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Abstract
Notwithstanding the ongoing debate on their full potential in health and disease, there is general

consensus that n-3 PUFAs play important physiological roles. Increasing dietary n-3 PUFA intake
results in increased DHA and EPA content in cell membranes as well as an increase in n-3 derived
oxylipin and -endocannabinoid concentrations, like fatty acid amides and glycerol-esters. These shifts
are believed to (partly) explain the pharmacological and anti-inflammatory effects of n-3 PUFAs. Recent
studies discovered that n-3 PUFA-derived endocannabinoids can be further metabolized by the oxidative
enzymes CYP-450, LOX and COX, similar to the n-6 derived endocannabinoids. Interestingly, these
oxidized n-3 PUFA derived endocannabinoids of eicosapentaenoyl ethanolamide (EPEA) and
docosahexaenoyl ethanolamide (DHEA) have higher anti-inflammatory and anti-proliferative potential
than their precursors. In this review, an overview of recently discovered n-3 PUFA derived
endocannabinoids and their metabolites is provided. In addition, the use of chemical probes will be
presented as a promising technique to study the n-3 PUFA and n-3 PUFA metabolism within the field

of lipid biochemistry.

Highlights
e Fatty acid conjugation with amines results in the formation of signalling molecules
o Several of these have immune-modulating, anti-inflammatory properties
¢ n-3 PUFA intake changes circulating PUFA, oxylipin and endocannabinoid profiles
e Oxidized metabolites of DHEA and EPEA are also potentially anti-inflammatory

e Chemical probes can be used to study n-3 PUFA metabolism within lipid biochemistry
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1.1 Introduction ; n-3 PUFAs in health and disease
There is general scientific consensus that n-3 long-chain polyunsaturated fatty acids (n-3 LC PUFAS) are

essential for normal growth and development of multicellular organisms. Notwithstanding this, the debate
on their full potential to prevent or cure disease continues. A major cause of these apparent knowledge gaps
is obviously their complex, versatile metabolism, with numerous molecular interconnections to pathways
involved in the formation and breakdown of other fatty acids and lipid-derived mediators. Main dietary n-
3 LC PUFAs are o-linolenic acid (ALA; 18:3n-3), predominantly obtained from plant sources, and
eicosapentaenoic acid (EPA; 20:5n-3), docosahexaenoic acid (DHA; 22:6n-3) and, to a lesser extent,
docosapentaenoic acid (DPA; 22:5n-3), which are particularly found in “fatty” fish (e.g. herring, salmon,
mackerel) as well as in certain algae and krill (Figure 1). In general, ALA can be converted to EPA via
elongation of the acyl chain and insertion of extra double bonds via the intermediate stearidonic acid (18:4n-
3). EPA can be further metabolized to DPA, and finally to DHA. However, in human adults the endogenous
conversion of ALA to EPA and DHA is limited, and therefore we rely on dietary intake for the adequate
provision of n-3 LC PUFAs, or on their administration via food supplements or pharmaceutical preparations
13, Intake of n-3 LC PUFAs, in particular DHA and (or) EPA, has been associated with a variety of positive
health effects. Examples include improvement of endothelial function * ®, lowered plasma triglyceride
levels ©, a reduced risk for ischemic stroke 7, neuroprotective and antidepressant effects 8 °, prevention of

cognitive decline 1, positive effects in rheumatoid arthritis 123, fatty liver disease **’, cancer-associated



cachexia 8, and a possibly reduced risk for developing certain tumours, in particular colorectal cancer ** 20,
However, these apparently pleiotropic effects are also continuously being challenged , in particular when it
comes to cardiovascular health. For example, the originally assumed antiarrhythmic effects of EPA and
DHA are also being disputed 2%, and a recent meta-analysis 22 and Cochrane review 2* clearly doubted the
overall clinical usefulness of n-3 PUFAs for prevention of cardiovascular diseases. Data from a number of
recently reported randomised collected trials (RCTs) fuelled the debate even more. The Tromsg study found
no protective effects of fatty fish consumption or fish oil supplements on atherosclerotic plaque formation
or plaque area in a general population 24, Similarly, the recently reported ASCEND study, an RCT among
more than 15,000 patients with diabetes and no evidence of cardiovascular disease taking 460 mg of EPA
and 380 mg of DHA for a median of 7 years, showed no significant difference from placebo in the risk of
serious vascular events 2. Another recently finished study, VITAL 2627 also indicated that the use of n-3
PUFAs was not effective in preventing the combined end point of myocardial infarction, stroke, or death
from cardiovascular causes in unselected patients. By contrast, in persons already taking a statin, positive
effects of high doses (4 g daily) of EPA on cardiovascular events in the randomized, double-blind
REDUCE-IT trial were reported after a median follow-up of 4.9 years 22°. Several explanations were
offered for these apparent discrepancies. For example, it has been suggested that administered dose, intake
and presence of other fatty acids in the diet, like n-6 PUFAs, differences between EPA and DHA, and inter-

individual differences -such as polymorphisms, sex, and age- are also playing a role 273022,

