00745
https://www.ncbi.nlm.nih.gov/pubmed/31333464
https://doi.org/10.1016/j.redox.2017.02.023
https://doi.org/10.1186/1471-2261-13-4
https://doi.org/10.1084/jem.20150225
https://doi.org/10.4049/jimmunol.1601650
https://www.ncbi.nlm.nih.gov/pubmed/27994074
https://doi.org/10.1016/j.jss.2018.07.049
https://doi.org/10.1096/fj.12-225615
https://www.ncbi.nlm.nih.gov/pubmed/23407709
https://doi.org/10.1152/ajplung.00370.2014
https://doi.org/10.1038/s42003-020-01410-5
https://doi.org/10.1038/mi.2017.36
https://doi.org/10.3389/fimmu.2020.00581
https://doi.org/10.1002/biof.1668
https://doi.org/10.1007/s10096-013-1978-6
https://www.ncbi.nlm.nih.gov/pubmed/24072678
https://doi.org/10.1038/mi.2015.129
https://www.ncbi.nlm.nih.gov/pubmed/26647716
https://doi.org/10.1073/pnas.1920193117
https://www.ncbi.nlm.nih.gov/pubmed/32205444
https://doi.org/10.1194/jlr.D001750
https://doi.org/10.1016/j.bbalip.2014.08.006
https://www.ncbi.nlm.nih.gov/pubmed/25139562
https://doi.org/10.1016/j.bbalip.2015.01.006
https://www.ncbi.nlm.nih.gov/pubmed/25617737
https://doi.org/10.1111/jcmm.16011
https://www.ncbi.nlm.nih.gov/pubmed/33098250
https://doi.org/10.1177/0022034520917903

Int. ]. Mol. Sci. 2023, 24, 8838 30 of 32

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

Chatterjee, A.; Sharma, S.; Chen, M.; Toy, R.; Mottola, G.; Conte, M.S. The pro-resolving lipid mediator maresin 1 (MaR1)
attenuates inflammatory signalling pathways signaling pathways in vascular smooth muscle and endothelial cells. PLoS ONE
2014, 9, €113480. [CrossRef]

Viola, J.R.; Lemnitzer, P; Jansen, Y.; Csaba, G.; Winter, C.; Neibeck, C.; Silvestre-Roig, C.; Dittmar, G.; Doring, Y.; Drechsler, M.
Resolving lipid mediators maresin 1 and resolvin D2 prevent atheroprogression in mice. Circ. Res. 2016, 119, 1030-1038.
[CrossRef] [PubMed]

Doyle, R.; Sadlier, D.M.; Godson, C. Pro-resolving lipid mediators: Agents of anti-ageing? Semin. Immunol. 2018, 40, 36—48.
[CrossRef] [PubMed]

Li, R.; Wang, Y.; Ma, Z.; Ma, M.; Wang, D.; Xie, G.; Yin, Y.; Zhang, P.; Tao, K. Maresin 1 mitigates inflammatory response and
protects mice from sepsis. Mediat. Inflamm. 2016, 2016, 3798465. [CrossRef]

Hao, Y.; Zheng, H.; Wang, R.H.; Li, H.; Yang, L.L.; Bhandari, S.; Liu, Y.J.; Han, J.; Smith, F.G.; Gao, H.C.; et al. Maresin 1 alleviates
metabolic dysfunction in septic mice: A (1)H NMR-based metabolomics analysis. Mediat. Inflamm. 2019, 2019, 2309175. [CrossRef]
Gong, J.; Wu, Z.Y,; Qi, H.; Chen, L.; Li, H.B,; Li, B,; Yao, C.-Y.; Wang, Y.-X.; Wu, J.; Yuan, S.-Y.; et al. Maresin 1 mitigates
LPS-induced acute lung injury in mice. Br. J. Pharmacol. 2014, 171, 3539-3550. [CrossRef] [PubMed]

Gong, J.; Liu, H.,; Wu, J.; Qi, H.; Wu, Z.Y,; Shu, H.Q.; Li, H.B.; Chen, L.; Wang, Y.X,; Li, B.; et al. Maresin 1 prevents lipopolysccharide
-induced neutrophil survival and accelerates resolution of acute lung injury. Shock 2015, 44, 371-380. [CrossRef] [PubMed]

