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BACKGROUND AND PURPOSE

Lysophosphatidylcholines (lysoPCs) with polyunsaturated acyl chains are known to exert anti-inflammatory actions.
15-Lipoxygeanation is crucial for anti-inflammatory action of polyunsaturated acylated lysoPCs. Here, the anti-inflammatory
actions of 1-(15-hydroxyeicosapentaenoyl)-lysoPC (15-HEPE-lysoPC) and its derivatives were examined in a mechanistic analysis.

EXPERIMENTAL APPROACH
Anti-inflammatory actions of 15-HEPE-lysoPC in zymosan A-induced peritonitis of mice were examined by measuring plasma
leakage and leucocyte infiltration, and determining levels of lipid mediators or cytokines.

KEY RESULTS

When each lysoPC, administered i.v., was assessed for its ability to suppress zymosan A-induced plasma leakage,
15-HEPE-lysoPC was found to be more potent than 1-(15-hydroperoxyeicosapentaenoyl)-lysoPC or 1-eicosapentaenoyl-lysoPC.
Separately, i.p. administration of 15-HEPE-lysoPC markedly inhibited plasma leakage, in contrast to 15-HEPE, which had only a
small effect. 15-HEPE-lysoPC also decreased leucocyte infiltration. Moreover, it reduced the formation of LTC4 and LTB,,
5-lipoxygenation products, as well as the levels of pro-inflammatory cytokines. The time-course study indicated that
15-HEPE-lysoPC might participate in both the early inflammatory phase and resolution phase. Additionally, 15-HEPE-lysoPC
administration caused a partial suppression of LTC4-induced plasma leakage and LTBs-induced leucocyte infiltration. In the
metabolism study, peritoneal exudate was shown to contain lysoPC-hydrolysing activity, crucial for anti-inflammatory activity,
and a system capable of generating lipoxin A from 15-hydroxy eicosanoid precursor.

CONCLUSIONS AND IMPLICATIONS

15-HEPE-lysoPC, a precursor for 15-HEPE in target cells, induced anti-inflammatory actions by inhibiting the formation of
pro-inflammatory leukotrienes and cytokines, and by enhancing the formation of lipoxin A. 15-HEPE-lysoPC might be one of
many potent anti-inflammatory lipids in vivo.

Abbreviations
1-(15-HEPE)-lysoPC, 1-[(15(S)-hydroxyeicosapentaenoyl]-lysophosphatidylcholine; 1-(15-HPEPE)-lysoPC,
1-[15(S)-hydroperoxypentaenoyl] lysophosphatidylcholine; 1-(15-HPETE)-lysoPC, 1-[15(S)-hydroperoxyeicosatetraenoyl]
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lysophosphatidylcholine; 1-(17-HPDHE)-lysoPC, 1-[17(S)-hydroperoxydocosahexaenoyl] lysophosphatidylcholine;15-HEPE,
15-hydroxyeicosapentaenoic acid; 15-HETE, 15-hydroxyeicosatetraenoic acid; 1-arachidonoyl-lysoPC,
1-arachidonoyl-lysophosphatidylcholine; 1-docosahexaenoyl-lysoPC, 1-docosahexaenoyl-lysophosphatidylcholine;
1-eicosapentaenoyl-lysoPC, 1-eicosapentaenoyl-lysophosphatidylcholine; 1-linoleoyl-lysoPC,
1-linoleoyl-lysophosphatidylcholine; IFN-y, interferon gamma; IL-1B, interleukin 1-beta; IL-6, interleukin-6; LOX,
lipoxygenase; LTB,, leukotriene By; LTC,, leukotriene Cs; MPO, myeloperoxidase; PGE,, prostaglandin E,; PLA,,

phospholipase A,; TNF-a, tumor necrosis factor alpha

Introduction

A large body of new evidences indicate that endogenous lipid
mediators actively engage in the host response to inflamma-
tion (Serhan and Savill, 2005). During the time course of
inflammation, the switching of lipid mediator class from
pro-inflammatory prostaglandins and leukotrienes to the bio-
synthesis of anti-inflammatory or pro-resolving lipid media-
tors, such as lipoxins (Levy et al., 2001; Serhan, 2005a; Serhan
and Savill, 2005; Maderna and Godson, 2009), lipoxenes
(Wong et al., 1985; Lam et al.,, 1987; Lam and Wong, 1988;
Stahl et al., 1989), resolvins and protectin D (Serhan, 2005b;
Serhan and Savill, 2005; Serhan et al., 2008) has been well
established. By the identification of endogenous anti-
inflammatory and pro-resolving lipid mediators, it becomes
apparent that the resolution phase of inflammation may
involve an active biochemical process (Serhan and Savill,
2005), responsible for the generation of lipid mediators.
Previously, lysophosphatidylcholine (lysoPC) had been
reported to be pro-inflammatory (Fuentes et al., 2002; Mura-
likrishna Adibhatla and Hatcher, 2006; Shi et al., 2007). The
pro-inflammatory action of lysoPCs, saturated or monounsat-
urated, may be largely due to the generation of reactive
oxygen species or nitric oxide in various types of cells (Colles
and Chisolm, 2000; Takeshita et al., 2000; Guzik et al., 2003;
Matsubara and Hasegawa, 2005; Park et al., 2009). In contrast,
our recent studies (Huang et al., 2010) have reported that
1-arachidonoyl-lysophosphatidylcholine  (1-arachidonoyl-
lysoPC) and 1-docosahexaenoyl-lysophosphatidylcholine
(1-docosahexaenoyl-lysoPC) exhibit an anti-inflammatory
action, whereas no significant anti-inflammatory effects
were observed with  1-linoleoyl-lysoPC.  Moreover,
1-(15-hydroperoxyeicosatetraenoyl)-lysoPC and 1-(17-
hydroperoxydocosahexaenoyl)-lysoPC were more potent as
anti-inflammatory lipids than 1-arachidonoyl-lysoPC and
1-docosahexaenoyl-lysoPC respectively. This led to the
assumption that the prior oxygenation of 1-arachidonoyl-
lysoPC and 1-docosahexaenoyl-lysoPC by 15-lipoxygenase
(15-LOX) may be crucial for the expression of its anti-
inflammatory action. In support of this, 4-methyl-2-
(4-methylpiperazinyl)pyrimido[4,5-b] benzothiazine, an
inhibitor of 15-LOX, was found to prevent the anti-
inflammatory action of 1-arachidonoyl-lysoPC (Hung et al.,
2009). With regard to the mechanisms of the anti-
inflammatory action of 15-hydroperoxyeicosatetraenoyl-
lysoPC, the inhibition of lipoxin formation has been
proposed to be the main mechanism involved and the inhi-
bition of 5-LOX activity to have minor role. Thus, the
anti-inflammatory action of 15-hydroperoxyeicosatetraenoyl-
lysoPC appears to be expressed mainly through its meta-
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bolism to the epoxide intermediate (Pettitt efal., 1991;
Rowley etal., 1994). However, whether or not the anti-
inflammatory action of 15-hydroperoxyeicosapentaenoyl-
lysoPC is expressed after its reduction to 15-
hydroxyeicosapentaenoyl-lysoPC has not been clarified.
Earlier studies have shown that 15-hydroxyeicosatetraenoic
acid (15-HETE), 15-hydroxyeicosapentaenoic acid (15-HEPE)
and 17-hydroxydocosahexaenoic acid inhibit 5-LOX activity
and prostaglandin synthetase (Miller and Ziboh, 1988; Miller
et al., 1989; Gonzalez-Periz et al., 2006). Additionally, it was
reported that 15-HETE and 15-HEPE are converted to lipoxins
via S-hydroperoxy, a 15-hydroxy acid derivative (Chiang
et al., 2005; Serhan, 2005a). In this regard, it is hypothesized
that 15-lipoxygenation products of polyunsaturated acylated
lysoPC exert their anti-inflammatory actions after hydrolytic
metabolism in vivo. Further, cellular glutathione peroxidase
(GSH-peroxidase) activity readily converts hydroperoxy
derivatives to hydroxyl derivatives in vivo (Huang et al., 2009).
Nonetheless, there has been no extensive study on the anti-
inflammatory actions of hydroxyl derivatives derived from
15-LOX-catalysed oxygenation of polyunsaturated fatty acy-
lated lysoPCs.

In this study, we examined the anti-inflammatory
actions of 1-eicosapentaenoyl-lysophosphatidylcholine (1-
eicosapentaenoyl-lysoPC) and its oxygenation product,
1-(15-HEPE)-lysoPC. Further, the anti-inflammatory action of
1-(15-HETE)-lysoPC was extensively studied so as to elucidate
the mechanisms responsible for its anti-inflammatory effects
in vivo.