Mechanistic studies in vitro and in rodent models indicate that many, though perhaps not all, activities of
n-3 PUFAs found can be linked to their interaction with immunological mechanisms 8. However, amounts
used in these studies are often rather high, which complicates extrapolation to humans. Effects on
inflammatory markers have been reported from human studies as well, although doses are sometimes high
compared to those commonly obtained from the diet. The observed immune-modulating and/or anti-
inflammatory effects have been explained from different mechanisms, i.e. their effects on cell membranes
and modulating eicosanoid production % * 8 interactions with different receptors, including peroxidase
proliferator activator receptors (PPARs) [3], FFA 1 [GPR40] %, FFA 40 [GPR120] **. Highly intriguing,

and at the same time further complicating, are the roles of the different intermediates and metabolites of n-



3 PUFAs. In recent years, different groups have identified various novel classes of endogenously produced
n-3 LC PUFA lipid metabolites with potent anti-inflammatory properties. These exciting findings suggest
that there are many more lipids present than previously assumed, and future work should shed light on
whether these metabolites explain the current controversies around the physiological and pharmacological
effects of n-3 fatty acids. The aim of this review is to provide an overview of the relation between dietary
n-3 fatty acids, primary fatty acid metabolites, recently discovered (secondary) oxygenated lipid

metabolites, and their effects on inflammation.

1.2 Lipid metabolite profiles reflect dietary lipid intake: the relation between dietary n-3
fatty acid intake and n-3 fatty acid derived endocannabinoids

Over the last decades, researchers tried to elucidate the molecular and cellular pathways through which
dietary n-3 lipids affect health and physiology. A better understanding of the underlying mechanisms
could not only help to explain the sometimes apparently contradictory findings, but potentially also
provide new targets for intervention. Specifically, it has been demonstrated that n-3 fatty acids and their
metabolites have various effects on different components of the immune system. For instance, DHA can
be converted to resolvins and protectins, a class of lipid metabolites for which potent pro-resolving
properties have been described %%, Additionally, work in animal and in vitro models demonstrated that
dietary lipids directly affect circulating and tissue concentrations of various oxylipins. Typically,
concentrations of n-6 fatty acid derived oxylipins, including prostaglandin D, (PGDy), PGE;,
thromboxane B, (TXB:) and 5-hydroxyeicosatetraenoic acid (5-HETE) decreased after a diet rich in n-
3 fatty acids, whereas higher concentrations of n-3 derived oxylipins were detected .. These n-3
derived metabolites were reported to have reduced pro-inflammatory activity compared to their n-6
derived counterparts, which could at least partly explain the anti-inflammatory effects observed for n-3
fatty acids #? (Figure 2). It thus seems clear that circulating profiles of lipid mediators are a reflection of
dietary intake of fatty acids, and that high dietary intakes of n-3 fatty acids results in measurable changes

in the lipidome which may have physiological consequences.



In addition to oxylipins, many other classes of lipid-derived signalling molecules are known, including
ceramides, sphingolipids, and endocannabinoids. The endocannabinoid system consists of the
cannabinoid type 1 and type 2 receptors, CB: and CBs, their endogenous ligands (‘endocannabinoids’),
and the enzymes involved in the synthesis and metabolism of these molecules “* 44, It has become clear
that the endocannabinoid system is involved in many physiological processes, including metabolism,
appetite and the regulation of food intake, differentiation of adipose tissue, and immune regulation. The
prototypical endocannabinoid, arachidonoylethanolamine (AEA, also known as anandamide) is the
ethanolamide conjugate of arachidonic acid (ARA; 20:4n-6) *, but other conjugates of ARA, including
2-arachidonoylglycerol (2-AG) and N-arachidonoyldopamine (NADA) (Figure 3), have also been
described to possess affinity for the endocannabinoid receptors > %6, In addition to variation in the
conjugate group, also the fatty acid backbone is known to vary and conjugates with various fatty acids
have been detected in animals or humans such as oleoylethanolamine (OEA), palmitoylethanolamine
(PEA), oleoyldopamine (OLDA) or N-arachidonoylglycine (NAGIy) (Figure 3) #4750, Interestingly,
similar conjugates derived from DHA and EPA, including docosahexaenoylethanolamine (DHEA),
eicosapentaoylethanolamine (EPEA), and eicosapentaoylglycerol (2-EG) have also been detected in
animals and humans (Figure 3) %554 Considering the number of different dietary fatty acids (e.g. 16:0,
C18:0, C18:1n-9, etc.), which can be multiplied by the available endogenous amines (e.g. ethanolamine,
dopamine, various amino acids, etc.), potentially >200 of these lipid metabolites may be formed.
However, thus far only a few of these molecules have received detailed attention, such as AEA, 2-AG,
OEA, PEA, DHEA and EPEA. This suggests that only the tip of the iceberg has been explored, and
much more remains to be discovered. It is important to note that not all conjugates indicated above have
significant affinity for the CB receptors. Instead, these conjugates may activate other receptors such as
(PPARS) or transient receptor potential channels (TRPs). Interestingly, these receptors in turn can
sometimes also be activated by ‘true’ endocannabinoids, i.e., ligands of CB; or CB; receptors such as
AEA %355 Taken together, endocannabinoids and their congeners behave as ‘promiscuous’ ligands,
displaying a distinctive pattern of receptor interactions which has been suggested to play a role in ‘fine

tuning’ metabolic and inflammatory regulation [42]



