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(Background: Endogenous mediators that control aberrant inflammation are of interest as potential targets of new
Results: Here, we identified a novel omega-3 fatty acid-derived anti-inflammatory mediator 17,18-diHEPE, denoted as resolvin

Conclusion: Resolvin E3 has a potent inhibitory action on neutrophil chemotaxis both in vitro and in vivo.
Significance: The significance of this study is the identification of a novel endogenous lipid mediator with a potent anti-
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Bioactive mediators derived from omega-3 eicosapentaenoic
acid (EPA) elicit potent anti-inflammatory actions. Here, we
identified novel EPA metabolites, including 8,18-dihydroxyei-
cosapentaenoic acid (8,18-diHEPE), 11,18-diHEPE, 12,18-di-
HEPE, and 17,18-diHEPE from 18-HEPE. Unlike resolvins E1
and E2, both of which are biosynthesized by neutrophils via the
5-lipoxygenase pathway, these metabolites are biosynthesized
by eosinophils via the 12/15-lipoxygenase pathway. Among
them, two stereoisomers of 17,18-diHEPE, collectively termed
resolvin E3 (RvE3), displayed a potent anti-inflammatory action
by limiting neutrophil infiltration in zymosan-induced perito-
nitis. The planar structure of RvE3 was unambiguously deter-
mined to be 17,18-dihydroxy-5Z,87,11Z,13E,15E-EPE by high
resolution NMR, and the two stereoisomers were assigned to
have 17,18R- and 17,18S-dihydroxy groups, respectively, using
chemically synthesized 18R- and 18S-HEPE as precursors. Both
18R- and 18S-RvE3 inhibited neutrophil chemotaxis in vitro at
low nanomolar concentrations. These findings suggest that
RVE3 contributes to the beneficial actions of EPA in controlling
inflammation and related diseases.

In many human diseases, uncontrolled inflammation is sus-
pected as a key component of pathogenesis (1). Acute inflam-
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mation is an indispensable host response to foreign challenges
or tissue injury that, if unopposed, could lead to loss of tissue
structure and function. In healthy conditions, inflammatory
processes are self-limiting and self-resolving, suggesting the
existence of endogenous control mechanisms in the course of
acute inflammation and resolution (for reviews see Ref. 2, 3).
Therefore, the identification of such endogenous anti-inflam-
matory and/or pro-resolution mechanisms is of wide interest.
Omega-3 polyunsaturated fatty acids, such as eicosapen-
taenoic acid (EPA)? and docosahexaenoic acid (DHA), both of
which are enriched in fish oils, have beneficial effects in many
inflammatory disorders, including cardiovascular disease,
arthritis, colitis, and asthma (4, 5). Omega-3 polyunsaturated
fatty acids are widely held to act via several possible mecha-
nisms, serving as an alternative substrate producing less potent
products (6) or being converted to potent anti-inflammatory
and protective mediators, namely resolvins, protectins, and
maresins (7-11). Resolvin (Rv) E1 (5S,12R,18R-trihydroxy-
6Z,8E,10E,14Z,16E-EPE) and RvE2 (5S,18R-dihydroxy-
6E,82,112,14Z,16E-EPE) are biosynthesized by human poly-
morphonuclear leukocytes (PMNs) via the 5-lipoxygenase
(5-LOX) pathway from a common precursor 18-hydroxyeico-
sapentaenoic acid (18-HEPE) (8 -10). 18-HEPE formation in
vivo is related to dietary intake of EPA (9), and a recent study
demonstrated two parallel stereospecific pathways, 18R- and
18S-, in the biosynthesis of E series resolvins both in human
sera and murine exudates (12). Resolvins were first isolated
from the self-limited inflammation and were found to serve as
stop signals for PMN infiltrations in murine peritonitis (13).
These lipid mediators are not only anti-inflammatory but also

2 The abbreviations used are: EPA, eicosapentaenoic acid; HEPE, hydroxyeico-
sapentaenoic acid; EPE, eicosapentaenoic acid; LOX, lipoxygenase; MRM,
multiple reaction monitoring; PMN, polymorphonuclear leukocyte; PG,
prostaglandin; LTB,, leukotriene B,.
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promote resolution back to the noninflamed state to maintain
tissue homeostasis (14).

Here, we report the identification of a novel EPA-derived
anti-inflammatory mediator formed via the leukocyte 12/15-
LOX pathway. The basic structure of this bioactive EPA metab-
olite was identified as 17,18 R/S-dihydroxy-5Z,82,117,13E,15E-
EPE, denoted 18R-RvE3 and 18S-RvE3, respectively.

EXPERIMENTAL PROCEDURES

Materials—Racemic 18-HEPE and 15-HETE-d8, LTB,-d4,
and PGE,-d4 were purchased from Cayman Chemical. Zymo-
san A was purchased from Wako Chemicals. Synthetic RvE2
was prepared as in Ref. 15. Dexamethasone, A23187, and soy-
bean 15-LOX (type I-B) were purchased from Sigma. Male
C57BL/6 mice (7— 8 weeks) were purchased from CLEA Japan,
Inc. 12/15-LOX-deficient mice on C57BL/6 background were
purchased from The Jackson Laboratory. Animal studies were
approved by the University of Tokyo Animal Committee.