Methods

Materials

Dieicosapentaenoyl  phosphatidylcholine  (dieicosapen-
taenoyl-PC) and didocosahexaenoyl phosphatidylcholine
were obtained from NOF corporation (Shibuya-ku, Tokyo,
Japan). Diarachidonoyl phosphatidylcholine, eicosapen-
taenoic acid and docosahexaenoic acid (purity, 99%) were
procured from Avanti Polar Lipid (Alabaster, AL, USA).
Soybean LOX-1 (Type I-B), phospholipase A, (PLA;) (honey
bee venom), zymosan A (Saccharomyces cerevisiae) were pur-
chased from Sigma-Aldrich Corp. (St. Louis, MO, USA).
12/15-LOX (porcine leucocyte, 135.6 U-mL™), S5-HETE,
15-HETE, 15-HEPE, 15-LOX-2 (human recombinant,
250 U-mL™), 15-LOX inhibitor (PD146176), enzyme immu-
noassay (EIA) kits for prostaglandin E, (PGE,), leukotriene B,
(LTB,4) and leukotriene C; (LTC,) were from Cayman Chemi-
cal (Ann Arbor, MI, USA). Lipoxin A, (LXA,;) and 12-HETE
were from Oxford Biochemical Research Corp. (Oxford, MI,



USA) and Assay Designs Inc. (Ann Arbor, MI, USA ) respec-
tively. ELISA assay kits for cytokines [tumor necrosis factor
alpha (TNF-o), interleukin 1-beta (IL-1pB), interleukin-2 (IL-
2), interleukin-6 (IL-6) and interferon gamma (IFN-y)] were
obtained from eBioscience, Inc. (Science Center Drive, San
Diego, CA, USA). Boc2 (N-t-butyloxycarbony-Phe-Leu-
Phe-Leu-Phe), a lipoxin receptor antagonist, was from
Phoenix Phamarceuticals Inc. (Burlingame, CA, USA).
1-Eicosapentaenoyl-lysoPC, 1-docosahexaenoyl-lysoPC and
1-arachidonoyl-lysoPC were prepared from PLA,-catalysed
hydrolysis of correlated didocosahexaenoyl phosphatidyl-
choline (PC), as described previously with slight modifica-
tions (Huang et al., 2007; 2008b; 2009). In brief, each PC
(2.5 mg), dissolved in chloroform, was dried under N,, and
then rapidly dispersed in 10 mL of 50 mM borax buffer (pH
9.0) containing 10 mM CaCl,. The hydrolysis was started by
adding PLA, (100 U), and allowed to continue under N, with
constant stirring for 2 h at 25°C. The reaction mixture was
partially purified by Sep-pack column (2 x 1 cm) and the
lysophospholipid product was further purified by silica gel
TLC in the solvent system (chloroform : methanol : water;
65:25:4). Finally, the spot containing lysoPC was scraped off,
extracted with methanol, dried under N, and kept at —80°C
until used.

Oxygenation of 1-eicosapentaenoyl-lysoPC

by LOXs

Oxygenation of 1-eicosapentaenoyl-lysoPC by LOXs was
monitored via the increase in absorbance at 234 nm accord-
ing to the formation of conjugated diene. Briefly,
1-eicosapentaenoyl-lysoPC (100 uM) was in turn incubated
with soybean LOX-1 (2.5 U-mL™), porcine leucocyte 12/15-
LOX (1 U-mL), or human 15-LOX-2 (1 U-mL™) in 50 mM
borax buffer (pH 9.0), 50 mM phosphate buffer (pH 7.4) con-
taining 5 mM EDTA and 0.03% Tween 20, or 50 mM Tris-HCl
buffer (pH 7.2) containing 0.003 % Tween 20 respectively.
One unit of LOX was defined as the amount of LOX that can
produce one nanomol of conjugated diene min™' (Huang
et al., 2007; 2008a).

Determination of kinetic values in
LOXs-catalysed oxygenation of
eicosapentaenoic acid,
1-eicosapentaenoyl-lysoPC

or dieicosapentaenoyl-PC

Human recombinant 15-LOX-2 (1 U-mL™"), leucocyte
12-LOX-1 (1.5 U-mL™) or soybean LOX-1 (10 U-mL™) was
incubated with lipids of various concentrations in selective
buffer. The kinetic parameter values, K,, and V,,, were calcu-
lated from Lineweaver-Burke plot analysis as described
previously (Huang et al., 2006; 2008b).

Preparation of 1-(15SHEPE)-lysoPC

1-Eicosapentaenoyl-lysoPC (400 uM) was oxidized by
soybean LOX-1B (4 KU-mL') in 5mL of borax buffer
(50 mM, pH 9.0). Then, hydroperoxide was further reduced
to correlated hydroxide by 1 mM SnCl, for 10 min at room
temperature. The hydroxide derivative product was extracted
with a mixture of chloroform and methanol (2:1) (Maskrey

Anti-inflammatory effect of 1-(15-HEPE)-lysoPC

and O’Donnell, 2008; Morgan et al., 2009; Thomas et al.,
2010). Briefly, to the above mixture, 5 mL of chloroform and
10 mL methanol was added, and the mixture was subjected to
vortex for 5 min. Subsequently, after centrifugation at 3400x
g for 3 min, the lower phase was collected and further puri-
fied by RP-HPLC, using Zorbrax eclipse XDB C18 column
(5 um, 50 x 4.6 mm, Agilent Technologies, Santa Clara, CA,
USA) with an isocratic solvent system (methanol : water : ace-
tic acid; 70:30:0.1). The amount of 1-(15-HEPE)-lysoPC was
determined by absorbance of purified lipid at 234 nm by
using Eim 1cm = 25 000, and stored at —80°C until used (Morgan
et al., 2009).

SP-HPLC analysis for identification

of 1-(15-HEPE)-lysoPC

1-(15-HEPE)-lysoPC from the above preparation was hydroly-
sed in 1 N NaOH and extracted with a mixture of chloroform
and methanol (2:1). The final product was analysed by
SP-HPLC system equipped with a silicagel column (10 uM,
300 x 7.8 mm, Phenomenex, Torrance, CA, USA), eluted
(1.0 mL'min™) with an isocratic mobile solvent system
(hexane : isopropanol : acetic acid; 100:3:0.1), and the efflu-
ent was monitored at 234 nm. The major product was
co-injected with 15-HEPE standard (Huang et al., 2010).

Identification of 1-15(HEPE)-lysoPC

using LC/ESI-MS

1-Eicosapentaenoyl-lysoPC was incubated with soybean
15-LOX to produce 1-(15-HPEPE)-lysoPC. After 10 min incu-
bation, the lipoxygenation product was reduced to corre-
sponding hydroxyl derivative by using 1 mM SnCl,. The
reduction product, after further purification using RP-HPLC,
was analysed by LC-ESI-MS, using a MSDI spectrometer (HP
1100 series LC/MSA, Hewlett Packard, Palo Alto, CA, USA)
equipped with Zorbrax eclipse XDB C18 column (5 pm, 50 x
4.6 mm), which was eluted (0.5 mL-min™") with an isocratic
solvent system (methanol : water : acetic acid; 70:30:0.1),
and the eluate was monitored at 234 nm. The full-scan mass
spectra were obtained within the range of m/z 250-700, and
the data acquisition was conducted in a positive mode.

Animal experiments

Male ICR mice (29-30 g weight; 6 weeks of age) were pro-
cured (Koatech Co., Pyung Taek, Korea), assigned to plastic
cages (10 mice per cage), housed under a 12 h light-dark
cycle, and accessed to unlimited amounts of filtered water
and chows (Teklad Global 18% Protein Rodent Diet obtained
from Harlan laboratories, Madison, WI, USA) for one day
before being used. All animal experiments were conducted in
accordance with the Guide for Care and Use of Laboratory
Animals of the National Research Council (NRC, 1996), which
was approved by Committee of Animal Care and Experiments
of Chungnam National University, Korea.

Zymosan A-induced peritonitis

Peritonitis was induced by i.p. administration of zymosan A
(100 mg-kg™") as described previously (Doherty et al., 1985;
Rao et al., 1994; Byrum et al., 1999). For the measurement of
plasma leakage, mice were administered, i.v. or i.p., 100 puL of
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lipid, dissolved in phosphate-buffered saline (PBS), 30 min
prior to i.p. administration (100 mg-kg™") of zymosan A, and
100 pL of 0.5% Evans blue dye, dissolved in PBS, was injected
i.v. just prior to zymosan A injection (Arita et al., 2005b;
Kolaczkowska et al., 2008). Sixty minutes later, unless indi-
cated otherwise, mice were killed by isoflurane inhalation,
and peritoneal lavage was performed with 3 mL of ice-cold
PBS. Then cells were centrifuged out of the lavage fluid.
Finally, Evans blue dye extravasation was determined by mea-
suring the absorbance of supernatants at 610 nm (Byrum
et al., 1999; Leite et al., 2007; Sun et al., 2007)

To evaluate the effect of the 15-LOX inhibitor (PD146176)
on the anti-inflammatory action of 1-(15-HPEPE)-lysoPC,
1-(15-HPEPE)-lysoPC and PD146176 (100 mg-kg™'), dissolved
in PBS (Jeon et al., 2009), were simultaneously administered
to mice 30 min prior to i.p. administration of zymosan A, and
the plasma leakage was assessed as described above. Sepa-
rately, in order to measure leucocyte infiltration, lipids were
administered 30 min prior to i.p. administration of zymosan
A, and 120 min after zymosan A injection, peritoneal lavage
was taken, and the total number of cells in the lavage fluid
was enumerated by using light microscopy employing
tryphan blue staining (Byrum et al., 1999; Bannenberg et al.,
2004). Separately, the presence of neutrophils in lavage was
determined through the detection of myeloperoxidase (MPO)
activity in the lysis buffer (Bradley et al., 1982), prepared from
sonication of cell pellet suspensions (0.5 mL) at 4°C for
5 min, using an MPO chlorination assay kit (Cayman Chemi-
cal, Ann Arbor, MI, USA). One unit is defined as the amount
of enzyme that will cause the formation of 1 pmol of fluores-
cent product min™ at 25°C.