Li, H.; Hao, Y.; Yang, L.L.; Wang, X.Y.; Li, X.Y,; Bhandari, S.; Han, ].; Liu, Y.-J.; Gong, Y.-Q.; Scott, A.; et al. MCTR1 alleviates
lipopolysaccharide-induced acute lung injury by protecting lung endothelial glycocalyx. J. Cell Physiol. 2020, 235, 7283-7294.
[CrossRef] [PubMed]

Zhang, PH.; Han, J.; Cao, F; Liu, Y.-J; Tian, C.; Wu, C.-H.; Smith, EG.; Hao, Y;; Jin, S.-W. PCTR1 improves pulmonary edema fluid
clearance through activating the sodium channel and lymphatic drainage in lipopolysaccharide-induced ARDS. J. Cell Physiol.
2020, 235, 9510-9523. [CrossRef]

Dyall, S5.C. Long chain omega-3 fatty acids and the brain: A review of the independent and shared effects of EPA, DPA and DHA.
Front. Aging Neurosci. 2015, 7, 52. [CrossRef] [PubMed]

Dalli, J.; Chiang, N.; Serhan, C.N. Elucidation of novel 13-series resolvins that increase with atorvastatin and clear infections. Nat.
Med. 2015, 21, 1071-1075. [CrossRef]

Walker, M.E.; Souza, PR.; Colas, R.A.; Dalli, ]. 13-Series resolvins mediate the leukocyte-platelet actions of atorvastatin and
pravastatin in inflammatory arthritis. FASEB |. 2017, 31, 3636-3648. [CrossRef]

Tiberi, M.; Chiurchiu, V. Specialized pro-resolving lipid mediators and glial cells: Emerging candidates for brain homeostasis and
repair. Front. Cell. Neurosci. 2021, 15, 673549. [CrossRef]

Decker, Y.; McBean, G.; Godson, C. Lipoxin A4 inhibits IL-1beta-induced IL-8 and ICAM-1 expression in 1321N1 human
astrocytoma cells. Am. J. Physiol. Cell Physiol. 2009, 296, C1420-C1427. [CrossRef]

Chiurchiu, V,; Leuti, A.; Maccarrone, M. Bioactive lipids and chronic inflammation: Managing the fire within. Front. Immunol.
2018, 9, 38. [CrossRef]

Dokalis, N.; Prinz, M. Resolution of neuroinflammation: Mechanisms and potential therapeutic option. Semin. Immunopathol.
2019, 41, 699-709. [CrossRef]

Ponce, J.; Ulu, A.; Hanson, C.; Cameron-Smith, E.; Bertoni, J.; Wuebker, J.; Fischer, A.; Siu, K.-C.; Marmelat, V.; Adamec, J.;
et al. Role of specialized pro-resolving mediators in reducing neuroinflammation in neurodegenerative disorders. Front. Aging
Neurosci. 2022, 14, 780811. [CrossRef]

Zhao, W.; Varghese, M.; Vempati, P; Dzhun, A.; Cheng, A.; Wang, J.; Lange, D.; Bilski, A.; Faravelli, I.; Pasinetti, G.M. Caprylic
triglyceride as a novel therapeutic approach to effectively improve performance and attenuate the symptoms due to motor
neuron loss in ALS disease. PLoS ONE 2012, 7, e49191. [CrossRef]

Li-Beisson, Y.; Thelan, J.J.; Fedosejevs, E.; Harwood, J.L. The lipid biochemistry of eukaryotic algae. Prog. Lipid Res. 2019, 74,
31-68. [CrossRef]

Colombo, S.M.; Rodgers, T.EM.; Diamond, M.L.; Bazinet, P.; Arts, M.T. Projected declines in global DHA availability for human
consumption as a result of global warming. Ambio 2020, 49, 865-880. [CrossRef]

Tan, K.; Zhang, H.; Zheng, H. Climate change and n-3 LC-PUFA availability. Prog. Lipid Res. 2022, 86, 101161. [CrossRef]
[PubMed]

Aranceta, J.; Perez-Rodrigo, C. Recommended dietary reference intakes, nutritional goals and dietary guidelines for fat and fatty
acids. Br. J. Nutr. 2012, 107, S8-S22. [CrossRef] [PubMed]

Richter, C.K.; Skulas-Ray, A.C.; Kris-Etherton, PM. Recommended intake of fish and fish oils worldwide. In Fish and Fish Oil in
Health and Disease Prevention; Rantz, S.K., Bibus, D.M., Eds.; Academic Press, Elsevier: New York, NY, USA, 2016; pp. 27-48.
Global Recommendations for EPA and DHA Intake. Available online: www.Goedomega3.com/index.php/files/download /304
(accessed on 19 November 2014).

