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Abstract Lysophosphatidylcholine is known to be a lipid

mediator in various cellular responses. In this study, we

examined the anti-inflammatory actions of lysophosphati-

dylcholine containing docosahexaenoic acid esterified at

the sn-1 position. First, in RAW 264.7 cells, DHA-lys-

oPtdCho suppressed the LPS-induced formation of NO

concentration-dependently. However, ARA-lysoPtdCho

showed a partial suppression, and LNA-lysoPtdCho had no

significant effect. Additionally, DHA-lysoPtdCho also

reduced the level of TNF-a or IL-6, but not PGE2. In

animal experiments, the i.v. administration of ARA-lys-

oPtdCho (150 or 500 lg/kg) prevented zymosan A-induced

plasma leakage remarkably with a maximal efficacy

(Emax) of 50%, in contrast to no effect with LNA-lys-

oPtdCho. Remarkably, DHA-lysoPtdCho suppressed

zymosan A-induced plasma leakage with an ED50 value of

46 lg/kg and an Emax value of around 95%. Additionally,

mechanistic studies indicated that the anti-inflammatory

action of DHA-lysoPtdCho was partially related to the

reduced formation of LTC4, TNF-a, and IL-6. When the

interval time between lysoPtdCho administration and

zymosan A challenge was extended up to 2 h, such a

suppressive action of DHA-lysoPtdCho was augmented,

suggesting that a DHA-lysoPtdCho metabolite is important

for anti-inflammatory action. In support of this, 17-

HPDHA-lysoPtdCho showed a greater anti-inflammatory

action than DHA-lysoPtdCho. Furthermore, a similar anti-

inflammatory action was also observed with i.p. adminis-

tration of DHA-lysoPtdCho or a 17(S)-hydroperoxy

derivative. Additionally, oral administration of DHA-lys-

oPtdCho also expressed a significant anti-inflammatory

action. Taken together, it is proposed that DHA-lysoPtd-

Cho and its metabolites may be anti-inflammatory lipids in

vivo systems.
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Abbreviations

lysoPtdCho Lysophosphatidylcholine

LNA Linoleic acid

ARA Arachidonic acid

DHA Docosahexaenoic acid

LNA-lysoPtdCho 1-Linoleoyl-2-lyso-sn-glycerol-

3-phosphocholine

ARA-lysoPtdCho 1-Arachidonyl-2-lyso-sn-

glycerol-3-phosphocholine

DHA-lysoPtdCho 1-Docosahexaenoyl-2-lyso-sn-

glycerol-3-phosphocholine

14-HPDHA-lysoPtdCho 1-14(S)-hydroperoxy-

4,7,10,13,15,19-

docosahexaenoyl-2-lyso-sn-

glycerol-3-phosphocholine

17-HPDHA-lysoPtdCho 1-17(S)-hydroperoxy-

4,7,10,13,15,19-

docosahexaenoyl-2-lyso-sn-

glycerol-3 phosphocholine
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LOX Lipoxygenase

ED50 50% effective dose

IC50 50% inhibitory concentration

PLA2 Phospholipase A2

LTC4 Leukotriene C4

PGE2 Prostaglandin E2

IL-6 Interleukin-6

TNF-a Tumor necrosis factor alpha

NO Nitric oxide

Introduction

Previously, certain families of lipid-derived mediators were

reported to be implicated in inflammatory diseases such as

asthma, rheumatoid arthritis, or inflammatory bowel dis-

ease [1–6]. Although much is known about the molecular

basis of initiating signals and pro-inflammatory chemical

mediators in inflammation, it has recently become apparent

that endogenous lipid mediators participate in events of

inflammatory or anti-inflammatory events [7, 8]. Arachi-

donic acid (ARA), released from PLA2-catalyzed hydro-

lysis of phosphatidylcholine, is converted to leukotrienes or

lipoxins via the lipoxygenase enzymatic pathway, and to

prostaglandins via the cyclooxygenase enzymatic pathway.