Determination of inflammatory lipid
mediators or cytokine levels in

peritoneal lavage fluid

To determine the level of pro-inflammatory lipid mediators in
exudates, 1 mL of peritoneal lavage fluid was transferred to
microcentrifuge tubes and centrifuged (7600x g, S5 min).
Supernatants were used directly for EIA analysis of PGE,, LTB,,
LTC,4 12-HETE, 15-HETE or LXA, level as described previously
(Rao etal, 2007; Yuhki etal., 2008). Levels of pro-
inflammatory cytokines, TNF-o, IL-1f, IL-2, IL-6 or INF-y,
were determined by using ELISA assay according to the manu-
facturers’ instructions.

Effect of 1-(15-HEPE)-lysoPC on zymosan
A-induced formation of LTC, or LTB, in
resident peritoneal cells

Resident peritoneal cells were harvested as described
previously with a slight modification (Arita etal., 2005a;
Dimitrova and Ivanovska, 2008). Mice were Kkilled by
administration of diethyl ether, and peritoneum were lavaged
with 3 mL ice-cold PBS-/-. Harvested cells, after being washed
twice with PBS, were suspended in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 5% Fetal bovine serum
(FBS), penicillin G (10 000 U-mL") and streptomycin
(10 mg-mL™) and divided into a 96-well plate at a density of
5x 10 cells-mL™". After 2 h incubation, the supernatants were
removed and adhered cells were washed again with PBS twice
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(70-80% harvested cells attached to plate), and incubated
again in 5% FBS-containing DMEM media. Next, the har-
vested cells were exposed to zymosan A (100 ug-mL™) for
1 min, and then 1-(15-HEPE)-lysoPC (0.75, 2.5 or 7.5 uM) was
added. The further incubation was performed at 37°C in 5%
CO; humid air for 20 h. Finally, the level of LTC, and LTB, in
cell-free supernatants were measured by using an EIA kit as
described above.

Effect of Boc2, a lipoxin receptor antagonist,
on the suppression of zymosan A-induced
leucocyte infiltration by 15-HEPE-lysoPC

Mice were concomitantly i.p. treated with Boc2 (von der
Weid et al., 2004) and 15-HEPE-lysoPC 30 min prior to i.p.
administration of zymosan A. Four hours later, mice were
killed by isoflurane inhalation, and the peritoneum was
lavaged with 3 mL of sterile PBS buffer. Total number of
infiltrated leucocytes in the lavage fluid was counted by using
light microscopy after tryphan blue staining (Byrum et al.,
1999).

Determination of 15-HETE released from

peritoneal cells treated with

1-(15-HETE)-lysoPC

Peritoneal cells (5 x 10* cells-mL™), harvested as described
above, were incubated with 1-(15-HETE)-lysoPC (7.5 uM) and
zymosan A (100 ug-mL™) at 37°C in a 5% CO, humid air.
Then, at different time intervals (30, 60 or 120 min), the
level of 15-HETE in the cell-free cultured supernatants was
measured by using an EIA kit according to manufacturer’s
instructions.

Statistical analysis

Results are expressed as means * SEM. Statistical significance
for differences between groups was determined by Student’s
t-test, or a conservative one-way ANOVA for multiple group
comparisons after establishing that the data in the groups
were normally and equally distributed. Differences between
or among groups were considered statistically significant if
P-values were lower than or equal to 0.05.

Results

Previously, 15-lipoxygenation products of 1-arachidonoyl-
lysoPC and 1-docosahexaenoyl-lysoPC have been reported
to show potent anti-inflammatory activities (Hung et al.,
2009; 2010). Here, we examined the anti-inflammatory
action of 1-(15-HEPE)-lysoPC, a reduction product of 1-(15-
hydroperoxyeicosapentaenoyl)-lysoPC, and attempted to elu-
cidate the mechanisms responsible for its anti-inflammatory
action.

Preparation and identification

of 1-(15-HEPE)-lysoPC

First, 1-eicosapentaenoyl-lysoPC was incubated with soybean
15-LOX to produce 1-(15-HPEPE)-lysoPC. After 10 min
incubation, the lipoxygenation product was reduced to



corresponding hydroxyl derivative by using 1 mM SnCl,. The
reduction product, after further purification using RP-HPLC,
was analysed by LC/ESI-mass spectrometry by using a positive
scan mode. As shown in Figure 1 (inset), the peak (RT,
~7.8 min), which appeared as a predominant product, pos-
sessed mass ions characteristic of 1-(15-HEPE)-lysoPC;
molecular ions at m/z 557 [(M + H*)], m/z 580 [(M + Na*)] and
m/z 596[(M + K%|. From this, it was confirmed that
1-eicosapentaenoyl-lysoPC was oxygenated by 15-LOX to
produce 1-(15-HPEPE)-lysoPC, which was further reduced to
1-(15-HEPE)-lysoPC. In a further experiment, 1-(15-HEPE)-
lysoPC was hydrolysed in 1 N NaOH, and then the hydrolysis
product was found to comigrate with standard 15-HEPE in
straight phase-HPLC (data not shown).

Figure 1

LC/ESI-MS analysis of 1-(15-HEPE)-lysoPC. The hydroxide derivative
was analysed by LC-ESI-MS as described in Methods. The represen-
tative mass spectrum of the major peak with retention time of
7.8 min (inset) was obtained by ESI-MS system using a positive scan
mode.

Table 1

Anti-inflammatory effect of 1-(15-HEPE)-lysoPC

Determination of kinetic values in
LOXs-catalysed oxygenation of
eicosapentaenoic acid,
1-eicosapentaenoyl-lysoPC

or dieicosapentaenoyl-PC

As 15-lipoxygenation of polyunsaturated acyl lysoPC was
crucial for the expression of anti-inflammatory action (Hung
etal.,, 2009; 2010), the oxygenation of 1-eicosapenaenoyl-
lysoPC by 15-LOXs was kinetically analysed. When
1-eicosapentaenoyl-lysoPC  was incubated with soybean
LOX-1, leucocyte 12/15-LOX or human 15-LOX-2, oxygen-
ation of 1-eicosapentaenoyl-lysoPC by each LOX displayed a
time-dependent increase in absorbance at 234 nm, indicative
of the formation of a conjugated diene. In a kinetic study,
where each LOX was incubated with 1-eicosapentaenoyl-
lysoPC, the enzyme activity followed classical Michaelis—
Menten kinetics. When the kinetic values for oxygenation
of 1-eicosapentaenoyl-lysoPC by soybean 15-LOX were
calculated (Huang et al., 2007) from Lineweaver-Burk plot
analysis (Table 1), catalytic efficacy (Vwm/Kn) of 1-
eicosapentaenoyl-lysoPC (49.5 U-mg'-uM") was greater than
that of eicosapentaenoic acid (20.1 U-mg'-uM™), or that of
dieicosapentaenoyl-PC  (0.002 U-mg'-uM™). Subsequently,
when eicosapentaenoic acid or 1-eicosapentaenoyl-lysoPC
was oxygenated by human 15-LOX-2, the K,, and V,, values
were estimated to be 3.7 uM and 47.7 U-mg™' protein, respec-
tively for eicosapentaenoyl-lysoPC, and 21.9uM and
115.1 U-mg' protein, respectively for 1-eicosapentaenoic
acid. Taken  together, catalytic efficacy (Vwn/Kn,
12.8 Umg'-uM™) of 1-eicosapentaenoyl-lysoPC is about
twofold greater than that (5.9 U-mg'-uM™) of eicosapen-
taenoic acid, and much greater than that (0.002 U-mg"'-uM™)
of dieicosapentaenoyl-PC. Next, when lipoxygenation cataly-
sed by leucocyte 12/15-LOX was analysed, catalytic efficacy

Kinetic values in oxygenation of eicosapentaenoic acid (EPA), eicosapentaenoyl-lysoPC or dieicosapentaenoyl-PC by soybean LOX-1, leucocyte

12/15-LOX and human 15-LOX-2

Vin/ K (units

Enzyme Substrate Vm (units mg™) mg'-.uM")
Soybean LOX 1-eicosapentaenoyl-lysoPC 45 = 1.2° 215.6 = 24.6° 49.5 £ 8.2*
Eicosapentaenoic acid 10.7 = 0.8° 2141 = 33.4° 20.1 = 1.5°
Dieicosapentaenoyl-PC 34 064.1 = 19 137.1¢ 0.06 = 0.02° 0.002 = 0.000¢
Leucocyte 12-LOX 1-eicosapentaenoyl-lysoPC 5.6 £ 0.2° 22.9 = 5.0° 50 = 1.9°
Eicosapentaenoic acid 20.4 + 6.2° 41.8 = 3.9° 2.1 = 0.5°
Dieicosapentaenoyl-PC 62 417.2 + 508.2¢ 0.11 = 0.07¢ 0.001 *+ 0.000°
Human 15-LOX-2 1-eicosapentaenoyl-lysoPC 3.7 £ 1.6 47.7 = 15.6* 12.8 = 1.2°
Eicosapentaenoic acid 21.9 £ 11.1° 115.1 = 8.42° 59 = 0.61°
Dieicosapentaenoyl-PC 44 696.2 = 106.6¢ 0.09 = 0.03¢ 0.002 = 0.000°

Soybean LOX-1 (2.5 U-mL™") was incubated with eicosapentaenoic acid, 1-eicosapentaenoyl-lysoPC or dieicosapentaenoyl-PC at various
concentrations in 500 uL of 50 mM borax buffer, pH 9.0 at 25°C. Leucocyte 12/15-LOX (2.5 U-mL™") was incubated with each substrate in
500 puL of 50 mM phosphate buffer (pH 7.4) containing 5 mM EDTA and 0.03% Tween 20. Human 15-LOX-2 (1 U-mL™") was incubated with
each substrate in 500 uL of 50 mM Tris-HCI buffer (pH 7.2) containing 0.003% Tween 20. One unit of LOX were defined as 1 nmol of
oxygenation product formed min™'. Data are expressed as means = SEM values of triplicates experiments. Means displayed with letter are not
significantly different from each other.