Indicative of this fine tuning is a recent comparative study on CB and TRPV receptor activation by
various N-acyl ethanolamines, showing that all n-6 PUFA derivatives are agonists of the CB1, CB,, and
TRPV1 receptor, whereas n-3 PUFA derivatives are much weaker CB1 and TRPV; agonists, and equally

as effective CB; agonists °’.

Studies by our group and others have demonstrated that n-3 fatty acids affect the profile of
endocannabinoids and related compounds in a way similar as observed for oxylipins %. A large body of
evidence, comprising of in vitro-, animal- and human data, underlines that increasing the supply of n-3
fatty acids results in decreased concentrations of e.g. n-6 PUFA-derived AEA and 2-AG, whereas
concentrations of DHEA and EPEA increase 5% 52 54 %961 This profile shift remained present after an
acute inflammatory stimulus with lipopolysaccharide (LPS) in mice 2. Interestingly, when comparing
the immune-modulating properties of DHEA and EPEA with those of their fatty acid precursors and
other ethanolamides in an in vitro study, we showed that especially DHEA has more potent anti-
inflammatory properties compared to e.g. its precursor DHA and its n-6 congener AEA 2. These
findings suggest that a shift in endocannabinoid profile is one of the mechanisms behind the proposed

health effects of n-3 fatty acids (Figure 2).

1.3 n-3 Fatty acid-derived endocannabinoids: a new mechanistic link between dietary n-3
fatty acids and anti-inflammatory effects

The two most studied n-3 fatty acid-derived endocannabinoids to date are DHEA and EPEA (Figure 3).
DHEA was first identified in the bovine retina ® and later also in human plasma “® and other tissues “
5. 8 Interestingly, this compound has potent anti-inflammatory properties in a variety of models,
including stimulated 1) murine RAW264.7 and primary macrophages 2, 2) murine 3T3-L1 adipocytes
®3 and 3) murine BV2 and rat primary microglial cells ®. DHEA reduces the release of various pro-
inflammatory signalling molecules, including nitric oxide (NO), interleukin-6 (IL-6), monocyte
chemotactic protein-1 (MCP-1), and tumour necrosis factor-alpha (TNF-a), although differences exist

between different in vitro models. Additionally, it was found that DHEA promotes neurogenesis, neuron



development, and synaptogenesis %8, Because of these properties, DHEA is also referred to as
synaptamide %8, In a recent study, the G protein-coupled orphan receptor (GPR110) was found to play
a key role in this neuro-protective activity of DHEA by activating a cCAMP dependent pathway 7 .
Moreover, DHEA displays pro-apoptotic and anti-proliferating activity in human prostate cancer cells
with considerably increased potency compared to its precursor fatty acid DHA. Less information is
available for EPEA, but this conjugate was also found to possess anti-proliferating and pro-apoptotic
effects, although with a distinct underlying mechanism compared to DHEA 6. EPEA also displayed
anti-inflammatory properties in macrophages and adipocytes, although with less potency compared to
DHEA in macrophages °* 2. Both DHEA and EPEA are agonists of the CB receptors and of PPAR-y,
which may mediate the observed anti-inflammatory effects 5" 7%, To better understand the mechanisms
through which DHEA exerts its anti-inflammatory effects in macrophages, detailed in vitro studies were
performed, which provided evidence for a direct interaction between DHEA and the cyclooxygenase-2
(COX-2) enzyme ™. Using a targeted metabolomics approach that quantified various lipid oxygenation
metabolites, it was concluded that DHEA specifically reduced the formation of COX-2 derived
oxylipins, such as PGD, and PGE,, whereas other pathways (e.g. 5-lipooxygenase (5-LOX) or
cytochrome P450 (CYP450)) were unaffected. These findings suggested that DHEA might act as a direct
competitive inhibitor of COX-2 activity. Interestingly, it was previously shown for e.g. AEA and 2-AG
that they are COX-2 substrates '> 73, demonstrating that COX-2 has the capability to metabolize neutral
lipids. COX-2 metabolized AEA and 2-AG to oxygenated fatty acid metabolites, such as prostaglandin
E,-ethanolamide (PGE2-EA) and prostaglandin Ez-glycerol (PGE»-G), respectively, which have potent
anti-inflammatory properties in vitro . In addition to COX-2, other oxidative enzymes such as the
lipooxygenases and CYP450 system are capable of metabolizing various fatty acid ethanolamides °,
including DHEA 7"-%, into oxygenated species which display biological activity themselves (see section
1.5and Figure 2). It is thus clear that the biological activity of endocannabinoids and related compounds
is not only terminated by their enzymatic hydrolysis via fatty acid amide hydrolase (FAAH) or N-
acylethanolamine-hydrolyzing acid amidase (NAAA) &, but that these signalling molecules can also be
metabolized by COX-2, LOX and CYP450s to yield a new distinct class of oxygenated fatty acid

metabolites with different biological roles.



