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Abstract In the present study, the anti-inflammatory
action of lysophosphatidylethanolamine (lysoPtdEtn),
orally administered, in zymosan A-induced peritonitis was
examined. Oral administration of 2-DHA-lysoPtdEtn
(EDsg, ~111 pg/kg) or 2-ARA-lysoPtdEtn (EDsg, 221 pg/
kg) was found to inhibit the plasma leakage in mice treated
with zymosan A. In support of this, 2-polyunsaturated acyl-
lysoPtdEtn diminished the formation of LTC,, a lipid
mediator responsible for vascular permeability. Next,
2-DHA-lysoPtdEtn (EDsp, 110 pg/kg) or 2-ARA-lysoPt-
dEtn (EDs, 123 ng/kg) effectively inhibited the leukocyte
extravasation into the peritoneum. Consistent with this,
each polyunsaturated-lysoPtdEtn diminished the formation
of LTB4 and 12-HETE, potent chemotactic factors. Addi-
tionally, the level of pro-inflammatory mediator (IL-1 f,
IL-6, TNF-« or NO) was lowered remarkably in contrast to
the augmentation of anti-inflammatory interleukin IL-10.
Furthermore, 2-(15-HETE)-lysoPtdEtn and 2-(17-HDHE)-
lysoPtdEtn, 15-lipoxygenation product of 2-ARA-lysoPt-
dEtn and 2-DHA-lysoPtdEtn, respectively, were more
potent than corresponding lysoPtdEtn, suggesting the
action of 2-acyl-lysoPtdEtn might be expressed through
15-lipoxygenation. In support of this, the formation of
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15-HETE and LXA, was upgraded in accordance with an
increasing dose of 2-ARA-lysoPtdEtn. Separately, anti-
inflammatory actions, 2-polyunsaturated acyl-lysoPtdEtns
also drastically diminished leukocyte infiltration in a later
phase of zymosan A-induced peritonitis, indicating that
these lipids also possess pro-resolving activity. Taken
together, it is suggested that polyunsaturated lysoPtdEtns
and their lipoxygenation derivatives, could be classified as
potent anti-inflammatory lipids.

Keywords Anti-inflammatory - 2-ARA-lysoPtdEtn -
2-DHA-lysoPtdEtn - 2-(15-HETE)-lysoPtdEtn -
2-(17-HDHE)-lysoPtdEtn - Zymosan A

Abbreviations

2-ARA-lysoPtdEtn 1-Lyso-2-arachidonoyl-sn-
glycero-3-
phosphoethanolamine

2-DHA-lysoPtdEtn 1-Lyso-2-docosahexaenoyl-
sn-glycero-3-
phosphoethanolamine
1-Lyso-2-15(S)-
hydroperoxy-5,8,11,13-
eicosatetraenoyl-sn-glycero-
3-phosphoethanolamine
1-Lyso-2-15(S)-hydroxy-
5,8,11,13-eicosatetraenoyl-
sn-glycero-3-
phosphoethanolamine
1-Lyso-2-17(S)-hydroxy-
4,7,10,13,15,19-
docosahexaenoyl-sn-glycero-
3-phosphoethanolamine
1-Lyso-2-17-(S)-
hydroperoxy-

2-(15-HpETE)-lysoPtdEtn

2-(15-HETE)-lysoPtdEtn

2-(17-HDHE)-lysoPtdEtn

2-(17-HpDHE)-lysoPtdEtn
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4,7,10,13,15,19-
docosahexaenoyl-sn-glycero-
3-phosphoethanolamine

ARA Arachidonic acid

DHA Docosahexaenoic acid

15-HETE 15(S)-hydroxy-5,8,11,13-
eicosatetraenoic acid

17-HDHE 17-(S)-hydroxy-
4,7,10,13,15,19-
docosahexaenoic acid

LTB, Leukotriene B4

LTC, Leukotriene C4

PGE, Prostaglandin E,

LXA, Lipoxin A4

EDs 50% Effective dose

LOX Lipoxygenase

TNF-o Tumor necrosis factor alpha

IFN-y Interferon gamma

IL-1p Interleukin 1-beta

IL-6 Interleukin-6

Introduction

Inflammation is defined as a part of complex biological
responses of vascular tissue toward exogenous harmful
stimuli [1]. It becomes apparent that inflammation, nor-
mally results from an excessive inflammatory response or
failure of resolution [2], is recognized as a causative in
various diseases such as atherosclerosis, cancer, or asthma,
and some neuropathological disorders such as Alzheimer’s
disease or Parkinson’s disease. Additionally, lipid-derived
mediators have proved to actively participate in the
inflammation process and cooperate with others compo-
nents in regulating the biological response to inflammation
[3]. During the time course of inflammation, the lipid
mediator could switch from a pro-inflammatory class such
as prostaglandins and leukotrienes in the initial phase to
biosynthesis of an anti-inflammatory and pro-resolving
class including resolvin D series, resolvin E series, pro-
tectin D [4], maresin [5] in the resolution phase.
Lysophospholipid is a bioactive lipid class that plays
important roles in the physical function and pathological
conditions in the human body [6, 7]. Whereas the biolog-
ical function of lysophosphatidylcholine (lysoPtCho), an
abundant lysophospholipid in vivo, in inflammation it has
been extensively studied and proved to be dependent upon
the length and unsaturation degree of fatty acyl group [8,
9], the biological action of lysoPtdEtn, presents in human
serum at a level of about several hundred ng mL™", has
been still unknown [10] except that the report that lys-
oPtdEtn expressed a potent anti-inflammatory activity in
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colitis induced by rectal administration of ethanol and tri-
nitrobenzene sulfonic acid in rats [11]. Our recent works
have proved that polyunsaturated-lysoPtCho, containing
omega-3 or omega-6 fatty acid and its hydroxyl derivatives
possess potent anti-inflammatory properties in vivo as well
as in the in vitro model [8, 9, 12]. Anti-inflammatory
activity of polyunsaturated lysoPtCho was suggested to be
due to the combination effect of lysoPtCho itself and its
metabolites. Moreover, 15-hydroxy derivative or
17-hydroxy derivative, derived from the sequential action
of 15-LOX [13, 14] and GSH-peroxidase [15] on 1-ARA-
lysoPtCho and 1-eicosapentaenoyl-lysoPtCho or 1-DHA-
lysoPtCho, respectively, proved to possess more potent
anti-inflammatory activity than their corresponding lys-
oPtCho suggesting that 15-lipoxygenase might be crucial
for the anti-inflammatory effect of polyunsaturated lys-
oPtChos. However, the lysoPtCho form had been reported
to be cytotoxic at relative small concentrations, in contrast
to lysoPtdEtn which was less cytotoxic [16, 17]. Sepa-
rately, it was reported that 18:0a/15S-HETE-PE potently
inhibited cytokine generation in human monocytes, pro-
viding more evidence for anti-inflammatory activity of
phosphatidylethanolamine (PtdEtn) in vitro [18]. However,
it is still questionable whether polyunsaturated-lysoPtdEtn
could express anti-inflammatory activity as observed with
polyunsaturated acyl lysoPtCho. In this study we examined
the anti-inflammatory actions of 2-ARA-lysoPtdEtn and
2-DHA-lysoPtdEtn, their corresponding oxygenation prod-
ucts, 2-(15-HETE)-lysoPtdEtn and 2-(17-HpDHE)-lysoPt-
dEtn, respectively, to elucidate the mechanism responsible
for their anti-inflammatory actions.