British Journal of Pharmacology (2011) 162 1119-1135 1123



ND Hung et al.

1.2 q B 1-eicosapentaenoyl-lysoPC
##ﬁ HH D1-(15-HPEPE) lysoPC
l D1-(5-HEPE) lysoPC
0.8 *

*%

e
IS
L

Vascular permeability
(O.D., 610 nm)

PBS Zymosan 15 50

Dose, pg-kg™!

Figure 2

Effect of 1-eicosapentaenoyl-lysoPC derivatives, administered i.v., on
zymosan A-induced plasma leakage in mice. 1-Eicosapentaenoyl-
lysoPC, 1-(15-HPEPE)-lysoPC or 1-(15-HEPE)-lysoPC, dissolved in
sterile phosphate-buffered saline (PBS) in a total volume of 100 pL,
was given i.v. to mice (0-150 ug-kg™), 30 min prior to i.v. adminis-
tration of Evans blue dye (5%, 100 pL), followed by i.p. administra-
tion of zymosan A (100 mg-kg™) to evoke peritonitis. After 60 min,
the peritoneum was lavaged with 3 mL of sterile ice-cold PBS, and
the plasma leakage was determined as described in Methods. Values
are means * SEM (n = 7-10). *P < 0.05; **P < 0.01; ***P < 0.001
versus zymosan A-treated group; ###P < 0.001 versus PBS-treated
group (one-way ANOVA followed by the Newman-Keuls-Student’s
test).

(5.0 Umg"'-uM™) of 1-eicosapentaenoyl-lysoPC was higher
than that (2.1 U-mg'-uM™) of eicosapentaenoic acid or that
(0.002 U-mg'-uM™) of dieicosapentaenoyl-PC. From these, it
is suggested that 1-eicosapentaenoyl-lysoPC may be utilized
more efficiently than eicosapentaenoic acid in vivo.

Structure—activity relationship for
anti-inflammatory actions of
1-eicosapentaenoyl-lysoPC derivatives
administered i.v.

Next, we examined the anti-inflammatory action of
1-eicosapentaenoyl-lysoPC and its oxygenation products in
zymosan A-induced peritonitis. For this purpose, each
lysoPC, administered i.v., was tested for its ability to attenu-
ate zymosan A-induced plasma leakage into the peritoneum
in mice, based on the extravasation of Evans blue dye as an
indicator of vascular permeability. As demonstrated in
Figure 2, when 1-eicosapentaenoyl-lysoPC was administered
i.v. to mice 30 min prior to i.p. administration of zymosan A
(100 mg-kg™), it was found to show a dose-dependent inhibi-
tory effect; 1-eicosapentaenoyl-lysoPC at 50 ug-kg' and
150 pg-kg! inhibited zymosan A-induced peritonitis by about
30 % and 55% respectively, and the 50% effective dose (EDs)
value was estimated to be around 83 pg-kg™'. Subsequently,
it was observed that iv. 1-(15-HPEPE)-lysoPC (EDs,,
53.7 ug-kg™) or 1-(15-HEPE)-lysoPC (EDso, 35.7 ug-kg™) were
more potent than 1-eicosapentaenoyl-lysoPC in suppressing
the zymosan A-induced peritonitis (Figure 2), indicating that
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Figure 3

Effect of 1-(15-HPEPE)-lysoPC, in combination with 15-LOX inhibitor
(PD146176), on zymosan A-induced plasma leakage in mice. 1-
(15-HPEPE)-lysoPC (0-150 nug-kg™") and PD146176 (100 mg-kg™),
dissolved in phosphate-buffered saline (PBS), were administered i.v.
and i.p., respectively, to mice 30 min prior to i.v. administration of
Evans blue dye, followed by i.p. administration of zymosan A
(100 mg-kg™). After 60 min, the peritoneum was lavaged with sterile
cold PBS, and the plasma leakage was determined as described in
Methods. Values are means = SEM (n = 7-10). *P < 0.05; **P < 0.01,
versus zymosan A-treated group; ###P < 0.001 versus PBS-treated
group (one-way ANOVA followed by the Newman-Keuls-Student’s
test).

15-lipoxygenation of 1-eicosapentaenoyl-lysoPC may be
crucial for its anti-inflammatory activity. In comparison,
1-(15-HEPE)-lysoPC seemed to be slightly more potent than
1-(15-HPEPE)-lysoPC at inducing a suppressive action.
In contrast, 15-hydroperoxyeicosapentaenoic acid up to
150 ug-kg' (data not shown) did not suppress zymosan
A-induced peritonitis, confirming the structural importance
of lysoPC for anti-inflammatory action. Separately, in order
to see whether 15-lipoxygenation products, endogenously
generated in vivo, can affect the anti-inflammatory action of
1-(15-HEPE)-lysoPC, the effect of 1-(15-HPEPE)-lysoPC on
zymosan A-induced plasma leakage was assessed in combina-
tion with PD146176, an inhibitor of 15-LOX. When
15-HPEPE-lysoPC  and PD146176 were simultaneously
administered i.v and i.p., respectively, to mice 30 min prior to
i.p. administration of zymosan A, it was found that
PD146176 did not significantly affect the suppressive effect of
1-(15-HPEPE)-lysoPC on zymosan A-induced plasma leakage
(Figure 3), suggesting that 15-lipoxygenation products,
endogenously generated, are not involved in the anti-
inflammatory effects of 1-(15-HPEPE)-lysoPC.

Structural importance of 1-(15-HEPE)-lysoPC,
administered i.p., for anti-inflammatory
action

Subsequently, 1-(15-HEPE)-lysoPC was administered i.p. to
mice, and then its anti-inflammatory action was extensively
examined. As shown in Figure 4, i.p. 1-(15-HEPE)-lysoPC
(EDso, 28.6 pg-kg™) was more potent at suppressing plasma
leakage than i.v. administration (EDs,, 35.7 ug-kg™). In a
further study, it was observed that the suppressive effect of
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Figure 4

Effect of each polyunsaturated lysoPC hydroxide, administered i.p.,
on zymosan A-induced plasma leakage in mice. 1-(15-HETE)-lysoPC,
1-(17-HDHE)-lysoPC or 1-(15-HEPE)-lysoPC, dissolved in phosphate-
buffered saline (PBS), was administered i.p. to mice (0-150 ug-kg™).
The effect on zymosan A-induced plasma leakage was assessed
as described in Figure 2. Values are means + SEM (n=10) *P < 0.05;
**P < 0.01; ***P < 0.001 versus zymosan A-treated group; ###P <
0.001 versus PBS-treated group (one-way ANOVA followed by the
Newman-Keuls-Student’s test).

1-(15-HEPE-lysoPC) on plasma leakage was comparable to
that of 1-(17-hydroxydocosahexaenoic acid)-lysoPC (EDso,
32.03 pug-kg™), but greater than that of 1-(15-HETE)-lysoPC
(EDso, 43.1 pg-kg™) (Figure 4). To further examine the anti-
inflammatory action of i.p. 1-(15-HEPE)-lysoPC, the total
number of leucocytes in the peritoneum were determined. As
shown in Figure SA, 1-(15-HEPE)-lysoPC attenuated zymosan
A-induced infiltration of leucocytes into the peritoneum. Fur-
thermore, the infiltration of neutrophils, measured as MPO
activity in the lysate of infiltrated cells, was also diminished
dramatically in groups treated with i.p. 1-(15-HEPE)-lysoPC
(Figure 5B). In contrast, no significant suppression of plasma
leakage and leucocyte infiltration was induced by 15-HEPE up
to 150 pg-kg™. Thus, 1-(15-HEPE)-lysoPC was much more
potent than 15-HEPE at inducing an anti-inflammatory
effect.

Time course of zymosan A-induced plasma
leakage and leucocyte infiltration in mice
treated i.p. with 15-(HEPE)-lysoPC

In order to investigate the time-dependent effect of
15-(HEPE)-lysoPC on zymosan A-induced inflammation, the
time course of plasma leakage and leucocyte infiltration were
investigated. As shown in Figure 6A, plasma leakage sharply
reached its maximal level at 2 h, and declined gradually to its
control level within 10 h in mice treated with zymosan
A alone. Meanwhile, the inclusion of 15-HEPE-lysoPC
decreased zymosan A-induced plasma leakage by approxi-
mately 50% in the early phase as well as the late phase, but
did not attenuate the time to peak of plasma leakage. In a
related experiment, the leucocyte infiltration was gradually
augmented to its maximal level (12 h), and then declined.

Anti-inflammatory effect of 1-(15-HEPE)-lysoPC
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Figure 5

Effect of 1-(15-HEPE)-lysoPC or 15-HEPE, administered i.p., on
zymosan A-induced leucocyte infiltration in mice. (A) 15-HEPE or
1-(15-HEPE)-lysoPC, dissolved in phosphate-buffered saline (PBS),
was administered i.p. 30 min prior to i.p. administration of zymosan
A (100 mg-kg™) to evoke peritonitis. Total cells were counted in
lavage fluid collected at the 120 min time point by using light
microscopy together with tryphan blue staining. (B) The number of
peritoneal neutrophils, assessed by MPO activity in lysis buffer, deter-
mined by MPO chlorination assay kit. Values are means = SEM (n =
10). *P < 0.05; **P < 0.01; ***P < 0.001 versus zymosan A-treated
group; ###P < 0.001 versus PBS-treated group (one-way ANOVA
followed by the Newman-Keuls-Student’s test).