Especially, prostaglandin E2 (PGE2) and leukotriene B4

(LTB4) are well known to be representative pro-inflam-

matory lipid mediators [9], whereas lipoxins have recently

been reported to show an anti-inflammatory action [7].

Remarkably, arachidonate-derived eicosanoids in inflam-

matory exudates include lipoxins in addition to prosta-

glandins and leukotrienes. 5-Lipoxygenase (5-LOX) is

crucial for the formation of leukotrienes and lipoxins, while

12/15-lipoxygenase is important for the formation of lip-

oxin [7, 9–12]. Furthermore, resolvins, which are generated

from the oxygenation of eicosapentenoic acid at C-15, and

protectins, derived from oxygenation of docosahexaenoic

acid (DHA) at C-17 have also been reported to be potent

anti-inflammatory lipid molecules.

Meanwhile, lysophosphatidylcholine (lysoPtdCho), another

product from PLA2-catalyzed hydrolysis of phosphatidyl-

choline, has been reported to be pro-inflammatory [1–3, 6,

13]. The pro-inflammatory action of lysoPtdChos, saturated

or monounsaturated, may be due to the generation of

reactive oxygen species or nitric oxide in various types of

cells [14–17]. Additionally, our recent study also indicated

that LNA-lysoPtdCho showed a cytotoxic effect, accom-

panied by ROS formation [18]. Previous studies reported

that lysoPtdChos with a polyunsaturated acyl group were

present in animal sources. In plasma, LNA-lysoPtdCho,

ARA-lysoPtdCho, and DHA-lysoPtdCho existed at a

substantial level in plasma [19–21]. In addition, DHA-

lysoPtdCho was one of the major lipid components in

shark liver extract [22]. Noteworthy, our recent studies

demonstrated that polyunsaturated-lysoPtdChos containing

linoleoyl, arachidonoyl, or docosahexaenoyl group was

efficiently oxygenated by reticulocyte 15-LOX or leuko-

cyte 12/15-LOX [23–25]. Therefore, it was supposed

that lysoPtdChos with polyunsaturated acyl groups could

affect the formation of lipid mediators such as lipoxin [7].

Separately, in our study, ARA-lysoPtdCho and DHA-

lysoPtdCho were found to strongly inhibit mammalian

5-LOX activity [26], responsible for the generation of

pro-inflammatory leukotrienes [9]. Meanwhile, DHA, a

hydrolysis product of DHA-lysoPtdCho, is known to show

anti-inflammatory action [27] while ARA, the hydrolysis

product of ARA-lysoPtdCho, is converted to lipid metab-

olites, pro-inflammatory or anti-inflammatory. Nonethe-

less, there has been no knowledge about the effect of

polyunsaturated-lysoPCs on inflammation in vivo system.

In this regard, we examined anti-inflammatory effects of

lysoPtdChos containing polyunsaturated acyl group in vitro

as well as in vivo system.

Materials and Methods

Materials

Dilinoleoyl phosphatidylcholine, diarachidonoyl phospha-

tidylcholine, and didocosahexaenoyl phosphatidylcholine

(purity, 99%) were from Avanti Polar Lipid (Alabaster,

AL, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tet-

razolium bromide (MTT), soybean lipoxygenase-1 (Type

I-B), phospholipase A2 (PLA2) (honey bee venom), lipo-

polysaccharide (LPS) (from Escherichia coli serotype

0111:B4; purity [99%) and zymosan A (from Saccharo-

myces cerevisiae) were purchased from Sigma-Aldrich

Corp (St. Louis, MO, USA). PGE2 and LTC4 EIA kit were

procured from Cayman Chemical (Ann Arbor, MI, USA).