Koletzko, B.; Bergmann, K.; Brenna, ].T.; Calder, P.C.; Campoy, C.; Clandinin, M.T.; Colombo, J.; Daly, M.; Decsi, T.; Demmelmair,
H.; et al. Should formula for infants provide arachidonic acid along with DHA? A position paper of the European Academy of
Pediatrics and the Child Health Foundation. Am. J. Nutr. 2020, 111, 10-16. [CrossRef] [PubMed]

Metherel, A.H.; Bazinet, R.P. Updates to the n-3 polyunsaturated fatty acid biosynthesis pathway: DHA synthesis rates,
tetracosahexaenoic acid and (minimal) retroconversion. Prog. Lipid Res. 2019, 76, 101008. [CrossRef]


https://doi.org/10.1371/journal.pone.0113480
https://doi.org/10.1161/CIRCRESAHA.116.309492
https://www.ncbi.nlm.nih.gov/pubmed/27531933
https://doi.org/10.1016/j.smim.2018.09.002
https://www.ncbi.nlm.nih.gov/pubmed/30293857
https://doi.org/10.1155/2016/3798465
https://doi.org/10.1155/2019/2309175
https://doi.org/10.1111/bph.12714
https://www.ncbi.nlm.nih.gov/pubmed/24697684
https://doi.org/10.1097/SHK.0000000000000434
https://www.ncbi.nlm.nih.gov/pubmed/26196844
https://doi.org/10.1002/jcp.29628
https://www.ncbi.nlm.nih.gov/pubmed/32037554
https://doi.org/10.1002/jcp.29758
https://doi.org/10.3389/fnagi.2015.00052
https://www.ncbi.nlm.nih.gov/pubmed/25954194
https://doi.org/10.1038/nm.3911
https://doi.org/10.1096/fj.201700268
https://doi.org/10.3389/fncel.2021.673549
https://doi.org/10.1152/ajpcell.00380.2008
https://doi.org/10.3389/fimmu.2018.00038
https://doi.org/10.1007/s00281-019-00764-1
https://doi.org/10.3389/fnagi.2022.780811
https://doi.org/10.1371/journal.pone.0049191
https://doi.org/10.1016/j.plipres.2019.01.003
https://doi.org/10.1007/s13280-019-01234-6
https://doi.org/10.1016/j.plipres.2022.101161
https://www.ncbi.nlm.nih.gov/pubmed/35301036
https://doi.org/10.1017/S0007114512001444
https://www.ncbi.nlm.nih.gov/pubmed/22591906
www.Goedomega3.com/index.php/files/download/304
https://doi.org/10.1093/ajcn/nqz252
https://www.ncbi.nlm.nih.gov/pubmed/31665201
https://doi.org/10.1016/j.plipres.2019.101008

Int. ]. Mol. Sci. 2023, 24, 8838 31 of 32

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.
273.

274.

Barcelo-Coblyn, G.; Murphy, E.J. Alpha-linolenic acid and its conversion to longer chain n-3 fatty acids: Benefits for human health
and a role in maintaining tissue n-3 fatty acid levels. Prog. Lipid Res. 2009, 48, 355-374. [CrossRef] [PubMed]

Sprecher, H. Metabolism of highly unsaturated n-3 and n-6 fatty acids. Biochim. Biophys. Acta 2000, 1486, 219-231. [CrossRef]
[PubMed]

Castro, L.E.C.; Tocher, D.R.; Monroig, O. Long-chain polyunsaturated fatty acid biosynthesis in chordates: Insights into the
evolution of Fads and Elovl gene repertoire. Prog. Lipid Res. 2016, 62, 25-40. [CrossRef]

Food and Agricultural Organisation (FAO). The State of World Fisheries and Agriculture 2016. Contributing to Food Security and
Nutrition for All; FAO: Rome, Italy, 2016; p. 200, ISBN 978-92-5-109185-2.

IFFO. The Marine Ingredients Organisation: Fishmeal and Fish Oil Statistical Yearbook 2016. Available online: www.ffo.net
(accessed on 9 May 2023).