Meanwhile, as displayed in Figure 6B, 15-HEPE-lysoPC treat-
ment inhibited leucocyte infiltratrion by approximately 50%
in the early phase and by 40% in the late phase. However, it
had a negligible effect on the time to peak of leucocyte
infiltration. These results indicate that 15-HEPE-lysoPC exerts
a suppressive action during the inflammatory phase as well as
resolution phase of the response, consistent with previous
findings obtained after aspirin-triggered lipoxin administra-
tion (Schwab et al., 2007).

Suppressive effect of i.p. 1-(15-HEPE)-lysoPC
on the formation of pro-inflammatory lipid
mediators in the peritoneum

The effect of 1-(15-HEPE)-lysoPC on the formation of pro-
inflammatory lipid mediators, responsible for increase of
vascular permeability, was examined. Firstly, the effect of
1-(15-HEPE)-lysoPC on the level of peritoneal LTC, or PGE,,
largely responsible for the increase in vascular permeability in
zymosan A-induced peritonitis (Kolaczkowska et al., 2008),
was investigated. Figure 7A shows that 1-(15-HEPE)-lysoPC
markedly inhibited zymosan A-induced formation of LTC, in
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Figure 6

Time-dependent effect of 15-HEPE-lysoPC on zymosan A-induced
plasma leakage and leucocyte infiltration. (A) Mice was administered
either 15-HEPE-lysoPC (50 ng-kg™") or phosphate-buffered saline
(PBS) 30 min prior to i.v. administration of Evans blue dye, followed
by zymosan A treatment. At indicated time points (0.5-24 h) after
zymosan A challenge, lavage was collected and plasma leakage was
determined as described in Figure 2. (B) Mice were administered i.p.
either 15-HEPE-lysoPC (50 ug-kg™") or PBS 30 min prior to zymosan
A treatment. At different time points after zymosan A challenge,
lavage was collected and leucocyte infiltration was assessed by using
light microscopy and a Neubauer chamber. Values are means = SEM
(n=5).*P<0.05, **P < 0.01, ***P < 0.01 versus PBS treated group
(one-way ANOVA followed by the Newman—Keuls-Student’s test).

peritoneum in a dose-dependent manner while 15-HEPE had
only a small effect, indicating 1-(15-HEPE)-lysoPC is much
more potent than 15-HEPE in reducing the level of LTC,.
Noticeably, there seemed to be a parallel relationship between
the suppression of LTC, formation and the inhibition of
plasma leakage. However, the suppressive effect of 1-(15-
HEPE)-lysoPC  on PGE, formation was not significant
(Figure 7B). In fact, administration of 15-HEPE seemed to
enhance the level of PGE,, although no significant difference
between the 15-HEPE-treated group (15-150 ug-kg") and the
zymosan A alone-treated group was found.

In addition, the effect of 1-(15-HEPE)-lysoPC on the for-
mation of LTB,, a chemo-attractant factor responsible for
increased leucocyte infiltration, was examined. As shown
in Figure 7C, i.p. 1-(15-HEPE)-lysoPC, markedly inhibited
zymosan A-induced formation of LTB, in the peritoneum,
whereas 15-HEPE had only a slight effect, consistent with
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1-(15-HEPE)-lysoPC being much more potent than 15-HEPE
in reducing leucocyte infiltration. From the suppressive effect
of 1-(15-HEPE)-lysoPC on both LTB; and LTC, formation, it
was hypothesized that 1-(15-HEPE)-lysoPC or its metabolite
inhibits peritoneal 5-LOX, responsible for the formation of
leukotrienes from arachidonic acid (Funk, 2001). To test this
possibility, peritoneal cells were collected from ICR mice, and
the inhibitory effect of 1-(15-HEPE)-lysoPC or 15-HEPE on
the formation of LTB4 and LTC, in zymosan A-treated perito-
neal cells in the presence of 10% serum was examined. As
shown in Figure 8, 1-(15-HEPE)-lysoPC at 0.75 to 7.5 uM,
close to the concentrations estimated from doses used in
animal experiments, effectively reduced LTB, and LTC, for-
mation in peritoneal cells, reaffirming that 1-(15-HEPE)-
lysoPC or its metabolite inhibits cellular 5-LOX in the
peritoneum. In contrast, 15-HEPE, up to 7.5 uM, had no
inhibitory effect on zymosan A-induced formation of leukot-
rienes under our conditions. Hence, it is likely that 1-(15-
HEPE)-lysoPC is much more efficient than 15-HEPE at
inhibiting 5-LOX activity in peritoneal cells stimulated with
zymosan A in the presence of 10% serum (Figure 8A).

Separately, to clarify the structural requirements of
15-HETE derivatives for the inhibition of 5-LOX, we exam-
ined the inhibitory effect of 1-(15-HEPE)-lysoPC and 15-HETE
on 5-LOX activity from potato. This potato 5-LOX activity
was potently inhibited by 15-HEPE (ICso, 12 uM), but 1-(15-
HEPE)-lysoPC had no significant effect up to 40 uM (data not
shown). This result supports our hypothesis that the suppres-
sive effect of 1-(15-HEPE)-lysoPC on the level of leukotrienes
in peritoneal cells is due to the direct inhibition of 5-LOX by
15-HEPE, its hydrolysis product. In this respect, it is highly
likely that 1-(15-HEPE)-lysoPC corresponds to a precursor for
15-HETE in vivo and ex vivo.

Suppressive effect of i.p. 1-(15-HEPE)-lysoPC
on the formation of pro-inflammatory
cytokines

In a separate experiment, the effect of 1-(15-HEPE)-lysoPC on
the level of cytokines such as TNF-o, IL-1p, IL-2, IL-6 or IFN-y
was examined in peritoneum of mice treated with zymosan
A. As demonstrated in Figure 9, 1-(15-HEPE)-lysoPC markedly
inhibited zymosan A-induced formation of cytokines such as
TNF-q, IL-2, IL-6 or IFN-y, in contrast to 15-HEPE that had a
negligible effect. Furthermore, this inhibitory effect was
exhibited by 1-(15-HEPE)-lysoPC at low doses ranging from
15 to 150 pg-kg™, providing further support for the anti-
inflammatory actions of 1-(15-HEPE)-lysoPC. To elucidate the
mechanism of this decrease in pro-inflammatory cytokines
levels induced by 1-(15-HEPE)-lysoPC, the level of peritoneal
12-HETE, which has been reported to increase the level of
pro-inflammatory cytokines such as TNF-o or IL-6 in cells
treated with endotoxin (Wen et al., 2007; Chakrabarti et al.,
2009; Moreno, 2009b), was determined. As shown in
Figure 10, 1-(15-HEPE)-lysoPC dose-dependently inhibited
zymosan A-induced 12-HETE formation in peritoneum in
accordance with its suppressive effect on the level of pro-
inflammatory cytokines. Thus, part of the anti-inflammatory
effect of 1-(15-HEPE)-lysoPC may be ascribed to the inhibi-
tion of 12-LOX such as leucocyte 12/15-LOX (Wen et al.,
2007). For the effective inhibition of 12-LOX, 15-HEPE may



Anti-inflammatory effect of 1-(15-HEPE)-lysoPC

A ® 15-HEPE
7 #i## 0O 1-(15-HEPE) lysoPC
- * *
=
g 4 4 Kk
ep
$ *%
2 -
|
0 ’_L_E T T T T 1
PBS Zymosan 15 50 150
B 5+ = 15-HEPE
4 - O 1-(15-HEPE)-ly soPC
E it
3 —
e
= 5
L1 -
(1] '_ﬁll T T T T 1
PBS Zymosan 15 S0 150
C 4- ##%;## = 15-HEPE
O1-AS5-HEPE)-lysoPC
=
g
22 * *
o Kk
=
“ T ] T ] 1
PBS Zymosan 15 50 150

Figure 7

Dose, ug-kg‘l

Effect of i.p. 15-HEPE or 1-(15-HEPE)-lysoPC on zymosan A-induced formation of pro-inflammatory lipid mediators in mice. 15-HEPE or
1-(15-HEPE)-lysoPC, dissolved in phosphate-buffered saline (PBS), was administered i.p. to mice (0-150 pg-kg™) 30 min prior to i.p. administra-
tion of zymosan A. After 60 min, peritoneal lavages were collected, and levels of LTC, (A), PGE, (B) and LTB, (C) were determined as described
in Methods. Values are means = SEM (n = 7). *P < 0.05; **P < 0.01 versus zymosan A-treated group; ###P < 0.001 versus PBS-treated group

(one-way ANOVA followed by the Newman-Keuls-Student’s test).

be more important than 1-(15-HEPE)-lysoPC, as 15-HEPE has
been reported to potently inhibit 12/15-LOX (Tsunomori
etal., 1996).