Isolation of Peripheral Blood Leukocytes—Peripheral blood
neutrophils and eosinophils were isolated from nonatopic
healthy subjects as described previously (16). Briefly, red blood
cells (RBC) were removed from 40 ml of heparinized peripheral
blood using Dextran T-500 (GE Healthcare) and mononuclear
cells by centrifugation over 1.083 g/ml Histopaque (Sigma).
After hypotonic cell lysis to remove any remaining RBC, neu-
trophils and eosinophils were separated by a CD16-negative
selection using CD16-labeled magnetic microbeads and
autoMACS (Miltenyi Biotec). Ethical approval was obtained
from the University of Tokyo Research Ethics Committee.

Neutrophil and Eosinophil Incubations—Neutrophils or
eosinophils were divided into 5 X 10 cells in 0.5 ml of Hanks’
balanced salt solution and stimulated with calcium ionophore
(A23187, 2 um) at 37 °C in the presence of 18-HEPE (1.6 ug).
After 30 min, 1 ml of ice-cold methanol was added to stop the
reaction.

Mediator Lipidomics, Product Isolation and Extractions—
Samples were extracted by solid-phase extraction using Sep-
Pak C18 cartridges (Waters) with a deuterium-labeled internal
standard (LTB,-d4). LC-MS/MS-based lipidomic analyses
were performed using an HPLC system (Waters UPLC) with a
linear ion trap quadrupole mass spectrometer (4000 QTRAP;
Applied Biosystems) equipped with Acquity UPLC BEH C,4
column (1.0 mm X 150 mm X 1.7 uwm; Waters). Samples were
eluted with mobile phase composed of water/acetate (100:0.1,
v/v) and acetonitrile/methanol (4:1, v/v) (73:27) for 5 min and
ramped to 30:70 after 15 min to 20:80 after 25 min and held for
8 min, ramped to 0:100 after 35 min, and held for 10 min with
flow rates of 70 wl/min (0—-30 min), 80 ul/min (30-33 min),
and 100 pl/min (33—45 min). MS/MS analyses were conducted
in negative ion mode, and fatty acid metabolites were identified
and quantified by multiple reaction monitoring (MRM). Quan-
titation was performed using calibration curves constructed for
each compound, and recoveries were monitored using added
deuterated internal standards (15-HETE-d8, LTB,-d4, PGE,-
d4). Compounds were monitored with MRM transitions of
18-HEPE (317 > 259 m/z), RvE3 (333 > 213 m/z), and PGE,
(351 > 271 m/z).
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Transfection Studies—HEK293 cells (3.0 X 10° cells) were
transiently transfected with 1.0 pg of pCAGGS (17) or
pCAGGS containing mouse 12/15-LOX or human 15-LOX
c¢DNA using Lipofectamine 2000 transfection reagent (Invitro-
gen). After 24 h, cells were incubated with 18-HEPE (10 um) or
arachidonic acid (10 um) and calcium ionophore (A23187, 10
uM). After 30 min, ice-cold methanol was added to stop the
reaction.

Enzymatic Conversion of 18-HEPE with Soybean 15-LOX—
Soybean 15-LOX (type I-B) was incubated with racemic
18-HEPE, 18R-HEPE, or 18S-HEPE in borate buffer (10 ml, pH
9.0) at 4°C. The reaction was terminated at 90 min, and
hydroperoxide intermediates were reduced with excess NaBH,,.
Incubations were extracted by using Sep-Pak C18 cartridges
(Waters). To separate and isolate conversion products, reverse-
phase HPLC was carried out by using a Waters XBridge C,,
column (100 mm X 4.6 mm X 5 wm) with mobile phase meth-
anol/water/acetate (65:35:0.0035, v/v/v) at 0.7 ml/min of flow
rate.

Murine Zymosan-induced Peritonitis—Peritonitis was per-
formed as in Ref. 13. Compounds were administered intrave-
nously through a tail vein and followed by 1 ml of zymosan A (1
mg/ml) into peritoneum. Peritoneal lavages were collected at
2 h, and cells were enumerated. Differential leukocyte counts
were performed by Wright-Giemsa stain and light microscopy.
For LC-MS/MS analysis, mice were sacrificed at 48 h after
zymosan challenge, and peritoneal exudates were collected.

Neutrophil Chemotaxis Assay—Chemotaxis experiments
were conducted using EZ-TAXIScan chamber (Effector Cell
Institute, Tokyo, Japan). The EZ-TAXIScan is a visually acces-
sible chemotactic chamber, in which one compartment con-
taining chemoattractant and another compartment containing
cells are connected by a microchannel (18, 19). PMNs were
isolated from mouse bone marrow. Bone marrow cells were
obtained by flushing femurs of C57BL/6 male mice (8-10
weeks) with Hanks’ balanced salt solution supplemented with
20 mm HEPES, pH 7.4, and 0.5% FCS. RBC were lysed with 0.2%
NaCl, and the PMNs were isolated over a 62% Percoll gradient
by centrifugation for 30 min at 1,000 X g.