1.4 Oxygenation of endocannabinoids: the first evidence of oxygenation of
endocannabinoids by CYP450’s, LOX, and COX-2 and the anti-inflammatory effects
of their metabolites

The first evidence of oxygenation of the prototypical endocannabinoid AEA stems from 1995, showing
that anandamide is metabolized by CYP450s in both mouse brain and liver microsomes 8. Although an
accurate product analysis was not performed, it was hypothesized that the CYP450 containing
microsomes produced various mono-, di-hydroxylated, and epoxidized metabolites of AEA. More
recent studies identified all four possible regioisomeric epoxyeicosatrienoic ethanolamides (EET-EAS)
and a terminal hydroxylated epoxyeicosatrienoic ethanolamide 20-HETE-EA metabolite of AEA after
conversion by various human CYP450s 82 8, Additionally, it was shown that at least 14,15-EET-EA
was produced in bovine and porcine heart microsomes 8. Similar to the EET-EA production by CYP450
enzymes, it was reported in 1995 that 12-LOX from the rat pineal brain converts AEA into 12-HETE-
EA, and that soybean 15-LOX produces 15-HETE-EA 8. In 1999, COX-2, was also shown to oxygenate
AEA, yielding prostamides (PG-EA’s) and the mono-hydroxylated metabolites 11-HETE-EA and 15-
HETE-EA 8 8 For the synthesis of the various prostamides known to date, the COX-2 intermediate
PGH2-EA is sequentially metabolized by specific prostaglandin synthases to form the biologically active
PGE;-EA, PGD,-EA, PGI-EA 58 ‘and PGF.a-EA ™ 78 (Figure 4). Studies to assess the biological
role of some of these prostamides have revealed several potent anti-inflammatory characteristics,
specifically for the prostamides PGF.0-EA and PGE2-EA. For example, PGF.a-EA was found to reduce
crypt and mucosal tissue damage in a colitis model &, and was found to specifically activate the
heterodimers of the natural PGF receptor, and one of its splice variants FP- altFP4 ™ %, PGE,-EA
reduces the TNFa production in a CAMP-dependent pathway in LPS-stimulated human peripheral blood
mononuclear cell monocytes®, and inhibits the activity of the IL-12p40 promotor in LPS and INFy

stimulated microglia cells ** (Figure 4).

Studies investigating receptor affinities of epoxidized AEA metabolites suggested that EET-EAs are
potent CB agonists %2, Specifically, 5,6-EET-EA has a 300-fold selectivity for CB; activation over CB;

activation, and a 1000 times increased affinity for CB, when compared to AEA. Moreover, 5,6-EET-

10



EA was shown to be an agonist of the human CB; receptor %. In contrast to the EET-EAs, HETE-EAs
display varying affinities towards the CB receptors. For example, 11-HETE-EA does not interact with
CB: and CB>, whereas 12-HETE-EA is an agonist for both receptors with affinities comparable to AEA
%, 15-HETE-EA activated CB; receptors only slightly, but showed strong TRPV binding affinity. In
view of this TRPV; activation, it was suggested that 15-HETE-EA caused reduced nociception in a
neuropathic pain model . Whether the other HETE-EA are also strong agonists for TRPV1, and also
affect neuropathic pain is currently unknown. At the same time, 15-HETE-EA enhanced AEA
biosynthesis by NAPE-PLD, and reduced DAGL and FAAH activity. As a result, 15-HETE-EA thus
increased AEA tone in mouse brain homogenates % (Figure 4). Like 15-HETE-EA, all other HETE-
EAs are also known to be inhibitors of FAAH, although with different potencies . Flamand and
coworkers speculated that the HETE-EAs mainly exert their biological effect via the vanilloid receptors

92 although some of them are thus also able to selectively interact with the CBs.