Enzymatic release of acid from 1-acyl -lysoPC
in vivo and ex vivo

Overall, it was observed that 1-(15-HEPE)-lysoPC was more
potent than 15-HEPE at expressing anti-inflammatory actions
in in vivo and ex vivo systems. Such a difference of activity
between two lipids may be due to a different effectiveness in
reaching target cells. It is quite possible that 1-(15-HEPE)-
lysoPC readily passes through the cellular membrane, and
then is hydrolysed by cellular hydrolytic activity to release
free 15-HEPE. In this respect, it is possible that peritoneal cells

contain a lipase that hydrolyses 1-acyl-lysoPC. To test this,
1-(15-HETE)-lysoPC, another lysoPC derivative, was adminis-
tered i.p. into peritoneum of mice, and the formation of
15-HETE from 1-(15-HETE)-lysoPC in peritoneum was deter-
mined by using a 15-HETE EIA kit, commercially available. As
shown in Figure 11A, the formation of 15-HETE in perito-
neum was elevated in accordance with increasing dose of
1-(15-HETE)-lysoPC, showing that 1-(15-HETE)-lysoPC was
hydrolysed by a lipase in the peritoneum. Furthermore, in a
separate experiment, where 1-(15-HETE)-lysoPC was incu-
bated with peritoneal cells collected from peritoneum of mice
treated with zymosan A (Figure 11B), 15-HETE was found to
be released from 1-(15-HETE)-lysoPC time-dependently, reaf-
firming the presence of lipase activity in peritoneal cells.
These data support the notion that 1-(15-HETE)-lysoPC and
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Figure 8

Effect of 15-HEPE and 1-(15-HEPE)-lysoPC on zymosan A-induced
LTB4 (A) and LTC,4 (B) production in resident peritoneal cells. Perito-
neal cells (5 x 10* cells-mL™"), harvested and pretreated with 1-(15-
HEPE)-lysoPC or 15-HEPE for 2 min, followed by addition of zymosan
A (100 ug-mL™") and incubated for 20 h at 37°C. Levels of LTB, and
LTC4 in the cell-free cultured supernatant were measured as
described in Methods. Values are means = SD of triplicate determi-
nations. *P < 0.05; **P < 0.01; ***P < 0.001 versus zymosan A-treated
group. ###P < 0.001 versus PBS-treated group (one-way ANOVA
followed by the Newman-Keuls-Student’s test).

1-(15-HEPE)-lysoPC are hydrolysed by cellular lipase to gen-
erate 15-HETE and 15-HEPE respectively, which directly par-
ticipate in the anti-inflammatory effect.

Effect of 1-(15-HEPE)-lysoPC on
inflammation induced by LTB4 or LTC,
Previously, it was found that 15-HEPE not only inhibits LTB,
formation but also suppresses LTB;-induced chemotaxis (Ter-
nowitz et al., 1988). Separately, the inflammatory action of
LTB4 and LTD, had been reported to be suppressed by LXA,
(Pouliot etal., 2000) and resolvin D1 (Spite etal., 2009)
respectively. Accordingly, it is possible that the anti-
inflammatory action of 1-(15-HEPE)-lysoPC could be par-
tially related to the suppression of inflammation induced by
LTB4 and/or LTD,. To prove this, the effect of 1-(15-HEPE)-
lysoPC on either LTCsinduced increase in vascular perme-
ability or LTBs-induced leucocyte infiltration was examined.
As demonstrated in Figure 12A, administration of 1-(15-
HEPE)-lysoPC at 15, 50 and 150 pg-kg™" suppressed LTC,-
induced increase in vascular permeability by 18 %, 33%
and 55% respectively. Thus, 1-(15-HEPE)-lysoPC exhibited a
limited but significant suppression of vascular permeability
induced by LTC,. Similarly, LTB,-induced leucocyte infiltra-
tion was also suppressed by injection of 1-(15-HEPE)-lysoPC,
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although a complete suppression was not achieved
(Figure 12B). Taken together, these data suggest that some
part of the anti-inflammatory action of 1-(15-HEPE)-lysoPC
may involve mechanisms other than the inhibition of
5-LOX activity. A possible mechanism for the above may
be derived from the notion that 1-(15-HEPE)-lysoPC may be
hydrolysed by a lipase to form 15-HEPE, which can be
further converted to anti-inflammatory lipoxin As, formerly
called lipoxene (Pettitt etal., 1991), according to the
pathway for the formation of LXA, from 15-HETE via
5-hydroperoxy, 15-HETE (Pouliot et al., 2000). In an attempt
to substantiate this notion, the conversion of 15-HETE-
lysoPC to LXA,; in peritoneum of mice challenged with
zymosan A was assessed by employing LXA, EIA kit system,
commercially available. Figure 13 demonstrates that the for-
mation of LXA, increased correspondingly with the dose of
i.p.15-HETE-lysoPC, from 15 to 150 ug-kg™'. It is noteworthy
that there appeared to be a good relationship between LXA,
formation and 15-HETE formation (Figure 11A) in perito-
neum of mice administered 15-HETE-lysoPC, suggesting that
the peritoneum contains enzyme systems necessary for the
formation of a lipoxin type metabolite from 15-HETE-
lysoPC. In a further experiment to examine whether lipoxin
As is implicated in the anti-inflammatory action of 15-HEPE-
lysoPC, 15-HEPE-lysoPC was concomitantly administered
with Boc2, a lipoxin receptor antagonist (von der Weid et al.,
2004). As shown in Figure 14, Boc2 (10 ug-kg™') partially
reverted the suppressive effect of 15-HEPE-lysoPC (50 and
150 ug-kg') on leucocyte infiltration, indicating that the
anti-inflammatory action of 15-HEPE-lysoPC can at least
partially be ascribed to lipoxin As.

Discussion

A new family of endogenous anti-inflammatory and pro-
resolving lipid mediators derived from omega 3-
polyunsaturated fatty acids have been discovered including
resolvins, maresin and protectin D (Serhan and Savill, 2005;
Bazan, 2009; Serhan etal., 2009). These lipid mediators,
actively biosynthesized in the resolution phase of acute
inflammation, control the duration and magnitude of
inflammation (Serhan, 2005b; Serhan and Savill, 2005).
Whereas the anti-inflammatory actions of lipid mediators
derived from polyunsaturated fatty acids are well-established
(Schwab and Serhan, 2006; Tjonahen et al., 2006; Sun et al.,
2007; Hong etal., 2008), the anti-inflammatory effects of
lysoPC derivatives are contentious. Recently, i.v and i.p.
1-arachidonoyl-lysoPC and 1-docosahexaenoyl-lysoPC have
been shown to have an anti-inflammatory effect on zymosan
A-induced peritonitis (Hung et al., 2009; 2010); they demon-
strated that the suppression of plasma leakage and leucocyte
infiltration was accompanied by a reduction in the formation
of LTC, and some cytokines. Further, it was consistently
observed that 15-lipoxygenation products were more potent
than their corresponding polyunsaturated fatty acylated
lysoPC in preventing the plasma leakage, suggesting that
15-LOX is involved in the metabolic activation of
1-arachidonoyl-lysoPC or 1-docosahexaenoyl-lysoPC. Like-
wise, in the present study, the greater potency of 1-(15-
HPEPE)-lysoPC  compared to 1-eicosapentaenoyl-lysoPC,
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Effect of 1-(15-HEPE)-lysoPC and 15-HEPE on zymosan A-induced formation of pro-inflammatory cytokines in mice. 15-HEPE or 1-(15-HEPE)-
lysoPC, dissolved in phosphate-buffered saline (PBS), was administered i.p. to mice (0-150 pug-kg™) 30 min prior to i.p. administration of zymosan
A. After 60 min, peritoneal lavage was collected, and levels of TNF-o. (A), IL-6 (B), IL-2(C) and IFN-y (D) were determined. Values are means + SEM
(n=7). *P < 0.05; **P < 0.01; ***P < 0.001 versus zymosan A-treated group; ###P < 0.001 versus PBS-treated group (one-way ANOVA followed
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Effect of i.p. 1-(15-HEPE)-lysoPC on zymosan A-induced formation of
12-HETE in the peritoneum. 1-(15-HEPE)-lysoPC was administered
i.p. to mice (0-150 ug-kg™) 30 min prior to i.p. administration of
zymosan A. After 60 min, peritoneal lavage was collected, and the
level of 12-HETE was determined by EIA assay kit. Values are means
+ SEM (n=7). *P<0.05; **P < 0.01 versus zymosan A-treated group;
###P < 0.001 versus PBS-treated group (one-way ANOVA followed by
the Newman-Keuls-Student’s test).

indicates that oxygenation of 1-eicosapentaenoyl-lysoPC
by 15-LOX may correspond to a metabolic activation
of 1-eicosapentaenoyl-lysoPC. Thus, 15-lipoxygenation is
required for metabolic activation of polyunsaturated fatty

acylated lysoPC. Another metabolic pathway for polyunsatu-
rated lysoPC involves a hydrolytic process. Previous studies
have demonstrated that arachidonic acid has both pro-
inflammatory and anti-inflammatory properties, whereas
eicosapentaenoic acid is an anti-inflammatory (Wall et al.,
2010). Therefore, the greater anti-inflammatory action of
1-eicosapentaenoyl-lysoPC, compared to 1-arachidonoyl-
lysoPC, suggests that the hydrolytic product, rather than the
lysoPC itself, might be important for the anti-inflammatory
action of lysoPCs. In support of this, leukotriene Bs and
leukotriene Cs, derived from eicosapentaenoic acid, have
been reported to be less pro-inflammatory than leukotrienes
B, and C,, respectively, derived form arachidonic acid
(Moreno, 2009a). Additionally, 15-HEPE, produced from
15-lipoxygenation of eicosapentaenoic acid, was equipotent
or more potent than 15-HETE, derived from arachidonic acid,
in expressing an inhibitory effect on 5-LOX (Miller efal.,
1989; Vang and Ziboh, 2005), necessary for the biosynthesis
of leukotrienes. Meanwhile, the anti-inflammatory action of
lipoxin As, derived from eicosapentaenoic acid, was found to
be similar to that of LXA4 from arachidonic acid (Wong et al.,
1985; Lam and Wong, 1988; Stahl et al., 1989). Despite the
different efficacy between 1-eicosapentaenoyl-lysoPC and
1-arachidonoyl-lysoPC, a similar anti-inflammatory potency
between 1-(15-HPETE)-lysoPC and 1-(15-HPEPE)-lysoPC led
to the assumption that the peroxide derivatives of lysoPC
may exert their anti-inflammatory effects through the same
mechanisms. Also, it is conceivable that 15-HPETE and
15-HPEPE, derived from the hydrolysis of 1-(15-HPETE)-
lysoPC and 1-(15-HPEPE)-lysoPC, respectively, may go
through the same metabolic pathway. In our present study,
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Figure 11