Tocher, D.R.; Betancor, M.B.; Sprague, M.; Olsen, R.E.; Napier, ].A. Omega-3 long-chain polyunsaturated fatty acids, EPA and
DHA: Bridging the gap between supply and demand. Nutrients 2019, 11, 89. [CrossRef]

Napier, J.A.; Usher, S.; Haslam, R.P; Ruiz-Lopez, N.; Sayanova, O. Transgenic plants as a sustainable terrestrial source of fish oils.
Eur. J. Lipid Sci. Technol. 2015, 117, 1317-1324. [CrossRef]

Napier, J.A.; Haslam, R.P; Olsen, R.-E.; Tocher, D.R.; Betancor, M.B. Agriculture can help aquaculture become greener. Nat. Food
2020, 1, 680-683. [CrossRef] [PubMed]

Napier, J.A.; Olsen, R.-E.; Tocher, D.R. Update on GM canola crops as novel sources of omega-3 fish oils. Plant Biotechnol. 2019, 17,
703-705. [CrossRef]

Walsh, T.A.; Bevan, S.A.; Gachette, D.].; Larsen, C.M.; Moskal, W.A.; Merlo, P.A.O.; Sidorenko, V.; Hampton, R.E.; Stoltz, V,;
Pareddy, D.; et al. Canola engineered with a microalgal polyketide synthase-like system produces oil enriched in docosahexaenoic
acid. Nat. Biotechnol. 2016, 34, 881-887. [CrossRef]

Petrie, J.R.; Shretha, P.; Zhou, X.-R.; Mansour, M.P; Liu, Q.; Belide, S.; Nichols, P.D.; Singh, S.P. Metabolic engineering plant seeds
with fish oil-like levels of DHA. PLoS ONE 2012, 7, e49165. [CrossRef]

Ruiz-Lopez, N.; Haslam, R.P.; Usher, S.L.; Napier, ]J.A.; Sayanova, O. Successful high level accumulation of fish oil omega-3
long-chain polyunsaturated fatty acids in a transgenic oil-seed crop. Plant J. 2014, 77, 198-208. [CrossRef]

Xu, H.; Turchini, G.M.; Francis, D.S.; Liang, M.; Mock, T.S.; Rombenso, A.; Ai, Q. Are fish what they eat? A fatty acid’s perspective.
Prog. Lipid Res. 2020, 80, 101064. [CrossRef] [PubMed]

Xie, D.; Chen, C.; Dong, Y.; You, C.; Wang, S.; Monroig, O.; Tocher, D.R; Li, Y. Regulation of long-chain polyunsaturated fatty acid
biosynthesis in teleost fish. Prog. Lipid Res. 2012, 82, 101095. [CrossRef]

Metz, ].G.; Rossler, P.; Facciotti, D.; Levering, C.; Dittrich, F; Lassner, M.; Valentine, R.; Lardizabel, K.; Domergue, F.; Yamada, A;
et al. Production of polyunsaturated fatty acids by polyketide synthases in both prokaryotes and eukaryotes. Scienice 2001, 293,
290-293. [CrossRef] [PubMed]

Lee Chang, K.J.; Nichols, C.M.; Blackburn, S.I.; Dunstan, G.A.; Koutoulis, A.; Nichols, P.D. Comparison of the Thraustochytrids
Aurantiochytrium sp., Schizochytrium sp., Thraustochytrium sp., and Ulkenia sp. for production of biodiesel, long-chain omega-3 oils
and exopolysaccharide. Mar. Biotechnol. 2014, 16, 396—411. [CrossRef]

Aasen, LM.; Ertesvag, H.; Heggeset, T.M.B.; Liu, B.; Brautaset, T.; Vadstein, O.; Ellingsen, T.E. Thraustochytrids as production
organisms for docosahexaenoic acid (DHA), squalene and carotenoids. Appl. Microbiol. Biotechnol. 2016, 100, 4309-4321.
[CrossRef] [PubMed]

Qiu, X,; Xie, X.; Meesapyodsuk, D. Molecular mechanisms for biosynthesis and assembly of nutritionally important very long
chain polyunsaturated fatty acids in microorganisms. Prog. Lipid Res. 2020, 79, 101047. [CrossRef]

