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Omega-3 polyunsaturated fatty acids such as eicosapentaenoic
acid and docosahexaenoic acid have beneficial effects in many
inflammatory disorders. Although the mechanism of eicosapen-
taenoic acid and docosahexaenoic acid action is still not fully
defined in molecular terms, recent studies have revealed that,
during the course of acute inflammation, omega-3 polyunsatu-
rated fatty acid-derived anti-inflammatory mediators including
resolvins and protectins are produced. This review presents recent
advances in understanding the formation and action of these
mediators, especially focusing on the LC-MS/MS-based lipidomics
approach and recently identified bioactive products with potent
anti-inflammatory property.
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ipids are recognized as extremely diversified molecules.
Precise determination of molecular lipid species becomes a
prerequisite not only to understand their biological functions in
physiology and disease, but also to discover the novel link
between lipid metabolisms and biological phenotypes. We have
developed a liquid chromatography tandem mass spectrometry
(LC-MS/MS)-based lipidomics system geared to the comprehen-
sive analyses of polyunsaturated fatty acid (PUFA)-derived lipid
mediators with simultaneous and quantitative measurements.
PUFAs exhibit a range of biological effects, many of which are
mediated through the formation and actions of bioactive metabo-
lites such as prostaglandins (PGs), leukotrienes (LTs), lipoxins
(LXs), resolvins (Rvs) and protectins. The lipid mediators are
potent endogenous regulators of inflammation and related dis-
eases. Dietary supplementation of omega-3 PUFAs including
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
display beneficial impact in a wide range of human diseases in
which unresolved inflammation is suspected as a key component
of pathogenesis."? Also, elevated tissue omega-3 PUFA levels in
fat-1 transgenic mice (mice that endogenously biosynthesize
omega-3 PUFAs from omega-6 PUFAs due to the presence of
an omega-3 desaturase fat-1 gene),® led to effective protection
against a series of inflammation and cancer models.® Omega-3
PUFAs may act via several mechanisms: by preventing conver-
sion of omega-6 arachidonic acid (AA) to the pro-inflammatory
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eicosanoids (e.g., LTs and PGs), by serving as an alternative
substrate producing less potent products,® or by being converted
to potent anti-inflammatory mediators such as Rvs and protectins
(Fig. 1).¢7 In this review, we provide an overview of the
formation and actions of novel omega-3 PUFA-derived anti-
inflammatory lipid mediators.

Novel Omega-3 Fatty Acid-derived Mediators with Potent
Anti-inflammatory Property

Using an unbiased lipidomics approach, Serhan’s group identified
a series of novel anti-inflammatory lipid mediators from EPA and
DHA. These include the E-series resolvins (RVE1 and RvE2)
derived from EPA, as well as the D-series resolvins (RvD1-D6),
the protectins (NPD1/PD1/PDX), and maresin (MaR1) derived
from DHA (Fig. 2). These mediators constitute novel families of
omega-3 PUFA-derived metabolites with potent anti-inflammatory,
tissue-protective, and resolution-stimulating functions.

In a murine model of asthma induced by ovalbumin (OVA),
RvE1 inhibited airway inflammatory cell recruitment, ameliorated
airway hyperresponsiveness and decreased production of the
proinflammatory cytokines.®” In pain research, RvE1 or RvD1
reduces inflammatory pain behaviors evoked by intraplantar
formalin, carrageenan or complete Freund’s adjuvant (CFA).19
In mouse burn models, systemically administered RvD2 effec-
tively prevented thrombosis of the deep dermal vascular network
and subsequent dermal necrosis.!” In a colitis model, RvEI
protected against the development of 2,4,6-trinitrobenzene sulfonic
acid-induced colitis.!? In a sepsis model initiated by cecal ligation
and puncture, RvD2 decreased both local and systemic bacterial
burden, excessive cytokine production and neutrophil recruitment,
while increasing peritoneal mononuclear cells and macrophage
phagocytosis.!!¥ In self-resolving Escherichia coli infections,
RvD1 and RvD5 each reduce bacterial titers and increased
survival.(¥

In addition to mice, omega-3 fatty acid-derived mediators were
also found in human plasma and serum following omega-3 PUFA
supplementation.!>'”? These findings suggest that biologically
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Possible mechanisms of omega-3 PUFAs’ anti-inflammatory actions. Omega-3 PUFAs are widely held to act via several possible mechanisms,

such as preventing conversion of arachidonic acid (AA) into proinflammatory eicosanoids such as LTs and PGs via substrate competition, or serving
as an alternative substrate to produce less potent products. In addition, EPA and DHA are converted to bioactive metabolites such as resolvins and

protectins with anti-inflammatory and pro-resolving properties.

relevant concentrations of these mediators can be achieved with
omega-3 PUFA supplementation and could potentially contribute
to the endogenous mechanisms by which omega-3 fatty acids
exert their anti-inflammatory action.