Following the findings that AEA is a substrate for COX-2, LOX and CYP450 enzymes, it was
discovered, that other arachidonoyl derivatives are also converted by COX-2, LOX, and CYP450
enzymes 48797 The substrate class now ranges from the classical endocannabinoids like 2-AG and
AEA to various amino acid derivatives, like AA-Gly, and different vanilloid derivatives, like NADA.
Studies towards the biological activity of some of these other secondary ARA metabolites showed that
PGD,-G, for example, has strong anti-inflammatory effects by reducing the formation of the pro-
inflammatory cytokines in LPS administrated mice %, and by reducing DSS induced murine colitis .
The 12/15-LOX derived 15-HETE-G was identified as a PPARa agonist 1%2, was found to be a moderate
agonist of CB; and has no affinity with CB; % 1, The CYP450 metabolites 11,12-EET-G, and 14,15-
EET-G were found to promote vasodilation in rat mesenteric arteries suggesting that they can act as
antihypertensive mediators 2 193 104 Despite these limited data on the physiological role of secondary
ARA derived metabolites, there are still many open questions and the extend of this knowledge gap is
as yet undefined. More work is needed to fully characterize the metabolism of ARA metabolites and to

understand their biological role.
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The identification of the secondary metabolites of ARA and the characterization of their biological
activities changed paradigms in the understanding of endocannabinoid biology. Not only the
endocannabinoids themselves, but also their oxygenated products must be taken into account when
studying the endocannabinoidome %, resulting in an additional layer of complexity in the lipid

biochemistry field.

1.5 Oxygenation of n-3 PUFA derived endocannabinoids: a new class of endogenous
potent anti-inflammatory mediators

In addition to oxygenated metabolites of ARA-derived endocannabinoids, evidence is accumulating that
DHA and EPA-derived ethanolamides are also substrates for COX-2, LOX and CYP450 enzymes. In
this section, we will focus on the formation and inflammatory modulation of recently discovered

oxygenated metabolites of DHEA and EPEA.

The first data that demonstrated that DHEA is a substrate for oxidative enzymes was published in 2011
by the group of Serhan and coworkers . In an enzymatic assay with 15-LOX and DHEA they showed
that 17-HDHEA was produced as a specific 15-LOX metabolite. In addition, four major 15-LOX derived
metabolites, 7,17-diHDHEA, 4,17-diHDHEA 10,17-diHDHEA and 15-HEDPE, were identified in brain
tissue 7" 1%, of which 10,17-diHDHEA and 15-HEDPEA significantly reduced leukocyte chemotaxis.
In addition, 10,17-diHDHEA was observed to block platelet-activator factor (PAF)-stimulated platelet-
leukocyte aggregation and to stop PMN chemotaxis. 15-HEDPEA was found to stop chemotactic
polymorphonuclear leukocyte (PMN) transmigration, to block the PAF-stimulated platelet-leukocyte
aggregation, and to significantly reduce PMN accumulation in 6-8 week old male mice with hind limb
ischemia and second organ reperfusion injuries. Both 10,17-diHDHEA and 15-HEDPEA were found to
activate CB2 receptors. Concluding, both 10,17-diHDHEA and 15-HEDPEA are biologically active

anti-inflammatory compounds derived from DHEA 1% (Figure 5, Table 1).

A cell proliferation study showed that DHEA has anti-proliferating properties in head and neck

squamous cell carcinoma (HNSCC) cells, dependent on the activity of 5-LOX %, By blocking or

12



silencing 5-LOX, the HNSCC cells displayed increased proliferative activity, suggesting that 5-LOX
mediates the anti-proliferating effects of DHEA. Additionally, data was provided that supported the
notion that 5-LOX derived products of DHEA are not directly involved in the mediation of the anti-
cancerous effect, and that the anti-cancerous effects are mainly induced by reactive oxygen species
(ROS) formed by 5-LOX. Interestingly, blocking or silencing of COX-2 did not show a COX-2 mediated
anti-proliferating effect of DHEA, suggesting that the anti-proliferative effects of DHEA on HNCSS
cells are independent of COX-2. On the other hand, results from our group suggested that DHEA might
be a substrate for COX-2 in LPS-stimulated RAW 264.7 macrophages (see above) ™. Current research

in our group now focusses on the interaction between DHEA and COX-2.

Das and co-workers demonstrated that both EPEA and DHEA could also be epoxidized by CYP450 to
form epoxyeicosatetraenoic acid ethanolamide (EEQ-EA) and epoxydocosapentaenoic acid
ethanolamide (EDP-EA), respectively (Figure 5,6, Table 1) " The direct in vitro production of these
structures was proven in rat brain microsomes, activated BV-2 microglia cells, and recombinant human
CYP2J2 that were incorporated into nanodiscs, which are nanoscale lipid bilayers that are surrounded
by a membrane scaffold protein as a model system for membrane proteins . It was found that
epoxidation of EPEA and DHEA resulted in the formation of all possible regioisomers, with a preference
for the terminal olefin (17,18-EEQ-EA and 19,20-EDP-EA). The terminal regioisomers were tested for
their anti-inflammatory properties in BV-2 microglia cells, showing that both 17,18-EEQ-EA and 19,20-
EDP-EA inhibit NO and IL-6 production, and induce the production of the anti-inflammatory cytokine
IL-10. A selective PPAR-y antagonist and CB; selective antagonist partially reversed the anti-
inflammatory effects of the epoxide metabolites, indicating that both receptors are involved in the
mediation of the anti-inflammatory response. In comparison with EPEA and DHEA, it was found that
the epoxide metabolites had increased preferences for CB, receptor activation. Moreover, 17,18-EEQ-
EA was found to inhibit platelet aggregation, whereas 19,20-EDP-EA showed pro-aggregation effects.
Finally, it was found that both 17,18-EEQ-EA and 19,20-EDP-EA have strong anti-angiogenic effects
when compared to 17,18-EEQ and 19,20-EDP 8 (Figure 5,6, Table 1). To study the anti-tumorigenic