Materials and Methods

C18 (plasm)-22:6 PtEtn and C18 (plasm)-20:4 PtEtn, ara-
chidonic acid (ARA), docosahexaenoic acid (DHA) (pur-
ity, 99%) were procured from Avanti Polar Lipids Inc.
(Alabaster, Alabama, USA). All the enzyme were from the
Sigma Company, unless otherwise indicated. Soybean
lipoxygenase-1 (Type I-B), zymosan A (Z4250-1G) (Sac-
charomyces cerevisiae) were purchased from Sigma-
Aldrich Corp. (St. Louis, MO, USA). 12/15-lipoxygenase
(porcine leukocyte, 135.6 units/ml), 15-lipoxygenase-2
(human recombinant, 250 units/ml), 15-LOX inhibitor (PD
146176), EIA assay kits for prostaglandin E, (PGE,),
15-HETE, leukotriene B, (LTB,), leukotriene C, (LTC,),
and the nitrate/nitrite colorimetric assay kit were from
Cayman Chemical (Ann Arbor, MI, USA). Lipoxin Ay
(LXA,) and 12-HETE were from Oxford Biochemical
Research Corp. (Box 522, Oxford, MI, USA) and Assay
Designs Corp., respectively. The EIA assay kit for
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12-HETE was supplied by Assay Design Inc. (Ann Arbor
MI, USA). ELISA assay kits for cytokines (TNF-a, IL-1p,
IL-4, IL-6 and IL-10) were obtained from eBioscience, Inc.
(Science Center Drive, San Diego, USA).

Preparation of 2-ARA-lysoPtdEtn
and 2-DHA-lysoPtdEtn

2-DHA-lysoPtdEtn and 2-ARA-lysoPtdEtn were from the
acidic hydrolysis of C18 (plasm)-22:6 PE and C18 (plasm)-
20:4 PE, respectively according to a previous report with
slight modification [19]. Briefly, PE was suspended in a
mixture of 2.5 M HCI (0.8 ml), methanol (2 ml) and
chloroform (1 ml) for 20 min at room temperature with
vigorous stirring. Hydrolysis products were extracted from
the reaction mixtures by the method of Bligh and Dyer and
further purified by TLC on silica gel 60 plate, which was
developed with a mobile solvent system (chloroform:
methanol: H,O; 65:25:4). Eventually, the band containing
lysoPtdEtn was scraped off, extracted with methanol and
kept at —80 °C until used.

Preparation of 2-(15-HETE)-lysoPtdEtn
and 2-(17-HDHE)-lysoPtdEtn

2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn (200 uM) was
oxidized by soybean LOX-1B (4 KU/ml) in 5 ml of borax
buffer (50 mM, pH 9.0) for 1 h. Then, hydroperoxide was
subsequently reduced to the corresponding hydroxide by
addition of SnCl, (1 mM) with vigorous stirring for 10 min
at room temperature. The hydroxide derivative product was
extracted using the Bligh and Dyer method [9, 20] and
further purified by RP-HPLC using Zorbrax eclipse XDB
C18 column (5 um, 50 x 4.6 mm, Agilent Technologies,
USA) with an isocratic solvent system (ACN: water: for-
mic acid; 60:40:0.1) [21]. The amount of 1-(15-HEPE)-
lysoPtdEtn or 2-(17-HDHE)-lysoPtdEtn was determined by
measuring absorbance of purified lipid at 234 nm using
Eimiem = 28,000, and the lipids were stored at —80 °C
until used [18]

Determination of Kinetic Values in LOXs-Catalyzed
Oxygenation of 2-ARA-lysoPtdEtn
or 2-DHA-lysoPtdEtn

Oxygenation of 2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn
by LOXs was monitored via the increase in absorbance at
234 nm according to the formation of conjugated diene. In
the kinetic study, lysoPtdEtns (0-20 pM) were incubated
with soybean LOX-1B (2.5 units/ml), porcine leukocyte
12/15 LOX (1 unit/ml), or human 15-LOX-2 (1 unit/ml) in
50 mM borax buffer (pH 9.0), 50 mM phosphate buffer
(pH 7.4) containing 5 mM EDTA and 0.03% Tween 20, or

50 mM Tris—=HCl buffer (pH 7.2) containing 0.003%
Tween 20, respectively. The kinetic parameters, Km and
Vm, were determined by Linwear—Burk plot analysis as
previously reported [9]. One unit of LOX activity was
defined as the amount of LOX that can produce one
nanomole of conjugated diene per min.

Identification of Oxygenation of 2-docosahexaenoyl-
lysoPtdEtn or 2-ARA-lysoPtdEtn by Soybean 15-LOX
Using LC/ESI-MS

Soybean 15-LOX-1B (10 units/ml) was incubated with
either 2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn (100 uM)
in 500 pl of 5 mM borax buffer (pH 9.0). After 30 min
incubation at room temperature, the reaction products
(30 ul) were directly analyzed by LC/ESI-MS which was
performed using a MSDI spectrometer (HP 1100 series
LC/MSA, Hewlett Packard, USA), equipped with a
Zorbrax eclipse XDB C18 column (5 pm, 50 x 4.6 mm,
Agilent Technologies, Washington, USA). The LC-MS
solution was utilized for data collection and manipulation.
The oxidized product was eluted (0.5 ml/min) with an
isocratic solvent system of 60% solvent B [0.1% formic
acid/acetonitrile in solvent A (0.1% formic acid/metha-
nol], and the eluent was monitored at 234 nm, full-scan
mass spectra were obtained within the range of m/z
400-700, and the data acquisition was conducted in both
negative and positive modes. The condition for EIS-MS
analysis of HPLC peak included a capillary voltage of
200 V, a drying gas flow of 1.5 mL/min, and a temper-
ature of 200 °C.

Animal Experiment

ICR mice (4-6 weeks of age, 29-30 g body weight) were
procured from Koatech Co., Korea, and housed in cages
(10 mice per cage) under viral antibody-free conditions.
Mice were fed with standard food (Sangyang Co., Korea)
that containing no less than 4.5% total fat with 0.26%
omega-3 fatty acid and <0.01% ARA acid. All animal
experiments were conducted according to the Guide for
Care and Use of Laboratory Animals of the National
Research Council (NRC, 1996), which was approved by
the Committee of Animal Care and Experiment of
Chungnam National University, Korea.