Monroig, O.; Shu-Chien, A.C.; Kabeya, N.; Tocher, D.R.; Castro, L.E.C. Desaturases and elongases involved in long-chain
polyunsaturated fatty acid biosynthesis in aquatic animals: From genes to functions. Prog. Lipid Res. 2022, 86, 101157. [CrossRef]
Cripps, C.; Borgeson, C.E.; Blomquist, G.J.; de Renobales, M. The A12-desaturase from the house cricket, Acheta domesticus
(Orthoptera: Gryllidae): Characterisation and form of the substrate. Arch. Biochem. Biophys. 1989, 278, 46-51. [CrossRef]
Borgeson, C.E.; de Renobales, M.; Blomquist, G.J. Characterisation of the delta-12 desaturase in the American cockroach, Periplanta
americana: The nature of the substrate. Biochim. Biophys. Acta 1990, 1047, 135-140. [CrossRef]

Borgeson, C.E.; Kurtti, T.].; Munderlog, U.G.; Blomquist, G.J. Insect tissues, not microorganisms, produce linoleic acid in the
house cricket and American cockroach. Experientia 1991, 47, 238-241. [CrossRef]

Weinert, J.; Blomquist, G.J.; Borgeson, C.E. De novo biosynthesis of linoleic acid in two non-insect invertebrates: The land slug
and the garden snail. Experientia 1993, 49, 919-921. [CrossRef]

Weselake, R.].; Woodfield, H.K,; Field, C.]J.; Harwood, J.L. Production of edible oils through metabolic engineering. In Food Lipids,
4th ed.; Akoh, C.C., Ed.; CRC Press: Boca Raton, FL, USA, 2017; pp. 973-995.

Gunstone, F.D.; Harwood, J.L.; Dijkstra, A.]. (Eds.) The Lipid Handbook, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2007.

Eskin, N.A.M.; List, G.R. Food applications of lipids. In Food Lipids, 4th ed.; Akoh, C.C., Ed.; CRC Press: Boca Raton, FL, USA,
2017; pp. 421-451.

Schwender, J.; Konig, C.; Klapperstick, M.; Heinzel, N.; Munz, E.; Hebelmann, I.; Hay, J.O.; Denolf, P.; De Bodt, S.; Rederstig, H.;
et al. Transcript abundance on its own cannot be used to infer fluxes in central metabolism. Front. Plant Sci. 2014, 5, 668.
[CrossRef]


https://doi.org/10.1016/j.plipres.2009.07.002
https://www.ncbi.nlm.nih.gov/pubmed/19619583
https://doi.org/10.1016/S1388-1981(00)00077-9
https://www.ncbi.nlm.nih.gov/pubmed/10903473
https://doi.org/10.1016/j.plipres.2016.01.001
www.ffo.net
https://doi.org/10.3390/nu11010089
https://doi.org/10.1002/ejlt.201400452
https://doi.org/10.1038/s43016-020-00182-9
https://www.ncbi.nlm.nih.gov/pubmed/37128041
https://doi.org/10.1111/pbi.13045
https://doi.org/10.1038/nbt.3585
https://doi.org/10.1371/journal.pone.0049165
https://doi.org/10.1111/tpj.12378
https://doi.org/10.1016/j.plipres.2020.101064
https://www.ncbi.nlm.nih.gov/pubmed/33010278
https://doi.org/10.1016/j.plipres.2021.101095
https://doi.org/10.1126/science.1059593
https://www.ncbi.nlm.nih.gov/pubmed/11452122
https://doi.org/10.1007/s10126-014-9560-5
https://doi.org/10.1007/s00253-016-7498-4
https://www.ncbi.nlm.nih.gov/pubmed/27041691
https://doi.org/10.1016/j.plipres.2020.101047
https://doi.org/10.1016/j.plipres.2022.101157
https://doi.org/10.1016/0003-9861(90)90229-R
https://doi.org/10.1016/0005-2760(90)90039-Z
https://doi.org/10.1007/BF01958146
https://doi.org/10.1007/BF01952610
https://doi.org/10.3389/fpls.2014.00668

Int. ]. Mol. Sci. 2023, 24, 8838 32 of 32

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.
288.

289.

290.

291.

292.

293.

294.