The EZ-TAXIScan chamber was assembled with a 260 um
wide X 4 um thick silicon chip on an untreated slide glass and
filled with RPMI 1640 medium, 0.1% BSA. One microliter of
test compounds was then added directly to the lower and upper
reservoir. PMNs (6 X 10° cells) were preincubated with test
compounds for 5 min and were added to the lower reservoir of
each of the six channels and allowed to line up by removing 10
wl of buffer from the upper reservoir. One microliter of che-
moattractant (LTB,, 10 nm) was then added to the upper reser-
voir, and PMN migration at room temperature was recorded
every 30 s for 40 min and was analyzed with TAXIScan Ana-
lyzer 2 software.

NMR Experiments of RvE3—"H and two-dimensional NMR
spectra of RvE3 (10 ng, 30 nmol of compound V, and 20 ug, 60
nmol of compound VI, respectively) in CD;OD (0.25 ml) were
recorded at 298.1 K on a Varian Unity Inova 800 instruments
(800 MHz for "H NMR) equipped with a cold probe. Chemical
shifts are denoted in & (ppm) relative to residual solvent peaks
as internal standard (CD,OD, 'H § 3.31).
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FIGURE 1. Formation of 18-HEPE metabolites from human leukocyte incubations. MRM chromatograms of the 18-HEPE incubation products with human
PMN (A) and eosinophils (B) were separated by reverse-phase HPLC. 18-HEPE metabolites were monitored by MRM mode using established transitions for RvE1
(349/195 m/z) and RVE2 (333/199 m/z) as well as predicted transitions for 8,18-diHEPE (333/159 m/z), 11,18-diHEPE (333/167 m/z), 12,18-diHEPE (333/163 m/z),
and 17,18-diHEPE (333/201 m/z). Peaks of each metabolite are marked by asterisks.

Statistical Analysis—Results are expressed as mean = S.E.
Statistical significance was determined by Student’s ¢ test; p <
0.05 was considered significant.

RESULTS

Formation of Novel Metabolites by Eosinophils—Because
human PMNs incubated with 18-HEPE in the presence of a
calcium ionophore produced E series resolvins (i.e. RvE1 and
RvE2) via 5-LOX pathway (7), we questioned whether other
EPA metabolite(s) with potent anti-inflammatory property
could be formed by other cell types. Because our previous study
demonstrated that eosinophils are recruited to the inflamed
loci during the resolution phase of acute peritonitis and pro-
mote resolution by producing pro-resolving mediators (20), we
focused on eosinophils. Human eosinophils were isolated from
peripheral blood and were incubated with racemic 18-HEPE in
the presence of a calcium ionophore. Unbiased target lipidom-
ics using liquid chromatography-tandem mass spectrometry
(LC-MS/MS)-based analyses were performed, and several
hydroxylated products were identified using MRM with estab-
lished or predicted precursor-product ion pairs. Side-by-side
MRM chromatograms of products from human PMN and
eosinophil incubations with 18-HEPE (Fig. 1, A and B, respec-
tively) clearly demonstrate that human PMN converted
18-HEPE into RvE1 and RvE2, as reported previously (10, 12).
However, isolated human eosinophils converted 18-HEPE into
novel 8,18-dihydroxy-EPE (8,18-diHEPE), 11,18-diHEPE,
12,18-diHEPE, and 17,18-diHEPE in addition to RvE1l and
RvE2. Because human eosinophils express higher levels of leu-
kocyte-type 15-LOX than PMNs (21), we reasoned that 8,18-
diHEPE, 11,18-diHEPE, 12,18-diHEPE, and 17,18-diHEPE
might be formed via the 15-LOX pathway. To this end, we iso-
lated eosinophils from wild type or mice deficient in leukocyte-
type 12/15-LOX, a murine orthologue of human 15-LOX (22),
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and incubated them with 18-HEPE. As expected, much less of
the novel products was detected from the incubation of 12/15-
LOX-deficient murine eosinophils (Fig. 2).

To further confirm the 12/15-LOX-dependent formation of
novel products, HEK293 cells were transiently transfected with
expression plasmid encoding 12/15-LOX and were incubated
with 18-HEPE in the presence of calcium ionophore. Cells
expressing mouse leukocyte-type 12/15-LOX or human
15-LOX efficiently converted 18-HEPE into 8,18-diHEPE,
11,18-diHEPE, 12,18-diHEPE, and 17,18-diHEPE (Fig. 34). As
reported previously (22), when arachidonic acid was used as a
substrate, murine 12/15-LOX exhibited a major arachidonic
acid 12-LOX activity (C10-hydrogen abstraction), whereas the
human orthologue acts predominantly as 15-LOX (C13-hydro-
gen abstraction) (Fig. 3B). Similarly, murine 12/15-LOX
formed predominantly 8,18-diHEPE and 12,18-diHEPE from
18-HEPE possibly through C10-hydrogen abstraction, whereas
human 15-LOX preferentially converted 18-HEPE into 11,18-
diHEPE and 17,18-diHEPE, possibly through C13-hydrogen
abstraction (Fig. 3A). Side-by-side comparison of arachidonic
acid- or 18-HEPE-derived products from eosinophil incuba-
tions also demonstrated the species difference between mouse
and human (Fig. 3, Cand D). These results indicate the different
enzyme species convert 18-HEPE to a same series of oxidized
products with different ratios both in vitro and in cells.