Zymosan A-Induced Peritonitis in ICR Mice

Peritonitis was stimulated by i.p. administration of
zymosan A (1 mg/mouse) as described previously [22-
24]. For the measurement of plasma leakage, mice were
treated orally with 200 pl of each lysoPtdEtn taken from

&) Springer AOCS &



896

Lipids (2011) 46:893-906

ethanol stock solution and diluted in PBS buffer (final
ethanol concentration <0.5%), 60 min prior to i.p.
administration (1 mg/mouse) of zymosan A, and 100 pl
of 0.5% Evans Blue dye, dissolved in PBS, was intrave-
nously injected just prior to zymosan A injection [25, 26].
Sixty minutes later, unless otherwise indicated, mice were
killed using 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 amount was determined by mea-
suring the absorbance of supernatants at 610 nm, and
normalized with a standard curve [22, 23, 27]. Separately,
in order to measure leukocyte infiltration, lipids were
administered 60 min prior to i.p administration of zymo-
san A. Four hours after zymosan A injection, peritoneal
lavage was taken, and total cells in the lavage fluid was
enumerated using light microscopy with trypan blue
staining [22, 28]. In an attempt to evaluate the effect of
15-LOX inhibitor (PD146176) [29] on the pharmacolog-
ical activity of polyunsaturated lysoPtdEtns, mice were
treated orally with 2-ARA-lysoPtdEtn or 2-docosahex-
aenoyl-lysoPtdEtn  (50-150 pg/kg), followed by i.p.
administration of PD146176, a specific 15-LOX inhibitor,
60 min prior to intra-peritoneal administration of zymosan
A (1 mg/mice) and eventually, leukocyte infiltration was
assessed as described above.

Determination of Inflammatory Lipid Mediators
or Cytokine Level in Peritoneal Lavage Fluid

To determine the level of pro-inflammatory lipid mediators
in exudates, 1 ml of peritoneal lavage fluid was transferred
to micro-centrifuge tubes and centrifuged (15,000 rpm,
3 min). Supernatants were used directly for enzyme
immunoassay (EIA) analysis of PGE,, LTB, LTC,
12-HETE, 15-HETE, or LXA, level as described before
[24, 30]. Whereas levels of pro-inflammatory (IL-1, IL-6,
TNF-o) or anti-inflammatory cytokines (IL-4, IL-10) were
determined by ELISA assay according to the manufac-
turer’s instructions. Additionally, the content of nitric
oxide (NO) in the lavage fluid was quantitated by a nitrate/
nitrite colorimetric assay kit supplied by Cayman Chemical
Company (Ann Arbor, MI, USA).

Statistical Analysis

Data were calculated and displayed as means = SEM.
Group comparisons were performed using one-way anal-
ysis of variance (ANOVA) followed by Neuman Keuls
multiple comparison test or Student’s ¢ test where appro-
priate; with P value < 0.05 was considered as statistically
significant (sufficient to reject the null hypothesis).
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Results

Identification of Product from 15-LOX-catalyzed
Oxygenation of 2-ARA-lysoPtdEtn
or 2-DHA-lysoPtdEtn

The formation of 2-(15-HpETE)-lysoPtdEtn and 2-(17-
HpDHE)-lysoPtdEtn, 15-LOX-catalyzed oxidation prod-
ucts of 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn,
respectively, was analyzed by LC-ESI-MS using both the
positive and negative mode. Figure 1 shows that a peak
with a retention time of 1.6 min (Inset, Fig. 1a) appeared as
a predominant product possessing the mass spectrum of a
compound corresponding to hydroperoxy derivative of
2-ARA-lysoPtdEtn (Fig. 1a); mass-to-charge ratio (m/z) at
532 (M-H)™ in negative scan mode, and 500 (M + H-
H,0-0)", 516 (M + H-H,0)", 534 (M + H)*, 556
M + Na)*, and 572 M + K)" in positive scan mode
(Fig. 1b). Likewise, as shown in Fig. Ic, d, the mass
spectrum of the major peak (RT, 1.7 min) (Inset, Fig. 1c)
including molecular ions indicative of hydroperoxy deriv-
ative of 2-DHA-lysoPtdEtn had been obtained; m/z at 556
(M-H)™ in negative scan mode, and 524 (M + H-H,O-
0)", 540 (M + H-H,0)", 558 (M + H)*, 580 (M +
Na)*, and 596 (M + K)* in positive scan mode [31].
Therefore, it was suggested that soybean LOX effectively
converted 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn into
their corresponding 15-hydroperoxy derivative products.

Determination of Kinetic Values in Oxygenation
of 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn
by Various LOXs

As 15-lipoxygenation had been known to be required for
anti-inflammatory action of polyunsaturated lysoPtCho
[12], the oxygenation of 2-polyunsaturated acyl-lysoPtdEtn
by different LOXs was examined. When 2-ARA-lysoPt-
dEtn or 2-DHA-lysoPtdEtn was incubated with 15-LOXs
(soybean LOX-1, leukocyte 12/15-LOX or human recom-
binant 15-LOX-2), a time-dependent increase in absor-
bance at 234 nm was observed, indicating the formation of
a conjugated diene (data not shown). Subsequently, the
kinetic values for oxygenation of 2-ARA-lysoPtdEtn or
2-DHA-lysoPtdEtn by 15-LOX were determined from
Lineweaver—Burk plot analysis, and compared to those for
ARA or DHA. As displayed in Table 1, the most favorable
substrate in case of soybean LOX-catalyzed oxygenation
was found to be 2-DHA-lysoPtdEtn, showing catalytic
efficacy (Vm/Km) value of 30.4 units/pg/uM, which was
approximately ninefold higher than that of DHA (Vm/Km,
3.5 units/pg/pM). Meanwhile, 2-ARA-lysoPtdEtn demon-
strated a Vm/Km value of 10.9 units/pug/pM, which was
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Fig. 1 LC/ESI-MS analysis of products from soybean 15-LOX
catalyzed oxidation of 2-ARA-lysoPtdEtn (a, b) or 2-DHA-lysoPtdEtn
(¢, d). The hydroperoxide derivative obtained from 30 min-incubation
of soybean 15-LOX with 2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn
(100 pM) in 500 pl of 5 mM borax buffer (pH 9.0) was directly

larger than that of ARA (Vm/Km, 7.4 units/pug/pM). Sim-
ilarly, when the oxygenation of 2-ARA-lysoPtdEtn and
2-DHA-lysoPtdEtn by human 15-LOX-2 was analyzed, the
Vm/Km values for 2-DHA-lysoPtdEtn and 2-ARA-lys-
oPtdEtn were estimated to be 48.2 and 14.8 units/pg/pM,
respectively, which were about 8- and 1.5-fold higher than
that of DHA and ARA, respectively. Thus, it was demon-
strated that 2-DHA-lysoPtdEtn and 2-ARA-lysoPtdEtn
were more effective substrates than DHA and ARA,
respectively, for human recombinant 15-LOX-2. Finally, in
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analyzed by LC/ESI-MS as described in “Materials and Methods”.
The representative mass spectra of a major peak with retention time of
1.6 and 1.7 min (inset of a and b), respectively were obtained by the
ESI-MS system using negative scan mode (a, b) and positive scan
mode (c, d)

the oxygenation by leukocyte 12-LOX, the Vm/Km value
for 2-ARA-lysoPtdEtn was estimated to be 10.3 units/pg/
1M, which was found to be two times larger than that of
ARA (Vm/Km, 4.5 units/ug/pM). Taken all together, it
was suggested that 2-polyunsaturated acyl-lysoPtdEtn is a
more effective substrate than the acid form in 12-LOX or
15-LOX-catalyzed oxygenation. Nonetheless, 2-ARA-lys-
oPtdEtn and 2-DHA-lysoPtdEtn were not oxygenated sig-
nificantly by murine recombinant 12-lipoxygenase from
platelets (data not shown).