properties of the EDP-EA structures in more detail, the EDP-EASs were screened for their endogenous
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synthesis and anti-tumorigenic properties in an osteosarcoma model 7. Various DHEA epoxide
derivatives were quantified in metastatic lungs of mice, showing that there was a significant increase of
all the epoxide metabolites in the tumorigenic lungs. Of all the EDP-EAs tested, only the 13,14-, 10,11-
, and 7,8-EDP-EA regioisomers reduced the cell viability and migration behaviour of the tumours. In all
tests 10,11-EDP-EA was found to be the most promising anti-tumorigenic metabolite, and was thus
selected for more in depth studies. 10,11-EDP-EA did not affect the cell cycle of the osteosarcoma cells,
but strongly prevented angiogenesis in a human umbilical vein endothelial cell (HUVEC) cell model.
10,11-EDP-EA was found to activate both the CB1 and CB; receptor, although it was demonstrated that
its anti-tumorigenic properties are not completely mediated by these CB receptors alone (Figure 5, Table
1). In summary, EEQ-EAs and EDP-EAs have diverse properties when comparing their effects on
platelet aggregation and angiogenesis. When concerning their anti-cancerous properties 10,11-EDP-EA
thus far shows the most promising results against osteosarcoma. Although there is evidence that the
oxidized metabolites of DHEA and EPEA have interesting anti-inflammatory and anti-proliferative
effects, these effects were only shown in a limited amount of in vitro studies. As yet, most publications
focus on DHEA and their metabolites, and EPEA received less attention. In addition, no reports could
be found in the literature that study whether glycerol conjugates of DHA and/or EPA can be metabolized
by COX-2. More work is needed to better understand the metabolism of DHEA, EPEA and related
congeners by oxidative enzymes, and to evaluate their effectiveness as potential anti-inflammatory and

anti-tumorigenic compounds in in vitro and in vivo models.

1.6 Chemical PUFA and endocannabinoid probes: Development of new chemical tools to
study the biological role of endocannabinoids and their anti-inflammatory
mechanisms.

In the previous paragraphs we showed that the endocannabinoidome constitutes a complex interplay
between various endocannabinoids, enzymes, and receptors. To be able to better understand the
biochemical pathways in the endocannabinoidome and to discover novel therapeutic targets, chemical
probes have been particularly useful. Chemical probes always consist of a particular binding or

recognition unit, by which the probe mimics its natural biological activity. In addition, the probes also
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always contain a specific chemical handle, which could be a label (for detection) or a ‘clickable’ group
(for click chemistry based detection, visualisation or purification 1%). Sometimes probes also contain a
crosslinking group, like a diazirine group, that covalently reacts with a biomolecules in close proximity
after photo-activation 1% 1%, Here we give some examples of PUFA- and endocannabinoid-derived
chemical probes that were used to study their molecular interaction targets. All probes have a distinct
PUFA or endocannabinoid structure that serves as the basis of the probe. We recognise that next to these
PUFA and endocannabinoid derived probes, many groups have focussed on the development of
chemical probes for CB receptors %12 and endocannabinoid-related enzymes (like FAAH, NAAA,
COX, and LOX, for example) 1*116, These probes are specifically designed in order to have specific
and high binding interactions with their protein target, and do therefore not contain a clear PUFA or
endocannabinoid related structure. The probing of endocannabinoid related enzymes is often performed
using activity-based profiling. In activity-based profiling the probe contains a chemical reactivity that
allows it to covalently bind to the enzyme. Subsequently, the label on the probe is used to visualise or
purify the enzyme 1%, The activity-based profiling of 15-LOX is an excellent example of such a probing
methodology !°. Enzymatic inhibitors are often investigated or screened for by performing a
competitive study in the presence of an activity-based probe, resulting in the loss of a specific and

detectable interaction between the inhibitor and the enzyme in the cell incubation studies %2,

Alkyne probes

The most commonly applied functional group to make probes is the terminal alkyne group (-C=CH),
yielding PUFA or endocannabinoid structures that contain a terminal alkyne that can be coupled to
azide-group containing tags by a copper-catalysed 1,3-dipolar cycloaddition. This rapid and high-
yielding reaction is well-known as one of the first and best described ‘click’ reactions 1% 17, This alkyne-
azide reaction is often invoked for the visualization of the probe or for the purification and identification
of molecular targets of the probe, such as receptors and enzymes (Figure 7). A recent study towards the
role of lipid-derived electrophiles derived from 12/15-LOX made use of such a 19-alkyne-ARA probe