To synthesize 18-HEPE conversion products in vitro, race-
mic 18-HEPE was incubated with soybean 15-LOX. A total of
six products (compounds I-VI) carrying chromophore of con-
jugated triene were generated (Fig. 4A4). Based on the MS/MS
spectra, compounds I-IV were assigned as 11,18-diHEPE, and
compounds V and VI were assigned as 17,18-diHEPE (Fig. 4B).
11,18-diHEPEs and 17,18-diHEPEs had UV absorbance peaks
at 268 and 273 nm, respectively, demonstrating the presence of

JOURNAL OF BIOLOGICAL CHEMISTRY 10527
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FIGURE 2.12/15-LOX-dependent formation of 18-HEPE metabolites from mouse eosinophils. Lipidomic profiles of 18-HEPE incubation products of mouse
eosinophils (A) and 12/15-LOX-deficient mouse eosinophils (B) were compared.
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FIGURE 3. Formation of 18-HEPE metabolites by cells expressing mouse 12/15-LOX or human 15-LOX. Lipidomic profiles of 18-HEPE (A) or arachidonic
acid (B) incubation products of HEK293 cells transiently transfected with mock (white bars), mouse 12/15-LOX (black bars), or human 15-LOX (gray bars) cDNA
plasmids are shown. Lipidomic profiles of 18-HEPE (C) or arachidonic acid (D) incubation products of mouse (black bars) or human (gray bars) eosinophils are
shown. Relative production was determined by calculating peak area ratio of each analyte to deuterium-labeled internal standard (LTB,-d4). Values represent
mean = S.E,, n = 3-5.

conjugated triene structures (Fig. 4B). These enzymatically
generated compounds co-eluted with eosinophil-derived prod-
ucts at 16.2 min (compound I), 16.6 min (compounds Il and III),
16.9 min (compound IV), 18.1 min (compound V), and 18.5 min
(compound VI), respectively (Fig. 5). Therefore, we used these

enzymatically generated compounds to further assess their bio-
logical activities in vivo.

Inhibition of PMN Infiltration in Murine Peritonitis—Earlier
studies demonstrated that nanogram doses of E series resolvins
(RVE1 and RvE2) significantly reduced PMN infiltration in vivo

AV N
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FIGURE 4. Enzymatic formation of 18-HEPE metabolites and their anti-inflammatory properties in vivo. A, reverse-phase HPLC chromatogram of the
18-HEPE incubation products with soybean 15-LOX monitored with UV absorbance at 270 nm. B, UV and tandem mass spectra of major products isolated from
soybean 15-LOX incubation. Based on the MS/MS spectra, compounds | to IV were assigned as 11,18-diHEPE with corresponding fragments at m/z 333(M-H),
315(M-H-H,0), 297(M-H-2H,0), 271(M-H-H,0-CO,), 253(M-H-2H,0-CO,), and diagnostic fragments at m/z 275, 231(275-C0O,), and 167. Compounds V and VI
were assigned as 17,18-diHEPE with corresponding fragments at m/z 333(M-H), 315(M-H-H,0), 297(M-H-2H,0), 271(M-H-H,0-CO,), 253(M-H-2H,0-CO,), and
diagnostic ions at m/z 275, 257(275-H,0), 245, 213(275-H,0-CO,), and 201(245-CO,).
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FIGURE 5. Comparison of eosinophil-derived 18-HEPE metabolites with enzymatically generated products. Top panel, MRM chromatograms of 11,18-
diHEPE (A) and 17,18-diHEPE (B) obtained from eosinophil incubation with 18-HEPE. Lower panels, MRM chromatograms of compounds |-VI obtained from
soybean 15-LOX-catalyzed synthesis and co-injection of these enzymatically generated products with eosinophil derived products. Note that compounds Il

and Il co-eluted in this liquid chromatographic condition.