Table 1 Kinetic values in oxygenation of each lipid by soybean LOX-1, leukocyte 12/15-LOX, or human recombinant 15-LOX-2

Enzyme Substrate Km (uM) Vmax (units/mg) Vm/Km (units/mg/pM)
Soybean LOX-1 2-ARA-lysoPtdEtn 54 +09° 59.0 + 8.6" 109 £ 0.2*
2-DHA-lysoPtdEtn 27 +£07° 80.6 + 8.3 304 +5.1°
ARA 12.7 + 0.4° 93.5 + 6.5 74+ 15°
DHA 242 +£2.1¢ 84.4 £ 5.2° 3.5 4+ 0.2°
Leukocyte 12-LOX 2-ARA-lysoPtdEtn 8.4 + 0.5 87.1 + 3.9° 10.3 + 1.0°
2-DHA-lysoPtdEtn 6.1 £+ 0.0 60.2 + 4.5 9.9 +22°
ARA 8.5+ 06 309 + 6.5 454+ 1.0°
DHA 11.6 + 1.6° 95.8 + 8.2° 8.2 + 0.8°
Human 15-LOX-2 2-ARA-lysoPtdEtn 2.1 +04° 319 £+ 3.7 14.8 + 0.9
2-DHA-lysoPtdEtn 1.4 +0.3° 68.8 & 10.1° 48.2 + 4.5°
ARA 51+ 12° 59.7 + 7.6° 117 £ 0.4°
DHA 8.1+ 1.5° 50.2 + 4.6° 6.2 £ 0.1°

Each lipid (0-20 pM) was incubated with soybean LOX-1B (2.5 units/ml), porcine leukocyte 12/15 LOX (1 unit/ml), and human 15-LOX-2
(1 unit/ml) in 50 mM borax buffer (500 pl, pH 9.0), 50 mM phosphate buffer (500 pl, pH 7.4) containing 5 mM EDTA and 0.03% Tween 20,
and 50 mM Tris—HCI buffer (500 pl, pH 7.2) containing 0.003% Tween 20, respectively. Data were expressed as means == SEM values of

triplicates experiments. Means displayed with same letter are not significantly different
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Prevention by 2-ARA-lysoPtdEtn
or 2-DHA-lysoPtdEtn Against Zymosan
A-Induced Plasma Leakage

Increased vascular permeability caused by reversible
opening of endothelial cells tight junction, followed by the
leak of protein and fluids from the vascular compartment
into the extravascular compartment, is one predominant
event in acute inflammation. In order to see anti-inflam-
matory actions of 2-ARA-lysoPtdEtn or 2-docosahex-
aneoyl-lysoPtdEtn in acute inflammation, we investigated
the effect of lysoPtdEtn, orally administered, on zymosan
A-induced vascular permeability based on the extravasa-
tion of Evans Blue dye as marker. As shown in Fig. 2, both
2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn, orally admin-
istered, 60 min prior to zymosan A treatment (i.p., 1 mg/
mouse) dose-dependently decreased zymosan A-induced
plasma leakage in ICR mice. Oral intake of 2-ARA-lys-
oPtdEtn at doses of 50 and 150 pg/kg suppressed the
plasma leakage by 17 and 36%, respectively, while that of
2-DHA-lysoPtdEtn at doses of 50 and 150 pg/kg caused
~42 and ~ 58% reduction of plasma leakage, respectively.
The 50% effective dose (ECs() for 2-ARA-lysoPtdEtn and
2-DHA-lysoPtdEtn was estimated to be about 221 and
111 pg/kg, respectively. By contrast, no remarkable inhi-
bition of plasma was expressed by oral intake of DHA up

140 W 2-ARA-lysoPtdEtn  []2-DHA-lysoPtdEm
120 #
#
100+ *
80 -
60
40 -
. jJW
0 T T T
PBS zZymosan A 50 150
Dose, png/ml

% Plasma leakage

Fig. 2 Prevention by 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn
against zymosan A-induced plasma leakage. 2-ARA-lysoPtdEtn
(filled) or 2-DHA-lysoPtdEtn (blank) (50 or 150 ng/kg), diluted in
ice cold PBS, was administered orally to mice, 1h prior i.p.
administration of zymosan A (1 mg/mouse), followed by intravenous
injection of Evans blue (5% in PBS, 100 pl/mouse). Two hours later,
plasma leakage was determined by measuring the absorbance of cell
free-supernatant of lavages at 610 nm, and calculating the amount of
Evans blue using a standard curve of known concentrations of the
dye. The value was expressed as the percentage of the sample value of
the value of the zymosan A-treated group. Result are presented as
means = SEM (n = 5). #, P < 0.001 when compared to PBS-treated
group; *, P < 0.05 and; **, P < 0.01 when compared to zymosan
A-treated group
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to 150 pg/kg (data not shown), suggesting the structural
importance of 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn.

Effect of the 15-LOX Inhibitor, administrated i.p.,
on Anti-inflammatory Action of 2-ARA-lysoPtdEtn
and 2-DHA-lysoPtdEtn in Zymosan A-Induced
Leukocyte Infiltration

Leukocyte extravasation is a subsequent event after the
reversible opening of the endothelial cell tight junction at
the onset of acute inflammation [32]. Therefore, in order to
examine the ability of polyunsaturated lysoPtdEtn to reg-
ulate zymosan A-induced inflammation, the effect of
2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn on zymosan
A-induced leukocyte infiltration was investigated. As dis-
played in Fig. 3, 2-ARA-lysoPtdEtn and 2-DHA-lysoPt-
dEtn, orally administered, significantly (P < 0.05)
prohibited the zymosan A-induced migration of leukocytes
into the peritoneum in dose-dependent fashion; 2-ARA-
lysoPtdEtn and 2-DHA at 150 pg/kg decreased total leu-
kocyte infiltration by 56 and 60%, respectively, compared
with the group challenged with zymosan A alone, sug-
gesting that two lysoPtdEtn derivatives were potent
inhibitors of leukocyte trafficking. The ECs, values for
2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn were estimated
to be about 123 and 110 pg/kg, respectively. However,
such anti-inflammatory actions of 2-DHA-lysoPtdEtn or
2-ARA-lysoPtdEtn were completely reversed by concom-
itant treatment with PD146176, a specific 15-LOX inhibi-
tor (Fig. 3), indicating that the action of 2-DHA-lysoPtdEtn
or 2-ARA-lysoPtdEtn might be expressed mainly through
the 15-LOX-induced oxygenation pathway.