(AA-A, Figure 8), to show that 12/15-LOX is mainly involved in the regulation of the central metabolic
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pathway. This was done by converting 19-alkyne-ARA to lipid-derived electrophilic products in
peritoneal macrophages, after which the alkynes were coupled to biotinylated azide tags. These products
were subsequently purified with streptavidin-coated beads. Proteomic screening then revealed that the
lipid-derived electrophiles had strong interactions with proteins from the central metabolic pathway e.g.
glycolysis pathway, citric acid cycle, long chain fatty acid beta-oxidation. Additional knockout studies
and control experiments showed that 12/15-L OX indeed plays a particular role in the energy metabolism
of peritoneal macrophages, like involvement in glycolysis and mitochondrial respiration 8. A similar
study was performed to study the protein targets of stearoyl, palmitoyl, oleoyl, and arachidonoyl
ethanolamine derivatives in human embryonic kidney 293 cells (HEK293T), with diazirine and alkyne
containing probe molecules *®° (AEA-DA, AA-DA, Figure 8). Again, proteomic analysis was performed
after clicking the alkynes to azide-functionalised biotinylated tags. The diazirine photo-activation was
used to crosslink the probes in a controlled way to the proteome of the cells. This dual activity of the
photo-activation followed by the selective clicking of the endocannabinoid probes, showed the power
to target also unannotated lipid binding proteins, which could be useful in the characterisation of novel

(anti-) inflammatory pathways.

Although alkyne probes are powerful handles to study and isolate the fatty acid and endocannabinoid
compounds, it should be noted that the alkyne probes do not always give identical biological effects
compared to the parent compound of interest. For example, when comparing 19-alkyne-AA with regular
AA it was found that only half of the alkyne compound was taken up by Jurkat cells when compared to
the AA. Platelets were found to synthesize significantly less LOX and COX-derived products in the
presence 19-alkyne-AA compared to AA. lonophore-stimulated neutrophils produced significantly
more 5-LOX products in the presence of the alkyne probe, and one of the AA-derived products
leukotriene B4 (LTB4) is 12-fold less potent at stimulating neutrophil migration as a terminal alkyne
119 Concluding, this study showed that the use of alkyne-derived analogues can result in slight

mechanistic changes.

Other probes
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To help in the identification of novel receptors of the prostamide PGE,-EA and PGE-G, both
endocannabinoids were synthesized with a terminal azide group or an electrophilic isothiocyanide
group, in the laboratory of Makryannis. The isothiocyanide surrogate of PGE,-EA was found to reduce
the infiltration of leukocytes in murine peritonitis, thus showing to have retained its expected anti-
inflammatory properties '2° (Figure 9). A simultaneous study by the same group showed that chemical
modifications of PGE;-EA in both the head and tail group did not alter the biological interactions of the
prostamide with the CB receptors and endocannabinoid enzymes. All chemically derived prostamides
did not interact with prostaglandin EP receptors or other endocannabinoid related proteins, which is also
true for PGE2-EA itself 2. This indicates that these synthetic derivatives could play a role in the
identification of novel prostamide receptors or prostamide-related proteins in the future. Another study
investigated the interaction and binding mode of 2-AG and AEA towards the CB receptors by
developing tail and head group-modified endocannabinoids. A biotin moiety was introduced at the
terminal end of AEA, or biotin, benzophenone or alkyne moieties were introduced at the ethanolamine
end of AEA. All modifications resulted in a complete loss of CB receptor activation. Nonetheless, head
group biotinylated 2-AG and 2-arachidonyl glyceryl ether (2-AG-E) did activate CB receptors. Since
the biotinylated 2-AG-E probe did show the highest CB: receptor activation, this probe was
subsequently used to visualize CB; receptors in CB; transfected mouse hippocampal neuronal cell line

HT-22 cells 22 (Figure 9).

Introduction of labels directly into the structure of PUFAs and endocannabinoids has also been used, in
particular for in vivo experiments. For example, radiolabelled DHEA was synthesized to study the
metabolic fate of DHEA in the brain. From this study it became clear that in mouse brain homogenates
DHEA is almost exclusively converted into more polar phospholipids by FAAH. The study also allowed
for quantification of DHEA distribution in specific brain areas, showing the highest concentrations in
midbrain, brain stem and hypothalamus, and the lowest in striatum, thalamus and hippocampus 2. Next
to the use of radiolabels, deuterium labels have also been introduced in PUFAS, mainly to probe
enzymatic reactions. Deuterium labelling was used to determine the mechanistic details of the COX-2

enzyme 124125,
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Although chemically derived PUFAs are powerful tools to explore the complexity of their biological
fate, their application should not be used without care due to the delicate tuning of the metabolic
pathways for differently structured PUFAs and their derivatives. Therefore their application should
always be accompanied with a complete set of control experiments, that should show statistically

relevant results.