LC-MS/MS-Based Lipidomics

A powerful method for the analysis of mono- and polyhydroxy-
lated fatty acids is liquid chromatography-tandem mass spectro-
metry (LC-MS/MS) with electrospray ionization (ESI) (Fig. 3A).
ESI is a soft ionization technology used to form either positive or
negative ions without derivatization and decomposition. In case of
fatty acid-derived mediators, ESI results in the removal of a proton
to form [M-H]- carboxylate ions. The triple quadrupole mass
spectrometer is capable of operating a MS/MS method called
multiple reaction monitoring (MRM). A specified precursor ion
is selected according to its mass-to-charge ratio in the first
quadrupole mass filter, and is fragmented into product ions in the
second chamber by collision-induced dissociation (CID). Then the
third quadrupole mass filter is locked on its specified product ion.
This MRM mode leads to further improvement of the detection
and quantification limits when combined with high-resolution LC
separations. We developed a comprehensive LC-ESI-MS/MS
method applicable to the simultaneous detection and quantifica-
tion of >300 PUFA metabolites including PGs, LTs, LXs,
resolvins, protectins, and other AA-, EPA-, DHA-derived metabo-
lites and their precursors (Fig. 3B).('®

Resolvin E3: a Novel Eosinophil-derived Lipid Mediator
with Anti-inflammatory Property

RvEl and RVE2 are biosynthesized by human polymorpho-
nuclear leukocytes (PMNs) via the 5-LOX pathway from a
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common precursor 18-HEPE.(51929 18-HEPE formation in vivo is
related to dietary intake of EPA,!9 and a recent study demon-
strated two parallel stereospecific pathways, 18R- and 18S-, in the
biosynthesis of E-series Rvs both in human sera and murine
exudates.!® Analyses by unbiased target lipidomics using LC-
MS/MS recently showed that eosinophils converted 18-HEPE
into novel 8,18-dihydroxy-EPE (8,18-diHEPE), 11,18-diHEPE,
12,18-diHEPE, and 17,18-diHEPE.Y Among those, 17,18-diHEPE,
termed RvE3, displayed potent anti-inflammatory activity by
blocking PMN infiltration in acute peritonitis, as do RvEIl and
RvE2. However, unlike RvE1 and E2, both of which are bio-
synthesized by PMNSs via the 5-LOX pathway, RvE3 is biosynthe-
sized via the 12/15-LOX pathway, which is highly expressed in
eosinophils, tissue resident macrophages, and airway epithelial
cells (Fig. 4). RvE3 inhibited neutrophil chemotaxis in vitro at
low nanomolar concentrations. Moreover, a recent study showed
that the administration of RvE3 to LPS-exposed pregnant mice
lowered the incidence of preterm birth.??

RVE3 exists as four potential diastereomers resulting from
different combinations of R/S configurations of C17 and C18.
Recently, we established the total organic syntheses of four
different stereoisomers of RvE3: (17R,18R)-, (17S,18S)-,
(178,18R)- and (17R,18S)-dihydroxy-5Z,82,11Z,13E,15E-EPE.®3
Based on matching of physical and biological properties, RVE3
was assigned the complete structure 17R,18R/S-dihydroxy-
5Z,8Z,11Z,13E,15E-EPE.®¥ These natural isomers (i.e., 17R,18S-
and 17R,18R-diHEPE) prepared by total organic synthesis
displayed a potent anti-inflammatory action by limiting neutrophil
infiltrations both in vitro and in vivo. The unnatural stereoisomers
(i.e., 17S,18S- and 17S,18R-diHEPE) were much less active com-
pared with the natural isomers, demonstrating the stereoselective
action of RvE3.
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Fig. 2. Structures of omega-3 PUFA-derived mediators.
A
Solid phase Reverse phase Triple quadrupole
Sample > extraction > LC ESI MS/MS
B
5-HEPE m/z 317>115
JLS-HEPE m/z 317>155
12-HEPE m/z 317>179
V 15-HEPE m/z 317>219
e 8
5 ‘ 18-HEp5JL /\17,1 -EpETE  m/z 317>259
= l LLTB4 m/z 335>195
a
< \ kPDl m/z 359>153
2 \/\j LXA, m/z 351>217
I
o PGE, kA PGD, m/z 349>195
4
Fig. 3. LC-MS/MS-based lipidomics. (A) Flow chart depicting the system of LC-ESI-MS/MS-based lipidomics. After solid phase extraction, samples are

separated by HPLC, and fatty acid metabolites are detected and quantified by MRM using triple quadrupole MS/MS. (B) Representative MRM
chromatograms of fatty acid metabolites are depicted.
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Biosynthesis of E-series resolvins. EPA-derived 18-HEPE is converted via the sequential actions of LOX, which leads to formation of E-series

Rvs. 5-LOX expressed in PMNs converts 18-HEPE into RvE1 and RvE2. 18-HEPE is also converted via the 12/15-LOX pathway into potent anti-

inflammatory mediator RvE3 (17,18-diHEPE).