Suppressive Effect of 2-ARA-lysoPtdEtn

and 2-DHA-lysoPtdEtn on Zymosan A-Induced
Formation of Pro-inflammatory Lipid Mediator
in Peritoneum

In separate experiments, to investigate the mechanism
responsible for the inhibitory effect of 2-ARA-lysoPtdEtn
or 2-DHA-lysoPtdEtn on plasma leakage as well as leu-
kocyte infiltration, the effect of 2-ARA-lysoPtdEtn or
2-DHA-lysoPtdEtn on zymosan A-induced formation of
pro-inflammatory or anti-inflammatory lipid mediators was
assessed. As displayed in Fig. 4a, oral administration of
2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn significantly
reduced zymosan A-induced formation of LTC, with ECsy
values of about 132 and 84 pg/kg, respectively. Thus,
2-DHA-lysoPtdEtn was more potent than 2-ARA-lysoPt-
dEtn in suppressing the formation of LTC,, an important
vascular permeability inducer. Furthermore, Fig. 4b
indicated that the formation of LTB,, a potent chemo-
attractant lipid, was also diminished by 2-ARA-lysoPtdEtn
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Fig. 3 Effect of 15-LOX inhibitor on anti-inflammatory action of
2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn in zymosan A-induced
leukocyte extravasation. Mice were orally given 2-ARA-lysoPtdEtn
(filled) or 2-DHA-lysoPtdEtn (blank) (50 or 150 pg/kg) concurrently
with or without PD146176 (i.p., 100 pg/mouse), 60 min prior i.p.
administration of zymosan A (1 mg/mouse). Peritoneal lavages were

(ECsp, 139 pg/kg) and 2-DHA-lysoPtdEtn (ECs, 211 pg/
kg) in a dose-dependent manner, supporting the notion that
the reduction of LTB, formation might be related to the
suppressive effect of 2-polyunsaturated acyl-lysoPtdEtn on
zymosan A-induced leukocyte extravasation. Additionally,
the amount of 12-HETE, another chemo-attractant lipid
mediator was also dose-dependently reduced by 2-ARA-
lysoPtdEtn or 2-DHA-lysoPtdEtn (Fig. 4c), supporting the
idea that the decrease of 12-HETE level might at least
partially account for the suppressive effect of 2-polyun-
saturated acyl-lysoPtdEtn on vascular permeability. Espe-
cially, 2-DHA-lysoPtdEtn almost completely inhibited
12-HETE formation at dose of 150 pg/kg. However, no
significant alternation of PGE, level was observed after the
treatment with 2-polyunsaturated acyl-lysoPtdEtn (not
shown), suggesting that suppression of PGE, might not be
responsible for the anti-inflammatory action of 2-polyun-
saturated acyl-lysoPtdEtn.

Effect of 2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn
on Zymosan A-Induced Formation of Pro-inflammatory
or Anti-inflammatory Cytokine

Production of both pro-inflammatory cytokines (e.g. IL-1,
IL-6, TNF-o) and anti-inflammatory cytokines such as
IL-10 is essential in the control of inflammation [1]. Here,
we monitored a panel of cytokines in the exudate to assess
whether 2-polyusaturated acyl-lysoPtdEtn could regulate
their levels. Four hours after zymosan A treatment, most
cytokine was dramatically up-regulated, compared to the

Dose, pg/kg

collected after 4 h, and the total number of leukocyte was enumerated
utilizing light microscopy after staining with trypan blue dye. Results
are mean + SEM. (n = 5). ¥, P <0.001 when compared to PBS-
treated group; *, P < 0.05; **, P < 0.01 when compared to zymosan
A-treated group; ', P < 0.05, significant difference between treated
groups

control (Fig. 5). Of interest, 2-ARA-lysoPtdEtn and
2-docosahexaenoyl-lysoPtdEtn dose-dependently reduced
the levels of pro-inflammatory cytokine including TNF-o,
IL-1p or IL-6, while showing no significant effect on other
pro-inflammatory cytokines such as IL-2 or IFN-y (not
shown). In the meantime, oral administration of 2-ARA-
lysoPtdEtn and 2-DHA-lysoPtdEtn caused a dose-depen-
dent elevation of anti-inflammatory cytokine, IL-10.
Noticeably, 2-DHA-lysoPtdEtn and 2-ARA-lysoPtdEtn
(150 pg/kg) increased the IL-10 level by approximately
four- and five-fold, respectively, compared to the zymosan
A-challenged group (P < 0.05).

Suppressive Effect of 2-polyunsaturated
Acyl-lysoPtdEtn on Zymosan A-Induced NO
Production in Plasma Leakage

Nitric oxide (NO) plays a key role in the inflammation
process especially including regulation of inflammatory
cell transmigration into the inflamed site and up-regulation
of vascular permeability In zymosan A-induced peritonitis,
NO is produced by activated macrophages and eventually
be oxidized within few second to nitrite or nitrate [33].
Therefore, to examine whether 2-polyusaturated acyl-lys-
oPtdEtn could attenuate the level of NO, we determined the
amount of NO formation in exudate. As expected, 2-DHA-
lysoPtdEtn as well as 2-ARA-lysoPtdEtn, orally adminis-
tered, drastically suppressed zymosan A-induced NO
production in ICR mice (Fig. 6). Interestingly, 2-DHA-
lysoPtdEtn (50 pg/kg) almost completely suppressed the
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Fig. 4 Suppressive effect of 2-ARA-lysoPtdEtn or 2-docosahexae-
noyl-lysoPtdEtn on zymosan A-induced pro-inflammatory lipid
mediator formation in mice. Mice were orally given 2-ARA-
lysoPtdEtn (filled) or 2-DHA-lysoPtdEtn (blank) (15-150 pg/kg)
60 min prior to administration of zymosan A (i.p., 1 mg/mouse).
Peritoneal lavages were collected at 4 h and the level of pro-
inflammatory lipid mediator in cell-free supernatant was assessed by
an EIA kit according to the manual. Each sample was determined in
duplicate. Results are means £ SEM (n = 5). #, P < 0.001 when
compared to the PBS-treated group; *, P < 0.05; **, P < 0.01 when
compared to zymosan A-treated group

NO formation caused by zymosan A stimulation; 2-ARA-
lysoPtdEtn at 50 and 150 pg/kg diminished the NO level
by 60 and 70%, respectively. Taken all together, it was
suggested that at least some part of inflammatory action of
2-polyunsaturated lysoPtdEtn was ascribed to the inhibition
of NO production.