(8-10). We determined whether enzymatically generated com-
pounds displayed anti-inflammatory actions iz vivo. Zymosan
A, a glucan from a yeast cell wall, was used to induce sterile
peritonitis characterized by acute PMN infiltration. Adminis-
tration of 10 ng/mouse of the 17,18-diHEPE isomers (com-
pounds V and VI) significantly blocked PMN infiltration by
27.9 = 8.2and 43.7% = 1.3%, respectively (Fig. 6A). In contrast,
little effect was observed by the administration of 11,18-di-
HEPEs (compounds I-1V), which show the structure-specific
activity of 17,18-diHEPEs. Compound V at 100 ng/mouse and
compound VI at 10 ng/mouse dramatically inhibited PMN
infiltration and were almost as potent as higher doses of RvE2 (1
pg/mouse) or dexamethasone (10 ug/mouse) (Fig. 6B). For

10530 JOURNAL OF BIOLOGICAL CHEMISTRY

comparison in this model, EPA administration at 100 ng/mouse
gave no effect on PMN numbers ((3.36 * 0.7) X 10° versus
(3.31 = 0.3) X 10° cells, n = 4), suggesting that EPA requires
metabolic conversion to exert its actions on leukocyte infiltra-
tions in vivo. Given their biosynthetic route and their potent
anti-inflammatory actions, the two isomers of 17,18-diHEPE
(compounds V and VI) were collectively denoted RvE3.
Structure Determination of RvE3 Isomers by NMIR—Minute
amounts of the two enzymatically prepared RVE3 isomers
(30-60 nmol) were analyzed by high field NMR. The planar
structures of the two RvE3 isomers (compounds V and VI),
including the positions of the hydroxy groups and the geome-
tries of the olefins, were unambiguously established using "H

VOLUME 287 +NUMBER 13-MARCH 23,2012
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NMR and 'H-'H COSY spectra (CD;0D, 800 MHz) (supple-
mental Figs. S1 and S2 and supplemental Table S1). The cou-
pling constants of the olefinic protons from C11 to C16 clearly
indicated that both RvE3 isomer possessed 11Z,13E,15E-con-
jugated trienes (Fig. 7A). Therefore, we concluded that RvE3 is
17,18-dihydroxy-5Z,82,11Z,13E,15E-EPE and that compounds
V and VI are stereoisomers of 17,18-hydroxy groups.
Stereoselective Synthesis of 18R- and 185-RvE3—The 18R-
and 18S-HEPE enantiomers were chemically synthesized (sup-
plemental Fig. S3) and were submitted to the 15-LOX reaction
to better understand stereochemical structures of RvE3 iso-
mers. Separate treatment of the synthesized 18R- and 18S-
HEPE by soybean 15-LOX delivered the different diastereo-
mers of 17,18-diHEPEs. The '"H NMR spectra and the HPLC
retention time of 17,18S5-diHEPE and 17,18R-diHEPE were
found to be identical to those of compounds V and VI, respec-
tively (Fig. 7, B and C). Importantly, these enzymatically gener-
ated products co-eluted with 17,18-diHEPEs formed in vivo
within inflammatory exudates of murine peritonitis (Fig. 8). By
combining these results, the structures of endogenously
formed RVE3 isomers were determined to be 17,18S-dihy-
droxy-5Z,82,11Z,13E,15E-EPE (compound V, 185-RvE3) and
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FIGURE 7. Physical and spectroscopic properties of RVE3. A, "H-"H coupling
constants of conjugated triene and full structure of RvE3 (compound V and
VI). B and G, reverse-phase HPLC chromatogram of synthetic 18S-HEPE or
18R-HEPE incubation products with soybean 15-LOX monitored with UV
absorbance at 270 nm.

17,18R-dihydroxy-52,87,11Z,13E,15E-EPE  (compound VI,
18R-RVE3), respectively. Endogenous levels of 18R-RvE3, 18S-
RvE3, and their precursor 18-HEPE in inflammatory exudates
of murine peritonitis were ~14, 32, and 222 pg/mouse, respec-
tively. These levels were comparable with that of PGE, (100
pg/mouse) in this model. Moreover, when EPA was supple-
mented, we could detect much higher levels of 18R-RVE3, 18S-
RvE3, and 18-HEPE in the peritoneal fluid (supplemental
Table S2).

Inhibition of PMN Chemotactic Migration—Next, we exam-
ined whether these RvE3 isomers affect PMN chemotaxis in
vitro. Murine PMNs isolated from bone marrow were applied
to an EZ-TAXIScan chemotaxis chamber (18) in which a stable
chemoattractant gradient was formed (Fig. 94). Cell move-
ments were time-lapse recorded such that the path and migra-
tion speed of an individual PMN could be determined. Both
18S- and 18R-RvE3 at nanomolar concentrations significantly
reduced PMN migration speeds toward LTB, (Fig. 9, Band C).
Thus, both RVE3 isomers directly act on PMNs to control che-
motaxis as did 15-epi-lipoxin A, tested in parallel for direct
comparison. These PMN responses were not observed by EPA,
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FIGURE 8. RvVE3 formation in vivo. Comparison of endogenously formed
17,18-diHEPEs in mouse inflammatory exudates with enzymatically gener-
ated RvE3 isomers. Top panel, MRM chromatogram with established transi-
tion of 333/201 m/z to monitor 17,18-diHEPEs present in murine peritoneal
exudates 48 h after zymosan challenge. Middle and lower panel, MRM chro-
matogram obtained from co-injection of enzymatically generated 18S-RvE3
(middle panel) or 18R-RVE3 (lower panel) with 17,18-diHEPEs presentin murine
peritoneal exudates 48 h after zymosan challenge.

a metabolic precursor of RvE3, when introduced at equal con-
centrations in the chambers (Fig. 9B).