TNF-a ELISA kit was from Invitrogen Corp (Camarillo,

CA, USA) and IL-6 ELISA kit was obtained from

Ebioscience Inc Co (California, USA). LNA-lysoPtdCho,

ARA-lysoPtdCho, DHA-lysoPtdCho were prepared from

PLA2-catalyzed hydrolysis of the corresponding phos-

phatidylcholines as described previously with a slight

modification [23–26]. In brief, didocosahexaeonyl-phos-

phatidylcholine (2.5 mg), dissolved in chloroform, was

dried under N2, and then rapidly dispersed in 10 ml of

50 mM borax buffer (pH 9.0) containing 10 mM CaCl2.

The hydrolysis was started by adding PLA2 (100 units),

and allowed to continue under N2 with constant stirring for

2 h at 25 �C. The reaction mixture was partially purified by

a Sep-pack column (2 9 1 cm) and the lysophospholipid
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product was further purified by silica gel TLC in the sol-

vent system (chloroform: methanol: water: 65:25:4).

Finally, the spot containing DHA-lysoPtdCho was scraped

off, extracted with methanol, dried under nitrogen and kept

at -80 �C until use and 17-HPDHA-lysoPtdCho was pre-

pared as described previously [26]; briefly, soybean LOX-1

(200 units/ml) was incubated with DHA-lysoPtdCho

(200 lM) in borax buffer (50 mM, pH 9.0) for 30 min.

Subsequently, the mixture was passed through a C18 col-

umn (2 9 1 cm), and the products were eluted with

methanol and concentrated under N2 gas.

Measurement of Polyunsaturated LysoPtdCho Induced

Cytotoxicity in RAW 264.7 cells

RAW 264.7 cells were cultured in DMEM supplemented

with penicillin (100 units/ml), streptomycin (100 lg/ml)

and heat-inactivated FBS (10% v/v) at 37 �C in 5% CO2

(19). Cells with passages from 6 to 13 were harvested, and

seeded in 96-well plate (5 9 104 cells/well), followed by

24 h incubation. Then, cells were pre-incubated with each

polyunsaturated lysoPtdCho (0–60 lM) in the medium

for 2 h, and then incubated in the presence or absence

of LPS (1 lg/ml) at 37 �C for 20 h. Cell viability was

examined by the assay using MTT [18]; briefly, RAW cells

(5 9 104 cells/well) were exposed to MTT reagent

(500 lg/ml) at 37 �C for 4 h. After the removal of the

medium, the formazan was extracted from cells by dis-

rupting the cell membranes with dimethylsulfoxide. The

cell viability was measured by determining the absorbance

at 570 nm with a reference at 690 nm.

Preventive Effect of LysoPtdCho on LPS-Induced NO

Production in RAW 264.7 Cells

RAW 264.7 cells (5 9 104 cells/well) were preincubated

with polyunsaturated lysoPtdCho (0–60 lM) at 37 �C for

2 h, and then the production of NO (nitric oxide) was

stimulated with LPS (1 lg/ml) during further incubation

for 20 h. The production of NO was determined by using

the Griess reagent consisting of 1% sulfanilamide and 0.1%

N-(1-naphthyl) ethylenediamine dihydrochloride in 2.5%

H3PO4 [18].

Effect of DHA-lysoPtdCho on LPS-Induced TNF-a,

IL-6, and PGE2 Formation in RAW 264.7 Cells

To investigate the effect of DHA-lysoPtdCho on TNF-a,

IL-6, and PGE2 formation in LPS-treated cells, RAW 264.7

cells (5 9 104), seeded on 96-well plate, were pre-incu-

bated with DHA-lysoPtdCho (0–40 lM) 2 h prior to

treatment with LPS (1 lg/ml) for 20 h at 37 �C, in a 5%

CO2 incubator. The cell-free supernatants were collected

for the determination of TNF-a, and IL-6 by ELISA kit and

PGE2 by EIA kit according to the manufacturers’ manuals.