Suppressive Effect of 2-(15-HETE)-lysoPtdEtn
and 2-(17-HDHE)-lysoPtdEtn on Zymosan A-Induced
Plasma Leakage and Leukocyte Infiltration

In a subsequent experiment, we elucidated which metabolic

pathway is crucial for the anti-inflammatory action of
2-polyunsaturated acyl-lysoPtdEtn. Since 15-LOX activity,

&\ Springer ANOCS &

but not COX activity, was crucial for the anti-inflammatory
action of 2-polyunsaturated lysoPtdEtn (Figs. 3, 4), we
investigated the anti-inflammatory effect of 2-(15-HETE)-
lysoPtdEtn and 2-(17-HDHE)-lysoPtdEtn, derived from
15-LOX-oxygenation of 2-ARA-lysoPtdEtn and 2-DHA-
lysoPtdEtn, respectively, on zymosan A-induced peritoni-
tis. As demonstrated in Fig. 7a, plasma leakage induced by
zymosan A was suppressed by 2-(15-HETE)-lysoPtdEtn
(ECsg, ~48 ng/kg) and 2-(17-HDHE)-lysoPtdEtn (ECs,
42 ng/kg) in a dose-dependent manner. Of notice, Fig. 7b
indicated that ECsq of 2-(15-HETE)-lysoPtdEtn and 2-(17-
HDHE)-lysoPtdEtn was estimated to be about ~42 and
28 ng/kg, respectively. Especially, 2-(15-HETE)-lysoPt-
dEtn and 2-(17-HDHE)-lysoPtdEtn, orally administered at a
dose as low as 50 pg/kg could almost completely suppress
leukocyte infiltration. In comparison, it was found that the
suppression effect of 2-(15-HETE)-lysoPtdEtn and 2-(17-
HDHE)-lysoPtdEtn on leukocyte infiltration was more
potent than that of 2-ARA-lysoPtdEtn (ECsg, ~ 123 pg/kg)
and 2-DHA-lysoPtdEtn (ECso, ~ 110 pg/kg), respectively
(P < 0.01), indicating that oxidized derivatives were more
potent than the corresponding polyunsaturated acyl lys-
oPtdEtn in expressing anti-inflammatory action in vivo.
Taken together, these data indicate that 15-LOX oxygena-
tion products of 2-polyunsaturated acyl-lysoPtdEtn could
be active metabolites directly responsible for the anti-
inflammatory action in vivo.

Effect of 2-ARA-lysoPtdEtn on the Formation
of 15-HETE and LXA, in the Peritoneum of Mice

Previously, lysophospholipids administered to mice, were
reported to be hydrolyzed by lipase activity [9] to release
the hydrolysis product which in turn was converted to an
active anti-inflammatory metabolite [12]. With this in
mind, we examined the possible formation of 15-HETE
and LXA, from 2-ARA-lysoPtdEtn in peritoneal exudate
after oral administration of 2-ARA-lysoPtdEtn. Figure 8
indicates that oral administration of 2-ARA-lysoPtdEtn
causes an increase in the level of 15-HETE (Fig. 8a) and
LXA, (Fig. 8b) in the exudate; 2-ARA-lysoPtdEtn at 15,
50 and 150 pg/kg enhances 15-HETE level by approxi-
mately 3.5-, 5- and 9-fold, respectively, and the LXA, level
by about 2-, 4- and 5.5-fold, respectively. However, the
formation of 15-HETE was not significant in the exudate
from mice administered with 2-ARA-lysoPtd in combina-
tion with PD146176 (100 pg/mouse) (data not shown).
Separately, the 4 h hydrolysis of the exudate sample in
1 N NaOH was carried out to see the possible reincorpo-
ration of the 15-HETE product into the phospholipids. As
illustrated in Fig. 8a, the amount of 15-HETE in hydro-
lyzed samples, obtained from alkaline hydrolysis of peri-
toneal exudates was apparently greater than that in the
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Fig. 6 Suppressive effects of 2-ARA-lysoPtdEtn and 2-docosahex-
aenoyl-lysoPtdEtn on zymosan A-induced formation of NO in mice.
Mice were orally given 2-ARA-lysoPtdEtn (filled) or 2-DHA-
lysoPtdEtn (blank) (15-150 pg/kg), 60 min prior to administration
of zymosan A (i.p., | mg/mouse). Peritoneal lavages were collected at
4h and the NO level in cell-free supernatant was measured by
colorimetric assay according to the manufacturer’s protocol. Results
are means = SEM (n = 5). ¥, P < 0.001 when compared to PBS-
treated group; *, P < 0.05; **, P < 0.01 when compared to the
zymosan A-treated group

corresponding non-hydrolyzed samples, suggesting that
some part of 15-lipoxygenation products of 2-ARA-lys-
oPtdEtn, could exist as the lysophospholipid or phospho-
lipid form. In contrast, there was no alteration of the
15-HETE level irrespective of alkaline hydrolysis in peri-
toneal samples from mice treated orally with 2-DHA-lys-
oPtdEtn up to 150 pg/kg (data not shown). From this, it

lysoPtdEtn could attenuate the resolution of zymosan
A-induced peritonitis, we examined the effect of 2-ARA-
lysoPtdEtn and 2-DHA-lysoPtdEtn on zymosan A-induced
leukocyte infiltration in ICR mice. In our previous data [9],
it was observed that the total number of leukocytes infil-
trated reached a maximum approximately 12 h after
zymosan A treatment. Therefore, 2-ARA-lysoPtdEtn or
2-DHA-lysoPtdEtn was administered 12 h after zymosan A
treatment to see their effect on the resolution phase in
zymosan A-induced peritonitis. As shown in Fig. 9,
2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn, orally adminis-
tered at the peak of inflammation (12 h post-zymosan A
treatment), effectively decreased the total leukocyte infil-
tration at the time points of 15, 20 and 24 h, whereas
2-ARA-lysoPtdEtn produced ~23, 21 and 33% reduction
of total leukocyte number, respectively, 2-DHA-lysoPtdEtn
gave approximate 29, 33 and 44% reduction. In summary,
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Fig. 7 Suppressive effect of hydroxyl derivatives of polyunsaturated
acyl-lysoPtdEtn on zymosan A-induced plasma leakage or leukocyte
infiltration. 2-(15-HETE)-lysoPtdEtn (filled) or 2-(17-HDHE)-lysoPt-
dEtn (blank) was orally administered to mice 60 min prior to the
zymosan A challenge (1 mg/mouse; i.p.). Plasma leakage (a) and total
leukocyte migration (b) was determined according to the methods
described in Figs. 2 and 3, respectively. Results are means + SEM
(n=75). ¥, P <0.001 when compared to PBS-treated group; *,
P <0.05; ** P <0.01, ** P <0.001 when compared to the
zymosan A-treated group

it is suggested that 2-polyunsaturated acyl-lysoPtdEtn
accelerates the resolution of zymosan A-induced
peritonitis.