Harwood, J.L.; Ramli, U.S.; Tang, M.; Quant, P.A.; Weselake, R.J.; Fawcett, T.; Guschina, I.A. Regulation and enhancement of lipid
accumulation in oil crops: The use of flux control analysis for informed genetic manipulation. Eur. |. Lipid Sci. Technol. 2013, 115,
1239-1246. [CrossRef]

Ramli, U.S.; Tang, M.; Quant, P.A.; Guschina, I.A.; Fawcett, T.; Harwood, J.L. Informed metabolic engineering of oil crops using
control analysis. Biocatal. Agric. Biotechnol. 2014, 3, 49-52. [CrossRef]

Weselake, R.J.; Shah, S.; Tang, M.; Quant, P.A.; Snyder, C.L.; Furukawa-Stoffer, T.L.; Zhu, W.; Taylor, D.C.; Zou, J.; Kumar, A;
et al. Metabolic control analysis is helpful for informed genetic manipulation of oilseed rape (Brassica napus) to increase seed oil
content. J. Exp. Bot. 2008, 59, 3543-3549. [CrossRef]

Taylor, D.C.; Zhang, Y.; Kumar, A.; Francis, T.; Giblin, E.M.; Barton, D.L.; Ferrie, ].R.; Laroche, A.; Shah, S.; Zhu, W.; et al.
Molecular modification of triacylglycerol accumulation by over-expression of DGAT1 to produce Canola with increased seed oil
content under field conditions. Botany 2009, 87, 533-543. [CrossRef]

Vanhercke, T.; El Tahchy, A.; Shrestha, P.; Zhou, X.R.; Singh, S.; Petrie, ].R. Synergistic effect of WRI1 and DGAT1 coexpression on
triacylglycerol biosynthesis in plants. FEBS Lett. 2013, 587, 364-369. [CrossRef]

Vanhercke, T.; Divi, U.K,; El Tahchy, A.; Liu, Q.; Mitchell, M.; Taylor, M.C.; Eastmond, PJ.; Briant, F.; Mechanichos, A.; Blundell, C.;
et al. Step changes in leaf oil accumulation via iterative metabolic engineering. Metab. Eng. 2017, 39, 233-246. [CrossRef]

Liu, E; Xia, Y.; Wu, L.; Fu, D.; Hayward, A.; Luo, J; Yan, X,; Xiong, X.; Fu, P; Wu, G.; et al. Enhanced seed oil content by
overexpressing genes related to triacylglycerol synthesis. Gene 2015, 557, 163-171. [CrossRef] [PubMed]

Woodfield, HK,; Fenyk, S.; Wallington, E.; Bates, R.E.; Brown, A.; Guschina, I.A.; Marillia, E.-F,; Taylor, D.C.; Fell, D.; Harwood,
J.L.; et al. Increase in lysophosphatidate acyltransferase activity on oilseed rape (Brassica napus) increases seed triacylglycerol
content despite its low intrinsic flux control. New Phytol. 2019, 224, 700-711. [CrossRef] [PubMed]

Fenyk, S.; Woodfield, H.K.; Romsdahl, T.B.; Wallington, E.; Bates, R.E.; Fell, D.A.; Chapman, K.D.; Fawcett, T.; Harwood, J.L.
Overexpression of phospholipid: Diacylglycerol acyltransferase in Brassica napus results in changes in lipid metabolism and oil
accumulation. Biochem. |. 2022, 479, 805-823. [CrossRef]

Correa, S.M.; Fernie, A.R.; Nikoloski, Z.; Brotman, Y. Towards model-driven characterisation and manipulation of plant lipid
metabolism. Prog. Lipid Res. 2020, 80, 101051. [CrossRef]

Khozin-Goldberg, 1.; Iskandarov, U.; Cohen, Z. LC-PUFA from photosynthetic microalgae: Occurrence, biosynthesis and
properties in biotechnology. Appl. Microbiol. Biotechnol. 2011, 91, 905-915. [CrossRef] [PubMed]

Sayanova, O.; Mimouni, V.; Ulmann, N.; Morant-Manceau, A.; Pasquet, V.; Schoefs, B.; Napier, ].A. Modulation of lipid synthesis
by stress in diatoms. Philos. Trans. R. Soc. B Biol. Sci. 2017, 372, 20160407. [CrossRef] [PubMed]

Harwood, J.L.; Guschina, I.A. The versatility of algae and their lipid metabolism. Biochimie 2009, 91, 679-684. [CrossRef] [PubMed]
Ratledge, C. Single cell oils for the 21st century. In Single Cell Oils, 2nd ed.; Cohen, Z., Ratledge, C., Eds.; AOCS Press: Urbana, IL,
USA, 2010; pp. 3-26.