RvE3 had little effect on cyclic AMP, intracellular calcium
level, and morphology of mouse bone marrow PMNs (supple-
mental Fig. S4). Also, RVE3 treatment had little effect on the
LTB,-induced calcium influx. This result suggests that the
inhibitory effect of RvE3 on PMN chemotaxis is not simply due
to LTB, receptor antagonism or cytotoxic action.

DISCUSSION

The results of this study uncover the structure and anti-in-
flammatory property of a new EPA-derived mediator RVE3.
Human and mouse eosinophils generated RvE3 from 18-HEPE
via leukocyte-type 12/15-LOX pathway. Enzymatically gener-
ated RvE3 had the same physical properties as endogenously
biosynthesized products and displayed a potent anti-inflamma-
tory action by stopping PMN infiltration in zymosan-induced
peritonitis. The structures of the two diastereomeric RvE3
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FIGURE 9. RVE3 reduces mouse PMN chemotaxis efficiency. Effect of RvE3
on chemotaxis of mouse bone marrow PMNs toward LTB,,. A, bone marrow
PMNs were incubated with 10 nm 185-RvE3 during the assay. Images of PMNs
are shown at 0 and 30 min after addition of LTB, (10 nm) as a chemoattractant.
B, velocity of the motile cells were determined from digital time lapse movies.
C, concentration dependence of 185-RvE3 (O) and 18R-RvE3 (@) on reduced
velocity of PMN chemotaxis. Values represent mean =+ S.E., n =20 cells, *, p <
0.05; **, p < 0.01; ***, p < 0.001 as compared with vehicle control.

were determined to be 17,18S-dihydroxy-5Z,82,11Z,13E,15E-
EPE (compound V, 18S-RvE3) and 17,18R-dihydroxy-
57,87,11Z,13E,15E-EPE (compound VI, 18R-RvE3), respec-
tively. Both 18S- and 18R-RvE3 inhibited PMN chemotaxis in
vitro at low nanomolar concentrations as evidenced by
decreased velocity. Reduced chemotaxis of PMN is relevant in
many diseases where uncontrolled inflammation is the under-
lying pathophysiology (1, 2, 7). Hence reduced PMN che-
motaxis by RVE3 would be relevant in all conditions where
PMN-mediated tissue injury is important.

Although the E series resolvins (i.e. RvE1 and RvE2) are
formed via the 5-LOX pathway, this study uncovered a novel
route of anti-inflammatory cascade via the 12/15-LOX pathway
(Fig. 10). EPA is converted to 18-HEPE by aspirin-acetylated
COX-2 (8) or cytochrome P450 monooxygenase (23). 18-HEPE
is further converted via sequential actions of lipoxygenases,
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FIGURE 10. Proposed scheme for biosynthesis of E series resolvins and related products. E series resolvins are generated from a common precursor
18-HEPE. EPA is converted to 18-HEPE by aspirin-acetylated COX-2 or cytochrome P450 monooxygenase. 18-HEPE is further converted via the sequential
actions of lipoxygenases, which leads to formation of E series resolvins. 5-LOX expressed in PMNs converts 18-HEPE into RvE1 and RVE2. The stereochemistry
of RVET and RvE2 was established (9, 12). In addition, 18-HEPE is converted by 12/15-LOX present in eosinophils or resident macrophages into 8,18-diHEPE,
11,18-diHEPE, 12,18-diHEPE, and 17,18-diHEPE (RVE3). The stereochemistry of the alcohols in 8,18-diHEPE and 12,18-diHEPE is depicted as tentative.

which leads to the formation of E series resolvins. It is likely that
hydrogen abstraction from C13 by 12/15-LOX induced a ste-
reospecific oxygen insertion at C11 or C17, leading to the for-
mation of 11,18-diHEPE and RvE3. After 12/15-LOX abstracts
pro-S-hydrogen from the C13 position of 18-HEPE, molecular
oxygen is generally inserted at C17 in an antarafacial fashion
(24), resulting in formation of the 17R-hydroxylated com-
pounds. Therefore, both RvE3 isomers are likely to have 17R-
hydroxy groups. Also, hydrogen abstraction from C10 induced
the insertion of oxygen at C8 or C12 to form 8,18-diHEPE and
12,18-diHEPE, respectively (Fig. 10). It is important to note that
leukocyte-type 12/15-LOX is an enzyme present in murine
cells, and in humans there are at least two different enzymes
(15-LOX and 15-LOX2) (22). Murine 12/15-LOX exhibits a
major arachidonic acid 12-LOX activity (C10-hydrogen
abstraction), whereas the human orthologue acts predomi-
nantly as 15-LOX (C13-hydrogen abstraction) when arachi-
donic acid is used as a substrate. We showed the difference in
enzymatic property between mouse 12/15-LOX and human
15-LOX when 18-HEPE was used as a substrate. Murine 12/15-
LOX formed predominantly 8,18-diHEPE and 12,18-diHEPE
possibly through C10-hydrogen abstraction, whereas human
15-LOX preferentially converted 18-HEPE into 11,18-diHEPE
and RvE3, possibly through C13-hydrogen abstraction (Fig. 3).