Discussion

Nowadays, inflammation has been recognized as the central
component of many prevalent diseases such as atheroscle-
rosis, cancer, asthma, autoimmune disease, stroke, Alzhei-
mer’s disease and Parkinson’s disease [1]. Interestingly, it
now become apparent that inflammation is a dynamic pro-
cess with the participation of new family of endogenous
anti-inflammatory and pro-resolving lipid mediators such as
resolvins, maresin and protectin derived from omega
3-polyunsaturated fatty acids [4, 5, 34]. These lipid medi-
ators, actively biosynthesized in the resolution phase of
acute inflammation, control the duration and magnitude
of inflammation [4]. Whereas anti-inflammatory actions of
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Fig. 8 Dose-dependent effect of 2-ARA-lysoPtdEtn on the level of
15-HETE or LXA, before or after alkaline hydrolysis of the exudate
from mice. Mice were orally treated with 2-ARA-lysoPtdEtn, 60 min
prior to administration of zymosan A (i.p., 1 mg/mouse). The exudate
samples were collected at 120 min after zymosan A treatment, and
then 15-HETE (a) or LXA, (b) in non-hydrolyzed (filled) or 1 N
NaOH-hydrolyzed sample (blank) was extracted and determined by
EIA kit according to manual. Results are means == SEM (n = 5). *
P < 0.01 when compared to the PBS-treated group; *, P < 0.05; **,
P < 0.01, *** P < 0.001 when compared to the zymosan A-treated
group; +, P < 0.05 was the significant difference between groups

lipid mediators, derived from polyunsaturated fatty acids
and polyunsaturated lysoPtCho, have been well-established
[3, 4, 8, 9, 12, 35], the biological function of polyunsatu-
rated lysoPtdEtn derivatives in inflammation has not been
clarified yet. Very recently, we found that oral administra-
tion of 1-DHA-lysoPtCho prevented zymosan A-induced
peritonitis [13]. In our present study, it is proposed that
2-polyunsaturated acyl lysoPtdEtns also effectively sup-
presses acute inflammation induced by zymosan A.

It has been known that induction of vascular perme-
ability and leukocyte infiltration are important events of
biological response at the onset of acute inflammation [36].
In the present work, the anti-inflammatory action of
2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn was first sub-
stantiated by their effective prevention against zymosan
A-induced plasma leakage with a potency similar to that of
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Fig. 9 Induction of resolving zymosan A-induced peritonitis by
2-ARA-lysoPtdEtn or 2-DHA-lysoPtdEtn. Mice were i.p. adminis-
tered with zymosan A (1 mg/mouse) alone (triangles ) or with either
2-ARA-lysoPtdEtn (open circles) or 2-DHA-lysoPtdEtn (closed
circles) (12 h after zymosan A treatment). At the indicated periods,
peritoneal lavage samples were collected and the total number of
leukocyte infiltrated was enumerated according to the method
described in Fig. 3. Results are means = SEM (n =15). *,
P < 0.05; the 2-ARA-lysoPtdEtn-treated group vs. the zymosan
A-treated group; T, P < 0.05, T*, P < 0.01, 2-DHA-lysoPtdEtn-treated
group vs. zymosan A-treated group

polyunsaturated lysoPtCho [12]. Such a potent effect is
possibly associated with the suppressive effect of 2-acyl-
lysoPtdEtn on the formation of LTC, since early vascular
permeability depends largely on cysteinyl-leukotriene
(cysLT) released by resident peritoneal macrophages.
Although vascular permeability is known to depend on
PGE, from multiple cellular origins in zymosan A-induced
peritonitis [26, 37], the level of PGE, was not altered by
2-polyunsaturated-lysoPtdEtn. Another mechanism possi-
bly responsible for the anti-inflammatory action of poly-
unsaturated acyl lysoPtdEtns could be due to the decreased
formation of NO, released from macrophages, which
reversibly opens the endothelial cells tight junction leading
to an enhancement of vascular permeability [33]. This
might be partly supported by our present finding that the
formation of NO in the peritoneum was reduced by
2-ARA-lysoPtdEtn and 2-DHA-lysoPtdEtn at relatively
small doses.

In addition, the anti-inflammatory action of 2-poly-
unsaturated-lysoPtdEtn, represented by inhibition of leu-
kocyte migration, could be related to the suppression of the
formation of pro-inflammatory chemotactic lipid media-
tors. Support for this may come from the suppressive effect
of 2-polyunsaturated-lysoPtdEtns on the formation of
LTB, [4] and 12-HETE [38, 39], two potent arachidonate-
derived chemo-attractants responsible for leukocyte infil-
tration in the initial process of the inflammatory phase.

Moreover, the levels of representative pro-inflammatory
cytokines (TNF-o, IL-1p, 1L-6), possessing chemo-attrac-
tant properties [1, 40] were significantly diminished by
2-polyunsaturated-lysoPtdEtns. Noteworthy is that 2-poly-
unsaturated acyl-lysoPtdEtn up-regulated IL-10, a potent
anti-inflammatory cytokine, secreted by macrophage in
acute inflammation, which showed a tonic inhibitory effect
on the leukocyte migration and the formation of pro-
inflammatory cytokine (TNF-o, IL-1f, IL-6) as well as
chemokines (MCP-1, MIP-1o. and MIP-2) in zymosan A
peritonitis [41]. Additionally, IL-10 could block NF-kB
activation by stabilization of 1kBa [42, 43], and in turn,
inhibit the induction of inducible nitric oxide synthetase
(iNOS), resulting in decreased formation of nitric oxide
(NO). Furthermore, activation of human monocyte and
monocyte-derived dendritic cells by cysteinylated leuko-
trienes was down-regulated by IL-10 [44]. Collectively,
IL-10 could extensively regulate zymosan A-induced
peritonitis through both direct and indirect manners.

In previous studies we proved that 15-lipoxygenase
activity was necessary for the anti-inflammatory function of
2-polyunsaturated acyl-lysoPtCho in zymosan A-induced
peritonitis [8, 9]. Our present study also indicated that
15-lipoxygenase activity was crucial for the anti-inflam-
matory function of 2-polyunsaturated acyl-lysoPtdEtn,
since PD146176, a specific inhibitor of 15-LOX, suppressed
the effect of 2-polyunsaturated acyl-lysoPtdEtn on leuko-
cyte infiltration. In support of this, 2-(15-HETE)-lysoPtdEtn
and 2-(17-HDHE)-lysoPtdEtn were more potent as anti-
inflammatory lipids than 2-ARA-lysoPtdEtn and 2-DHA-
lysoPtdEtn, respectively, supporting the assumption that the
hydroxyl derivatives might be more direct precursors for
active metabolites accounting for the anti-inflammatory
action of 2-polyunsaturated acyl-lysoPtdEtn in vivo.