Conversion of 1-(15-HETE)-lysoPC to 15-HETE in vivo and ex vivo. (A)
Effect of i.p. 1-(15-HETE)-lysoPC on zymosan A-induced formation of
15-HETE in the peritoneum. 1-(15-HETE)-lysoPC was administered
i.p. to mice (0-150 ug-kg™) 30 min prior to i.p. administration of
zymosan A. After 60 min, peritoneal lavages were collected, and the
levels of 15-HETE were determined by EIA assay kit. Values are means
+ SEM (n=7). *P<0.05; **P < 0.01 versus zymosan A-treated group;
###P < 0.001 versus PBS-treated group (one-way ANOVA followed by
the Newman-Keuls-Student’s test). (B) Time-dependent 15-HETE
formation in peritoneal cells treated with 1-(15-HETE)-lysoPC. Peri-
toneal cells (5 x 10* cells-mL™") were incubated with 1-(15-HETE)-
lysoPC (7.5 uM) and zymosan A (100 pug-mL™") at 37°C in a 5% CO,
humid air. Then, at different time intervals (30, 60 or 120 min), the
levels of 15-HETE in the cell-free cultured supernatants were mea-
sured by EIA assay kit. Data are expressed as means = SD values of
triplicate determinations.

nonetheless, the anti-inflammatory effect of 1-(15-HEPE)-
lysoPC was somewhat greater than that of 1-(15-HPEPE)-
lysoPC. This led us to assume that the peroxide moiety is not
important for maximal anti-inflammatory action. Moreover,
in the in vivo system, 1-(15-HPEPE)-lysoPC is supposed to be
readily reduced to a more stable hydroxyl form, 1-(15-HEPE)-
lysoPC, by glutathione peroxidase (Huang et al., 2009). In
this respect, 1-(15-HEPE)-lysoPC is highly likely to be the
robust metabolite accountable for the anti-inflammatory
effect of 1-eicosapentaenoyl-lysoPC in vivo. Further, 1-(15-
HEPE)-lysoPC may be hydrolysed by cellular lipase to
produce 15-HEPE, an inhibitor of 5-LOX and 12-LOX (Miller
et al., 1989; Tsunomori et al., 1996), as well as a precursor for
the formation of anti-inflammatory lipids such as lipoxin As
(Lam and Wong, 1988).

However, i.p. 15-HEPE failed to inhibit zymosan
A-induced plasma leakage, despite previous findings that
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Figure 12

Effect of i.p. 1-(15-HEPE)-lysoPC on LTCsinduced plasma leakage
and LTB4-induced leucocytes infiltration in mice. (A) 1-(15-HEPE)-
lysoPC was administered i.p. to mice (0-150 pug-kg™') 30 min prior to
i.v. administration of Evans blue dye (5%, 100 uL) followed by i.p.
administration of LTC4 (10 mg-kg™). Peritoneal lavages were col-
lected at the 60 min time point and plasma leakage was determined
as described in Figure 2. (B) 1-(15-HEPE)-lysoPC (0-150 pg-kg™) was
administered i.p. to mice 30 min prior to i.p administration of LTB,
(10 mg-kg™). After 120 min, peritoneal lavage samples were col-
lected and total cell counts performed. Values are means + SEM (n =
10). *P < 0.05; **P < 0.01; ***P < 0.001 versus zymosan A-treated
group; ###P < 0.001 versus PBS-treated group (one-way ANOVA
followed by the Newman-Keuls-Student’s test).

15-HEPE itself inhibited 5-LOX activity potently in vitro
(Miller et al., 1989). This result might be because i.p. 15-HEPE
binds to serum proteins before reaching its target cells
(Thumser et al., 1994) or is easily incorporated into cellular
lipids during cell activation (Engelmann etal., 1999). In
this regard, it was suggested that lysoPC form might
be an efficient precursor for the delivery of the
15-hydroxyeicosapentaenoyl group to target cells as well as
tissues in vivo. It is of note that 1-(15-HEPE)-lysoPC was
found to have an anti-inflammatory effect at relatively low
doses (15 or 50 pg-kg™), estimated to be equivalent to a few
uM in the peritoneal cavity. If it is supposed that 1-(15-
HEPE)-lysoPC is entrapped selectively into peritoneal cells, it
is conceivable that the cellular level of 1-(15-HEPE)-lysoPC
may be augmented several-fold, accumulating to a level suf-
ficient to influence target enzymes.

Previously, it was reported that in zymosan A-induced
peritonitis, early vascular permeability, followed by subse-
quent infiltration of neutrophils into peritoneum, depended
largely on cysteinyl-leukotrienes released by resident perito-
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Effect of i.p. 1-(15-HETE)-lysoPC on zymosan A-induced formation of
lipoxin A4 in mice. 1-(15-HETE)-lysoPC (0-150 pg-kg™") was admin-
istered i.p. to mice 30 min prior to i.p. administration of zymosan A
(100 mg-kg™). After 60 min, peritoneal lavages were collected, and
the level of lipoxin A; was determined by EIA assay kit. Values are
means = SEM (n = 7). *P < 0.05; **P < 0.01; ***P < 0.001 versus
zymosan A-treated group; ###P < 0.001 versus PBS-treated group
(one-way ANOVA followed by the Newman—Keuls-Student’s test).
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Effect of lipoxin receptor antagonist (Boc2) on 15-HEPE-lysoPC-
induced suppression of zymosan A-induced leucocyte infiltration.
Mice were treated i.p. with either only 15-HEPE-lysoPC (50 and
150 ug-kg™) or 15-HEPE-lysoPC in combination with Boc2 of
10 pg-kg™ 30 min prior to i.p. administration of zymosan A. Four
hours later, mice were killed by isoflurane inhalation and the perito-
neum was lavaged with 3 mL of sterile phosphate-buffered saline
(PBS). Total leucocyte infiltration was assessed by light microscopy
and tryphan blue staining. Values are means = SEM (n=5).*P < 0.05,
**P < 0.01, ***P < 0.001 versus zymosan A-treated group; ###P <
0.001 versus PBS-treated group;+P < 0.05 (significantly different
among treatment groups) (one-way ANOVA followed by the
Newman-Keuls-Student’s test).

neal macrophages, and to a lesser extent, on histamine from
mast cells and PGE, of multiple cellular origins (Leite ef al.,
2007; Kolaczkowska et al., 2008). Consistent with the above,
1-(15-HEPE)-lysoPC reduced the formation of LTC, in perito-