The contribution of eosinophils to the biosynthesis of RvE3
and other 12/15-LOX-derived mediators such as lipoxins and
protectins (25—-27) is of interest in controlling acute inflamma-
tion and resolution. A recent study has demonstrated that
eosinophils are recruited to the inflamed loci during the reso-
lution phase of acute peritonitis and promote resolution by pro-
ducing pro-resolving mediators in mice (20). Besides eosino-
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phils, 12/15-LOX is expressed in tissue resident macrophages,
dendritic cells, mast cells, and airway epithelial cells (22). Also,
the expression level of 12/15-LOX is up-regulated in various
cell types by Th2 cytokines, including interleukin(IL)-4 and
IL-13 (22). Cells expressing 12/15-LOX might be involved in
regulating inflammatory responses by locally producing anti-
inflammatory lipid mediators such as RvE3. This is consistent
with reports that document exacerbated inflammatory
responses in 12/15-LOX-deficient mice in several disease mod-
els (25-27).

PMNs constitute the first line of defense against foreign
pathogens. In response to stimuli, PMNs migrate into inflamed
tissues, where they protect their host by engulfing, killing, and
digesting pathogens. Conversely, excessive and sustained PMN
activation can cause tissue damage and uncontrolled inflamma-
tion. Therefore, PMN function needs to be well controlled, and
endogenous mediators that control these PMN responses are of
interest. In this study, RvE3 proved to be a potent inhibitor of
PMN chemotaxis in vitro and also significantly reduced PMN
numbers in zymosan-induced peritonitis model in vivo. Intra-
venous administration of 18R- and 18S-RvE3 in a dose as small
as 10 ng/mouse gave 30—45% inhibition of PMN infiltration
that was maintained at the 100-ng doses. The characteristics of
partial inhibition of PMN infiltration may benefit potential
anti-inflammatory roles of these mediators without compro-
mising host defense via immune suppression. Hence, it might
be useful to consider RvE3 as a new endogenous anti-inflam-
matory compound to protect against an aberrant or uncon-
trolled innate inflammatory response and as a potential new
therapeutic.

JOURNAL OF BIOLOGICAL CHEMISTRY 10533



Novel Anti-inflammatory Mediator 17,18-diHEPE

Acknowledgments—We are grateful to Michiko Kamio for skillful
technical assistance, and Dr. Shigeru Matsuoka (University of Tokyo)
for performing NMR experiments.

REFERENCES

1.

10.

11.

12.

13.

Nathan, C., and Ding, A. (2010) Nonresolving inflammation. Cel/ 140,
871-882

. Gilroy, D. W., Lawrence, T., Perretti, M., and Rossi, A. G. (2004) Inflam-

matory resolution. New opportunities for drug discovery. Nat. Rev. Drug
Discov. 3,401-416

. Serhan, C. N,, Chiang, N., and Van Dyke, T. E. (2008) Resolving inflam-

mation. Dual anti-inflammatory and pro-resolution lipid mediators. Nat.
Rev. Immunol. 8, 349 —361

. GISSI-Prevenzione Investigators (1999) Dietary supplementation with

n-3 polyunsaturated fatty acids and vitamin E after myocardial infarction.
Results of the GISSI-Prevenzione trial. Gruppo Italiano per lo Studio della
Sopravvivenza nell'Infarto miocardico. Lancet 354, 447—455

. Simopoulos, A. P. (2002) Omega-3 fatty acids in inflammation and auto-

immune diseases. . Am. Coll. Nutr. 21, 495-505

. Schmitz, G., and Ecker, J. (2008) The opposing effects of #-3 and -6 fatty

acids. Prog. Lipid Res. 47, 147-155

. Serhan, C.N. (2007) Resolution phase of inflammation. Novel endogenous

anti-inflammatory and proresolving lipid mediators and pathways. Annu.
Rev. Immunol. 25,101-137

. Serhan, C. N,, Clish, C. B,, Brannon, ], Colgan, S. P., Chiang, N., and

Gronert, K. (2000) Novel functional sets of lipid-derived mediators with
anti-inflammatory actions generated from omega-3 fatty acids via cy-
clooxygenase 2-nonsteroidal anti-inflammatory drugs and transcellular
processing. J. Exp. Med. 192, 1197-1204

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

Petasis, N. A., and Serhan, C. N. (2005) Stereochemical assignment, anti-
inflammatory properties, and receptor for the omega-3 lipid mediator
resolvin E1. . Exp. Med. 201, 713-722

Tjonahen, E., Oh, S. F., Siegelman, ., Elangovan, S., Percarpio, K. B., Hong,
S., Arita, M., and Serhan, C. N. (2006) Resolvin E2. Identification and
anti-inflammatory actions. Pivotal role of human 5-lipoxygenase in resol-
vin E series biosynthesis. Chem. Biol. 13, 1193-1202