A pathway for further metabolism for 2-polyunsaturated
acyl-lysoPtdEtn might be a hydrolytic process since a
lipase activity capable of hydrolyzing polyunsaturated
lysophospholipids had been reported to be available in an
in vivo system [9]. In support of this notion, the formation
of 15-HETE in the peritoneum was augmented in accor-
dance with an increasing dose of 2-ARA-lysoPtdEtn, and
diminished by PD146176, a specific inhibitor for 15-LOX.
Therefore, 15-HETE-lysoPtdEtn metabolite, generated
from the oxygenation of 2-ARA-lysoPtdEtn, orally
administered, by 15-LOX, could serve as a source for the
15-HETE supplement in vivo. Noteworthy, the 15-HETE
level of 1 N NaOH-hydrolyzed sample was significantly
higher than that of non-hydrolyzed sample, suggesting two
possibilities; some part of 2-(15-HETE)-lysoPtdEtn was
still not hydrolyzed by lipase activity or 15-HETE, released
from 2-(15-HETE)-lysoPtdEtn, could be re-incorporated
into the lipid or lysophospholipid by the lysophospholipid
acyltransferase activity [45] in the in vivo condition. It had
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been previously reported that 15-HETE could be stored in
the phospholipid, and the lipid after hydrolysis might be
used as precursory substrate for LXA, formation [46]. In
this regard, the dose-dependent increase of LXA, forma-
tion in the peritoneum after oral administration of 2-ARA-
lysoPtdEtn may indicate that 15-HETE generated from
15-lipoxygenation of 2-ARA-lysoPtdEtn and subsequent
enzymatic hydrolysis, was oxygenated by 5-LOX activity
to produce S5-hydroperoxy, 15-hydroxyeicosatetraenoic
acid, a direct precursor for LXA, and LXB, formation [47].
Likewise, it is quite possible that 2-DHA-lysoPtdEtn may
be oxygenated to form 2-(17-hydroxyDHA)-lysoPtdEtn,
which subsequently is hydrolyzed by a lipase activity to
release 17-hydroxydocosahexaenoic acid (17-HDHE), a
precursor for the formation of anti-inflammatory and
proresolving lipid mediators such as protectin D [34] or
resolvin D [32, 48]. Taken together, it is quite possible that
the anti-inflammatory activity of 2-ARA-lysoPtdEtn and
2-DHA-lysoPtdEtn in zymosan A-induced peritonitis is the
consequence of bioactive oxygenated lipid mediators.
Besides, an additional mechanism for anti-inflammatory
activity of 2-polyunsaturated acyl-lysoPtdEtn was reported
to be related to the inhibition of 5-LOX activity by
15-HETE [49], resulting in the reduction of LTB, and
LTC, level, as well as the suppression of LTB,-evoked
chemotaxis for leukocyte in acute inflammation [50].
Likewise, DHA [51] and 17-HDHE [52], generated from
the metabolite of 2-DHA-lysoPtdEtn can indirectly or
directly participate in the inhibition of 5-LOX activity,
leading to the reduction of the leukotrienes level. As sug-
gested from the present results, the anti-inflammatory
action of 2-ARA-lysoPtdEtn in vivo might be at least
partially ascribed to the effect of its oxygenated metabo-
lites such as lipoxins (LXs). Previously, the anti-inflam-
matory activity of LXA, through various mechanistic
routes has been well-established. For instance, LXs inhibit
leukocytes activation, chemotaxis, adhesion, transmigra-
tion, and pro-inflammatory mediator generation [53, 54].
Additionally, it also inhibits the increase in vascular per-
meability triggered by activated leukocytes [55, 56].
Additionally, LXA, could diminish LTC,-induced vascular
permeability [56]. Noteworthy, LXA, formation could give
an elevation of IL-10 level [57]. Meanwhile, the anti-
inflammatory action of 2-DHA-lysoPtdEtn in vivo may be
derived from the effect of its bioactive metabolites such as
17-HDHE or protectin D in vivo [27, 32]. 17-HDHE has
been known to express the anti-inflammatory action
through inhibition of the NF-xB pathway and down-regu-
lation of 5-LOX expression in macrophages [52]. Besides,
anti-inflammatory lipids such as protectin D1 or resolvin D
[32, 48], presumably derived from the in vivo metabolism
of 2-DHA-lysoPtdEtn, might be involved in its anti-
inflammatory activity through suppression of leukocyte

&\ Springer ANOCS &

migration, down-regulation of pro-inflammatory cytokines,
and inhibition of the NF-xB pathway. Since the anti-
inflammatory effect of 2-DHA-lysoPtdEtn was almost
completely reversed by a specific inhibitor of 15-LOX, it
was suggested that maresin [5], formed via 12-LOX oxy-
genation pathway, might not be important for the anti-
inflammatory action of 2-DHA-lysoPtdEtn [5]. Moreover,
2-DHA-lysoPtdEtn was not oxygenated by platelet
12-LOX (data not shown). Separately, the suppressive
effects of 2-arachidonoyl-lysoPtdEtn and 2-DHA-lysoPt-
dEtn on leukocyte infiltration in the exudate in a later phase
(12 h) of zymosan A-induced peritonitis may reflect their
effects on pro-resolution through the removal of phago-
cytized cells [58]. Such a pro-resolving action of 2-poly-
unsaturated acyl-lysoPtdEtn may be related to the
generation of bioactive metabolites such as LXA,, resolv-
ing or protectin, responsible for resolution of acute
inflammation [59].

An alternative mechanism accountable for the anti-
inflammatory action of 2-ARA-lysoPtdEtn or 2-DHA-lys-
oPtdEtn could be re-acylation of the corresponding
oxygenation product; 15-HETE or 17-HDHE into phos-
pholipids [18, 60]. In an earlier study, 18:0/15-HETE-
phosphatidylethanolamine derivatives, generated from the
re-acylation of 15-HETE into lysophospholipid, was
reported to inhibit the release of pro-inflammatory cytokine
from lipopolysaccharide-stimulated monocytes [18].
Another plausible mechanism for the anti-inflammatory
actions of 2-polyunsaturated acyl-lysoPtdEtn in vivo may
be from the inhibitory effect 15-HETE and 17-HDHE on
12-LOX activity, responsible for 12-HETE formation, as
suggested from a strong inhibition of 12/15 LOX by
15-HETE and 17-HDHE [61]. In agreement with this, the
present study has shown that oral administration of 2-ARA-
lysoPtdEtn and 2-DHA-lysoPtdEtn, precursors for forma-
tion of 15-HETE and 17-HDHE, respectively, diminished
the level of 12-HETE in the peritoneum dose-dependently.
In turn, the reduction of 12-HETE could result in abrogation
of pro-inflammatory cytokine levels and monocyte chemo-
attractant protein (MCP-1) as had been reported previously
[62—-64]. Of note, the suppressive effect of 2-polyunsatu-
rated acyl-lysoPtdEtns on zymosan A-induced 12-HETE
formation in the present study was greater than that of
1-polyunsaturated acyl-lysoPtChos [9]. Taken together, the
anti-inflammatory actions of 2-polyunsaturated acyl-lys-
oPtdEtn could be exerted through multiple mechanisms.

In conclusion, our present observations concerning the
anti-inflammatory and pro-resolving activity of 2-polyun-
saturated acyl-lysoPtdEtn may suggest that it can be a new
anti-inflammatory lipid useful for the prevention as well
as treatment of the zymosan A-induced peritonitis model.
In future studies to expand its application, anti-inflam-
matory and pro-resolving activity of 2-polyunsaturated
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acyl-lysoPtdEtn is to be studied using other inflammation
models. Furthermore, the structural design to obtain more
stable derivatives of 2-polyunsaturated acyl-lysoPtdEtn
should be also considered to broaden the practical use of
2-polyunsaturated acyl-lysoPtdEtn as an anti-inflammatory
lipid agent.
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