Anti-inflammatory effect of 1-(15-HEPE)-lysoPC

neum exudate from mice treated with zymosan A. Previously,
the infiltration of neutrophils into peritoneum had been
reported to be ascribed mainly to LTB, (Griswold et al., 1991).
Along this line, the infiltration of leucocytes into peritoneum
was also reduced in mice treated with 1-(15-HEPE)-lysoPC,
further confirming the anti-inflammatory action of 1-(15-
HEPE)-lysoPC. Taken together, these results strongly suggest
that one mechanism for the anti-inflammatory action of
1-(15-HEPE)-lysoPC may be ascribed to its suppressive effect
on the formation of pro-inflammatory lipid mediators, LTB,
or LTC,. As LTC, and LTB, are known to be generated form
5-LOX-catalysed oxygenation of arachidonic acid, it was sup-
posed that the suppressive effect of 1-(15-HEPE)-lysoPC on
LTC, and LTB, formation in peritoneum could be largely due
to the inhibition of 5-LOX by 1-(15-HEPE)-lysoPC or
15-HEPE, its hydrolysis product. Although 1-(15-HEPE)-
lysoPC suppressed LTB, formation in peritoneal cells col-
lected from peritoneum of mice challenged with zymosan A
(ICso, ~3.0 uM), it had no effect on LTB, formation in mice
not treated with zymosan A (Hung & Sok, unpubl. data).
Moreover, 1-(15-HEPE)-lysoPC failed to significantly inhibit
potato 5-LOX activity up to 40 uM. Meanwhile, 15-HEPE,
which had previously been reported to potently inhibit
5-LOX activity in RBL-1 cells with an ICs, value of 10-20 uM
(Miller et al., 1989), potently inhibited potato 5-LOX activity
(ICso, 12 uM). From these findings, it is clear that the inhibi-
tion of 5-LOX activity by 15-HEPE, rather than 1-(15-HEPE)-
lysoPC, may be implicated in the anti-inflammatory action of
1-(15-HEPE)-lysoPC. Further support for this hypothesis
comes from the finding that 15-HEPE can be utilized as a
substrate for 5-LOX, but not 1-(15-HEPE)-lysoPC (Hung &
Sok, unpubl. data). Separately, it was supposed that 15-HEPE,
a hydrolysis product of 15-HEPE-lysoPC, may inhibit the
peritoneal 12-LOX activity responsible for the formation of
12-HETE, as suggested from the marked inhibition of leuco-
cyte 12/15-LOX by 15-HETE (Tsunomori et al., 1996). Consis-
tent with this, the results from the present study indicate that
administration of 1-(15-HEPE)-lysoPC into the peritoneum
partially reduced the total amount of 12-HETE in the perito-
neum. In turn, the reduction in the level of peritoneal
12-HETE may lead to a decrease in the level of cytokines in
the peritoneum, as suggested from a previous report that
showed 12-HETE increased the cytokines level in cells treated
with endotoxin (Wen et al., 2007; Chakrabarti et al., 2009;
Moreno, 2009b). Furthermore, the pattern of 12-HETE reduc-
tion seems to correspond to that of cytokine reduction, sug-
gesting that reduced formation of cytokines such as TNF-o
and IL-6 may be at least partly be related to the decrease in
12-HETE. Additionally, it is possible that the decrease of
5-LOX activity may contribute to the reduction in the levels
of IL-2 or TNF-a (Bertolini et al., 2001). Based on these find-
ings, the suppressive effect of 1-(15-HEPE)-lysoPC on the level
of cytokines was at least partially ascribed to the inhibition of
5-LOX and/or 12-LOX activity by 15-HEPE, a hydrolysis
product of 1-(15-HETE)-lysoPC. Evidence for existence of
lipase activity in peritoneum is well provided in our present
studies; the administration of 1-(15-HETE)-lysoPC into the
peritoneum resulted in an increase of 15-HETE in the perito-
neal cavity. Moreover, the incubation of 1-(15-HETE)-lysoPC
with peritoneal cells in the presence of zymosan A resulted in
a time-dependent release of 15-HETE.
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Nonetheless, the possibility that 15-HEPE-lysoPC and/or
its metabolite may alter the availability of free arachidonic
acid or the level of calcium ion, or the transfer of free arachi-
donic acid to 5-LOX activating protein cannot be excluded
(Radmark and Samuelsson, 2010). Also, it is conceivable that
the lipids may interfere with the activation of 5-LOX by
mitogen-activated protein kinases (Radmark and Samuelsson,
2010) or extracellular signal-regulated kinase 1/2 (Burkert
etal.,, 2003). Thus, the possible effect 15-HEPE-lysoPC or
15-HEPE on 5-LOX could affect the formation of pro-
inflammatory mediators such as LTB;, LTC, and 12-HETE
in vivo.

Another possible mechanism for the anti-inflammatory
action of 15-HEPE-lysoPC could be its conversion to an anti-
inflammatory lipoxin-type derivative in vivo; 15-HEPE-lysoPC
may be hydrolysed by lipases, and then oxygenated by 5-LOX
to form 5-hydroperoxy, 15-HEPE, a precursor for the forma-
tion of lipoxin As (Wong et al., 1985; Lam and Wong, 1988;
Ho and Wong, 1990), which is known to possess the same
biological activity as LXA; (Maderna and Godson, 2009). In
this study, the formation of lipoxin As after administration of
1-(15-HEPE)-lysoPC in vivo was not examined, as a lipoxin As
EIA kit was not available. However, it is quite possible that
lipoxin As is generated from 1-(15-HEPE)-lysoPC in the
peritoneum, which contains a lipoxin-generating enzyme
system, as the formation of lipoxin As from 15-HEPE follows
the same pathway as the production of LXA, from 15-HETE
via 5-hydroperoxy, 15-HETE. Consistent with the above, in
the present study, LXA,; was produced dose-dependently in
the peritoneum following the administration of 1-(15-HETE)-
lysoPC, adding to the advantages of 1-(15-HETE)-lysoPC as an
anti-inflammatory lipid. From this, it is supposed that the
anti-inflammatory action of 1-(15-HEPE)-lysoPC in vivo may
be explained partly by the metabolic conversion of 1-(15-
HEPE)-lysoPC to lipoxin As. Consistent with this hypothesis,
Boc2, a lipoxin receptor antagonist, partially reverted the
suppressive effect of 15-HEPE-lysoPC on leucocyte infiltra-
tion, indicating that the anti-inflammatory action of
15-HEPE-lysoPC might be partially ascribed to lipoxin As
formation. However, the contributory role of lipoxin As is
probably less than expected, as the suppressive effect of
15-HEPE-lysoPC was relatively small after 12 h; this presum-
ably corresponds to the resolution phase. Nonetheless, the
time course for the suppressive effect of 15-HEPE-lysoPC was
comparable to that of aspirin-triggered lipoxin (Schwab
etal., 2007). Therefore, the anti-inflammatory effect of
15-HEPE-lysoPC may contain anti-inflammatory as well as
pro-resolving actions. This might partly explain why 1-(15-
HEPE)-lysoPC injection prevented LTB,- or LTCs-induced
inflammation in the present study, consistent with previous
reports that the inflammatory action of LTB, and LTD, is
suppressed by LXA, (Pouliot et al., 2000) or resolvin D1 (Spite
et al., 2009).

An additional plausible mechanism is that during the
inflammation process, some part of 1-(15-HEPE)-lysoPC is
re-acylated by acyl transferase to form phosphatidylcholine
containing 15-hydroxyeicosapentaenoyl group at C-2
(Jackson et al., 2008; Perez-Chacon et al., 2009); this process
may also lead to a reduction in the cytokine levels as
1-stearoyl, 2-(15-hydroxyeicosapentaenoyl)-PC has been
shown to have a negative effect on cytokine levels in LPS-
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stimulated cells (Morgan et al., 2009). Together, these find-
ings indicate that the anti-inflammatory effects of 1-(15-
HEPE)-lysoPC could result from effects of 1-(15-HEPE)-lysoPC
as well as its metabolites such as 15-HEPE and lipoxin As.
Thus, the anti-inflammatory action of 1-(15-HPEPE)-lysoPC
could be exerted through multiple mechanisms.

Previously it was shown that 1-arachidonoyl-lysoPC and
15-HPETE-lysoPC are more efficient than arachidonic acid
and 15-HPETE, respectively, at expressing anti-inflammatory
effects (Hung et al., 2009; 2010). The present data corroborate
the greater efficacy of 1-(15-HEPE)-lysoPC compared to
15-HEPE. Thus, it is proposed that lysoPC form may be more
efficient than its acid form in preventing the inflammatory
process in vivo. There may be at least two advantages of
lysoPC type lipids as acyl carriers: (i) 1-(15-HEPE)-lysoPC is an
efficient carrier of the acyl group for cellular uptake, whereas
15-HEPE is readily bound to proteins or directly incorporated
into the lipid membrane during cell activation; and (ii) 1-(15-
HEPE)-lysoPC is resistant to metabolism other than by
hydrolysis, whereas 15-HEPE is easily subjected to 5- or
12-lipoxygenation (Ho and Wong, 1990), oxidation by
15-HETE dehydrogenase (Sok et al., 1988) or re-acylation to
phospholipids (Ho and Wong, 1990; Jackson et al., 2008). On
the other hand, it is also possible that the anti-inflammatory
action of 1-eicosapentaenoyl-lysoPC is derived from the effect
of resolvin E or maresin E produced from eicosapentaenoic
acid (Tjonahen etal., 2006; Hong et al., 2008). However,
the greater efficacy of 1-(15-HEPE)-lysoPC, compared to
1-eicosapentaenoyl-lysoPC, supports the notion that the
formation of lipoxin As; via a S5-HEPE intermediate is
more important for the anti-inflammatory action of
1-eicosapentaenoyl-lysoPC than the formation of resolvin E
or maresin E.

Earlier studies indicated that lysoPC expressed cytotoxic
activity through a detergent-like function (Colles and
Chisolm, 2000). However, the finding that 1-(15-HEPE)-
lysoPC is bioactive at relatively low concentrations, much
below the critical micellar concentrations of lysoPCs,
excludes this possibility (Haberland and Reynolds, 1975).
Recently, lysoPCs, with saturated or monounsaturated acyl
group, known to be ligands for CD1d site, were reported to
increase cytokine secretion from T cells or monocytes (Fox
et al., 2009), in contrast to omega-3 polyunsaturated-lysoPC,
which reduced cytokine levels in spleen tissue of mice treated
with lipopolysaccharide (Kim et al., unpubl. data). Moreover,
this pro-inflammatory effect was expressed at concentrations
higher than 10 pM, in contrast to omega-3 polyunsaturated
lysoPC, which exhibited anti-inflammatory activity at micro-
molar concentrations. Although lysoPC can be taken in from
extraneous sources such as chow diet, most of the extraneous
lysoPC is readily hydrolysed by lipase before absorption into
intestines or bound to blood protein such as albumin.
Whereas the effect of lysoPC on CD1d site was expressed by
lysoPC itself, the anti-inflammatory action of 15-HEPE-
lysoPC was expressed by lipase hydrolysis. Moreover, the
anti-inflammatory effect of 15-HEPE-lysoPC was studied in
the zymosan A-induced acute inflammation model, where
lymphocytes do not have a significant impact (Kolaczkowska
etal., 2008).

In our previous study (Hung et al., 2010), oral administra-
tion of 2-docosahexaehoyl-lysoPC effectively prevented



zymosan A-induced peritonitis, and lysoPC has also been
shown to be effective at preventing inflammation in other
models (Kim et al., unpubl. data). Hence, 15-HEPE-lysoPC
might be one of many potent anti-inflammatory lipids in
vivo, and our results suggest that it probably induces its anti-
inflammatory effects by inhibiting the formation of pro-
inflammatory leukotrienes and cytokines, and by enhancing
the formation of lipoxin A.
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