1.7 Conclusion & future prospectives

As outlined in this review, the endocannabinoidome displays a highly complex interplay between dietary
lipids, various enzymes and metabolites, and receptors which play an important role in inflammation. It
has become clear that n-3 fatty acids can be metabolized by enzymes similar to ARA, but yielding
distinct ‘n-3’ molecules with unique biological properties and receptor affinities. To date, it has been
shown that COX-2, LOX and CYP450s are capable of metabolizing DHEA and EPEA, yielding
oxygenated molecules with interesting biological properties. As these n-3 metabolites are discovered
and characterized, our understanding of lipid biochemistry is increasing. At the same time, with every
newly discovered and characterized metabolite, it is becoming increasingly clear that lipid biology is
more complex than previously understood. Future work needs to contribute to a better understanding of
lipid metabolism, biological mechanisms, and activities of various lipids, particularly n-3 LC PUFA-
derived structures. In this work, there is a great need for “bio-inert” chemical probes that allow for in
vitro and in vivo identification and screening of (new) cellular targets. This should lead to a mechanistic
explanation of the biological roles of n-3 lipid metabolites, and a resolution of the controversies that are

currently still surrounding human dietary intervention studies with n-3 LC PUFA.
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Table 1 —Recently identified oxidized metabolites of EPEA and DHEA, including the converting enzyme,

receptor affinities and biological effects.

19,20-EDP-EA

vasodilatory effects

Compound name and structure Enzymatic Binding Biological activity Reference
product to CB: or
CB:
15-LOX CB2 Stop PMN 76
metabolite of agonist, chemotaxis. Block
DHEA (in weak CB1 PAF stimulated
isolated agonist formation of
human PMN platelet-leukocyte
cells and aggregates.
mouse brain
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15-LOX CB:2 Block PMN 76
metabolite of agonist, transmigration.
DHEA (in weak CB1 | Block PAF stimulated
isolated agonist formation of
human PMN platelet-leukocyte
cells) aggregates. Protects
ischemia/reperfusion
second order
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infiltration.
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13,14-EDP-EA tissue in mice
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17,18-EEQ-EA

CYP450
metabolite of
EPEA
(CYP2]2,
main CYP in
human brain
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potent
CB: and
CB2
agonist

Inhibit IL-6 cytokine
and NO production,
and stimulate IL-10
production in LPS
stimulated BV-2
microglia, anti-
angiogenic effects,
reduced platelet
aggregation
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Figure 1 — Chemical structures of the main n-3 LC PUFAs.
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Figure 2 — Overview of lipid profile and lipid metabolism. In red are the suggested pro-inflammatory regulators,
in green the proposed less pro- or anti-inflammatory regulators. Changes in lipid intake can change the lipid

profile in the body, which in turn may reduce pro-inflammatory responses and/or downregulate inflammatory
processes.
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Figure 3 — Chemical structures of well-known endocannabinoids and structurally related molecules. This family

of lipids shows variation in both the lipid backbone as well as in the conjugate (e.g. glycerol, dopamine,
ethanolamine, amino acid residues etc.).
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Figure 4 — Known metabolites of N-Arachidonoylethanolamide by COX, LOX and CYP450 enzymes, their main

receptor affinities, and biological effects.
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Figure 5 — Metabolism of DHA into DHEA and subsequent further metabolism by CYP450 and 15-LOX into
various hydroxylated or epoxidized metabolites.
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Figure 6 — Metabolism of EPA into EPEA and subsequent further metabolism by CYP450 into various

epoxidized metabolites.
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\L){fiS

Purification resin

washing of non bound compounds
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Figure 7 — Overview of two uses of alkyne probes to study the localisation of the molecule of interest with a

detectable marker (often a fluorophore), or to study the molecular targets (mostly proteins) of the molecule of
interest by clicking the probe to purification resins.
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AA-DA

Figure 8 — Alkyne probes of arachidonic acid and anandamide (AEA). AA-A is an 19-alkyne arachidonic acid
probe 18, AEA-DA is an 19-alkyne arachidonoyl ethanolamide probe with a diazirine photo-crosslinker at C16
109 and AA-DA is an 19-alkyne arachidonoyl probe with a diazirine conjugate group resembling the
ethanolamine 109,

é\/\/\/\/\\/\OH
HO

PGE2-EA |soth|ocyan|de probe

@VVW °*‘*”W %/% "

HO

PGE2-G biotinlylated probe

Figure 9 — PGE2-EA and PGE2-G probes used to study the interactions of PGE2-EA and PGE2-G with CB
receptors. The PGE2-EA probe was described in 1°, and the PGE2-G probe in 122,
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