Serhan, C. N, Yang, R., Martinod, K., Kasuga, K., Pillai, P. S., Porter, T. F.,
Oh, S. F,, and Spite, M. (2009) Maresins. Novel macrophage mediators
with potent anti-inflammatory and pro-resolving actions. J. Exp. Med.
206, 15-23

Oh, S. F,, Pillai, P. S., Recchiuti, A., Yang, R., and Serhan, C. N. (2011)
Pro-resolving actions and stereoselective biosynthesis of 18 S E-series re-
solvins in human leukocytes and murine inflammation. J. Clin. Invest. 121,
569 -581

Serhan, C.N., Hong, S., Gronert, K., Colgan, S. P., Devchand, P. R, Mirick,
G., and Moussignac, R. L. (2002) Resolvins. A family of bioactive products
of omega-3 fatty acid transformation circuits initiated by aspirin treat-
ment that counter proinflammation signals. J. Exp. Med. 196, 1025—1037

10534 JOURNAL OF BIOLOGICAL CHEMISTRY

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Schwab, J. M, Chiang, N., Arita, M., and Serhan, C. N. (2007) Resolvin E1
and protectin D1 activate inflammation-resolution programs. Nature
447, 869 — 874

Ogawa, S., Urabe, D., Yokokura, Y., Arai, H., Arita, M., and Inoue, M.
(2009) Total synthesis and bioactivity of resolvin E2. Org. Lett. 11,
3602-3605

Powell, W.S., Chung, D., and Gravel, S. (1995) 5-Ox0-6,8,11,14-eicosatet-
raenoic acid is a potent stimulator of human eosinophil migration. /. Imm-
munol. 154, 4123—4132

Sakagami, H., Aoki, ., Natori, Y., Nishikawa, K., Kakehi, Y., Natori, Y., and
Arai, H. (2005) Biochemical and molecular characterization of a novel
choline-specific glycerophosphodiester phosphodiesterase belonging to
the nucleotide pyrophosphatase/phosphodiesterase family. J. Biol. Chem.
280, 23084.-23093

Kanegasaki, S., Nomura, Y., Nitta, N., Akiyama, S., Tamatani, T., Goshoh,
Y., Yoshida, T., Sato, T., and Kikuchi, Y. (2003) A novel optical assay
system for the quantitative measurement of chemotaxis. J. Immunol.
Methods 282, 1-11

Nishio, M., Watanabe, K., Sasaki, J., Taya, C., Takasuga, S., lizuka, R., Balla,
T., Yamazaki, M., Watanabe, H., Itoh, R., Kuroda, S., Horie, Y., Forster, I,
Mak, T. W., Yonekawa, H., Penninger, ]. M., Kanaho, Y., Suzuki, A., and
Sasaki, T. (2007) Control of cell polarity and motility by the
PtdIns(3,4,5)P3 phosphatase SHIP1. Nat. Cell Biol. 9, 36 — 44

Yamada, T., Tani, Y., Nakanishi, H., Taguchi, R., Arita, M., and Arai, H.
(2011) Eosinophils promote resolution of acute peritonitis by producing
proresolving mediators in mice. FASEB J. 25, 561-568

MacMillan, D. K, Hill, E., Sala, A, Sigal, E., Shuman, T., Henson, P. M., and
Murphy, R. C. (1994) Eosinophil 15-lipoxygenase is a leukotriene A4 syn-
thase. /. Biol. Chem. 269, 26663—26668

Kihn, H., and O’Donnell, V. B. (2006) Inflammation and immune regula-
tion by 12/15-lipoxygenases. Prog. Lipid Res. 45, 334356

Arita, M., Clish, C. B., and Serhan, C. N. (2005) 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. 338, 149 -157

Schneider, C., Pratt, D. A., Porter, N. A., and Brash, A. R. (2007) Control of
oxygenation in lipoxygenase and cyclooxygenase catalysis. Chem. Biol. 14,
473-488

Gronert, K., Maheshwari, N., Khan, N., Hassan, I. R,, Dunn, M., and
Laniado Schwartzman, M. (2005) A role for the mouse 12/15-lipoxyge-
nase pathway in promoting epithelial wound healing and host defense.
J. Biol. Chem. 280, 1526715278

Merched, A.J., Ko, K., Gotlinger, K. H., Serhan, C. N., and Chan, L. (2008)
Atherosclerosis. Evidence for impairment of resolution of vascular inflam-
mation governed by specific lipid mediators. FASEB J. 22, 3595-3606
Kronke, G., Katzenbeisser, J., Uderhardt, S., Zaiss, M. M., Scholtysek, C.,
Schabbauer, G., Zarbock, A., Koenders, M. 1., Axmann, R., Zwerina, J.,
Baenckler, H. W., van den Berg, W., Voll, R. E., Kithn, H., Joosten, L. A.,
and Schett, G. (2009) 12/15-Lipoxygenase counteracts inflammation and
tissue damage in arthritis. /. Immunol. 183, 3383-3389

VOLUME 287 +NUMBER 13-MARCH 23,2012