Novel Bioactive Products Formed via Omega-3 Epoxy-
genation of EPA

In addition to E-series Rvs which are formed via a common
precursor 18-HEPE, we recently uncovered a novel EPA meta-
bolic pathway via omega-3 epoxygenation, and found a novel
bioactive metabolite 12-OH-17,18-EpETE with potent and
stereoselective anti-inflammatory properties.®® Intravenous ad-
ministration of 12-OH-17,18-EpETE dose dependently blocked
acute PMN infiltration in zymosan induced peritonitis. Also, 12-
OH-17,18-EpETE at low nanomolar concentrations significantly
reduced PMN migration speed toward the chemotactic gradient
of LTBs. PMNs treated with 12-OH-17,18-EpETE exhibited
less direct migration toward the chemotactic gradient of LTB4
and displayed multiple pseudopodia during migration. Interest-
ingly, when compared with RvE3, both compounds reduced PMN
migration speed toward the chemotactic gradient of LTBa4, but
only 12-OH-17,18-EpETE treatment exhibited less direct PMN
migration.

In the body, 12-OH-17,18-EpETE is presumably biosynthe-
sized through 12-hydro(per)oxidation of 17,18-EpETE or 17,18
epoxygenation of 12-HEPE. Also the epoxide moiety of 12-OH-
17,18-EpETE can be rapidly hydrolyzed by epoxide hydrolase to
form 12,17,18-triHETE. Biogenic 12-OH-17,18-EpETE exhibited
potent anti-inflammatory activity, whereas structurally related
17,18-EpETE, 12-HEPE or 12,17,18-triHETE were essentially
devoid of activity in zymosan-induced peritonitis. Also, the
inhibitory effect of 12-OH-17,18-EpETE on LTBs-induced PMN
polarization was dose dependent and displayed a pattern of
structure—activity relationship to that of PMN inhibition in vivo.

The complete structures of two natural isomers were assigned
as 125-OH-17R,18S-EpETE and 125-OH-17S,18R-EpETE, using
chemically synthesized stereoisomers. These natural isomers
displayed potent anti-inflammatory action, whereas the unnatural
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stereoisomers were essentially devoid of activity. The low nano-
molar levels of compounds and the stereospecificity requirements
for activity support the presence of a high-affinity receptor for
12-OH-17,18-EpETE on PMNs.

Perspectives

The formation of endogenous autacoids derived from omega-3
PUFA may explain in part the well-known, essential roles of the
omega-3 PUFA in health and disease. E-series Rvs are biosynthe-
sized from a common precursor 18-HEPE, and 12-OH-17,18-
EpETE is formed from 17,18-EpETE. These oxidation reactions
target omega-3 double bond of EPA, which distinguish it from
omega-6 arachidonic acid. Based on these findings, now we pro-
pose that omega-3 oxidation may be an important structural fea-
ture for omega-3 PUFAs’ anti-inflammatory actions (Fig. 5).
EPA is converted to 18-HEPE by aspirin-acetylated COX-2 or
cytochrome P450 monooxygenase.*29 Also, several CYPs,
including the CYP1A, CYP2C, and CYP2J subfamily members,
can preferentially introduce a cis-epoxide at an omega-3 double
bond of EPA to form 17,18-EpETE.?"2 Cells expressing these
enzymes are likely to be involved in regulating inflammatory
responses via local production of anti-inflammatory metabolites.

Mediator lipidomics concerns the simultaneous and quantitative
analysis of bioactive lipid mediators in biological systems. This
technology could potentially identify the metabolic fingerprint of
a disease for clinical diagnosis and treatment. Moreover, the
recently identified endogenous anti-inflammatory mediators could
lead to the development of novel therapeutics for diseases when
non-resolving inflammation is suspected as a key component of
pathogenesis.

doi: 10.3164/jcbn.14-18
©2014 JCBN



Fig. 5.

HEPEs
5-series LTs

3-series PGs

OH

OH

18-HEPE

Voo
RVE1 W OH
X
OH
OH O
=X
OH
— _ OH

HO OH

17,18-EpETE

l

12-OH- |
17,18-EpETE

|| 17,18-series epoxy pathway

/

" E-series resolvin

\ |

J

EPA metabolome in the body. EPA is converted by COX or LOX, which leads to the formation of 3-series PGs or 5-series LTs. In addition,

recent studies uncovered novel EPA metabolic pathway via omega-3 hydroxylation and epoxygenation, and found potent anti-inflammatory
metabolites such as E-series Rvs and 12-OH-17,18-EpETE. These metabolic pathways may represent an endogenous mechanism acting as an anti-
inflammatory cascade after dietary intake of EPA.
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