Petrie, J.R.; Shresha, A.; Belide, S.; Kennedy, Y.; Lester, G.; Mulder, R.J.; Mansour, M.P,; Nichols, P.D.; Singh, S.P. Metabolic
engineering Camelina sativa with fish oil-like levels of DHA. PLoS ONE 2014, 9, €95409. [CrossRef] [PubMed]

Ruiz-Lopez, N.; Usher, S.; Sayanova, O.; Napier, ].A.; Haslam, R.P. Modifying the lipid content and composition of plant seeds:
Engineering production of LC-PUFA. Appl. Microbiol. Biotechnol. 2015, 19, 143-154. [CrossRef] [PubMed]

Chen, Y.; Meesapyodsuk, D.; Qiu, X. Transgenic production of omega-3 very long chain polyunsaturated fatty acids in plants:
Accomplishment and challenge. Biocatal. Agric. Biotechnol. 2014, 3, 38—43. [CrossRef]

Abbadi, A.; Domergue, F; Bauer, ].; Napier, J.A.; Welti, R.; Zahringer, U.; Cirpus, P.; Heinz, E. Biosynthesis of very-long-chain
polyunsaturated fatty acids in transgenic oilseeds: Constraints on their accumulation. Plant Cell 2004, 16, 2734-2748. [CrossRef]
[PubMed]

Haslam, R.P; Sayanova, O.; Kim, H.J.; Cahoon, E.B.; Napier, ].A. Synthetic redesign of plant lipid metabolism. Plant ]. 2016, 87,
76-86. [CrossRef] [PubMed]

Han, L.; Haslam, R.P; Silvestre, S.; Lu, C.; Napier, ].A. Enhancing the accumulation of eicosapentaenoic acid and docosahexaenoic
acid in transgenic Camelina through CRISPR-Cas9 inactivation of the competing FAE1 pathway. Plant Biotechnol. ]. 2022, 20,
1444-1446. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/ejlt.201300257
https://doi.org/10.1016/j.bcab.2013.12.001
https://doi.org/10.1093/jxb/ern206
https://doi.org/10.1139/B08-101
https://doi.org/10.1016/j.febslet.2012.12.018
https://doi.org/10.1016/j.ymben.2016.12.007
https://doi.org/10.1016/j.gene.2014.12.029
https://www.ncbi.nlm.nih.gov/pubmed/25523093
https://doi.org/10.1111/nph.16100
https://www.ncbi.nlm.nih.gov/pubmed/31400160
https://doi.org/10.1042/BCJ20220003
https://doi.org/10.1016/j.plipres.2020.101051
https://doi.org/10.1007/s00253-011-3441-x
https://www.ncbi.nlm.nih.gov/pubmed/21720821
https://doi.org/10.1098/rstb.2016.0407
https://www.ncbi.nlm.nih.gov/pubmed/28717017
https://doi.org/10.1016/j.biochi.2008.11.004
https://www.ncbi.nlm.nih.gov/pubmed/19063932
https://doi.org/10.1371/journal.pone.0085061
https://www.ncbi.nlm.nih.gov/pubmed/24465476
https://doi.org/10.1007/s00253-014-6217-2
https://www.ncbi.nlm.nih.gov/pubmed/25417743
https://doi.org/10.1016/j.bcab.2013.08.007
https://doi.org/10.1105/tpc.104.026070
https://www.ncbi.nlm.nih.gov/pubmed/15377762
https://doi.org/10.1111/tpj.13172
https://www.ncbi.nlm.nih.gov/pubmed/27483205
https://doi.org/10.1111/pbi.13876
https://www.ncbi.nlm.nih.gov/pubmed/35723935

	Introduction 
	Conversion of Polyunsaturated Fatty Acids into Lipid Mediators 
	Eicosanoid Biosynthesis 
	Eicosanoid Receptors 

	Specialised Pro-Resolving Mediators (SPMs) 
	Receptors for SPMs 
	Further Metabolism of SPMs 

	Auto-Oxidation of PUFAs to Create Anti-Inflammatory Products 
	Fatty Acid Esters of Fatty Acids (FAHFAs) 
	Molecular Mechanisms and Biological Effects of Lipid Mediators 
	Role of Eicosanoids in Inflammation and Immunity 
	Roles of Specialised Pro-Resolving Mediators in Inflammation 
	SPM Production in Diseases and on Challenge 
	Production of Resolvins 
	Biosynthesis of Protectins and Maresins 
	Further Remarks about SPM Production and Potential Activities 


	Production of VLCPUFAs from Dietary Essential Fatty Acids 
	Sources of Dietary PUFAs 
	Increasing Oil Crop Yields 
	New Sources of VLCPUFAs 

	Conclusions 
	References