Effect of Polyunsaturated LysoPtdCho on Zymosan

A-Induced Peritonitis in Mice

ICR mice (male, 6 weeks) were housed under a 12 h: 12 h

light–dark cycle and fed with unlimited commercial food

and water. Peritoneal inflammation was induced in ICR

mice according to a previously reported method [28, 29]

with some modifications. For the measurement of plasma

leakage, polyunsaturated PtdChos, polyunsaturated lys-

oPtdChos (0–500 lg/kg) or their derivatives were admin-

istrated intravenously, intraperitoneally or orally 30–60 min

prior to intravenous injection of 0.5% Evans blue dye

(200 ll), dissolved in PBS, and intraperitoneal injection of

zymosan A (100 mg/kg), prepared freshly in PBS. Then

30 min later, mice lightly anesthetized were decapitated

and blood was collected to obtain serum as described

previously [30]. Meanwhile, peritoneal lavages were per-

formed with 4 ml of ice cold PBS followed by the brief

centrifugation to get supernatant. Subsequently, the con-

centration of Evans blue dye in peritoneal lavage fluid and

in serum was determined by measuring absorbance at

620 nm, and calculating the amount to (lg/ll) using an

Evan Blue standard curve. The volume of plasma leakage

(ll) for 30 min after zymosan A i.p. injection was calcu-

lated by dividing the amount of Evans blue dye in the

peritoneal lavage fluid (lg) by the concentration of Evans

blue dye in the serum (lg/ll) [31].

For the measurement of leukocyte infiltration, lysoPtd-

Chos and their derivatives were administered i.v. 30 min

prior to i.p. administration of zymosan A as described

above. Total cell counting were performed for lavage fluid

collected at the 90 min time point using light microscopy

together with trypan blue staining [31, 32].

Determination of LTC4, TNF-a, and IL-6 Levels

in Peritoneal Lavage Fluid

In order to determine the level of LTC4, TNF-a, and IL-6 in

exudates, 1 ml of peritoneal lavage fluid was transferred

to microcentrifuge tubes, and centrifuged (15,000 rpm,

5 min). The supernatant was used directly for the analysis

of TNF-a and IL-6 by ELISA kit, and analysis of LTC4 by

enzyme immunoassay (EIA) kit according to the manu-

facture’s instructions [31–33].

Effect of DHA-LysoPtdCho on Leukotriene C4-Induced

Plasma Leakage

DHA-lysoPtdCho (0–150 lg/kg) was injected into the tail

vein of mice, and 60 min later, 0.2 ml of 0.5% Evans blue
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dye dissolved in saline was intravenously injected just

before intraperitoneal (i.p.) administration of LTC4

(100 lg/kg). Samples of blood and peritoneal fluid were

collected as described above [34].

Statistical Analysis

Results were expressed as means ± SD. Statistical signif-

icance was evaluated using ANOVA and Student’s t test,

and P \ 0.05 was considered statistically significant.

Results

Our previous study indicated that polyunsaturated lys-

oPtdChos strongly inhibited mammalian 5-LOX activity

[9], an initial enzyme in the biosynthesis of inflammatory

LTC4 [26]. In the present study, we evaluated the anti-

inflammatory actions of polyunsaturated lysoPtdChos by

determining the effect of lysoPtdChos on LPS-induced

formation of inflammatory mediators such as NO, PGE2,

TNF-a, or IL-6.

Effects of Polyunsaturated LysoPtdChos on LPS-

Induced Production of Mediators in RAW 264.7 Cells

It is well known that the stimulation of macrophages by

LPS results in high-level production of nitric oxide [35]

through the expression of inducible nitric oxide synthase

(iNOS) in some cells such as macrophages [36]. First, to

see the effect of lysoPtdCho on LPS-induced NO forma-

tion, each lysoPtdCho (3–60 lM) was pre-incubated with

RAW 264.7 cells for 2 h, and then LPS (1 lg/ml) was

included in the same incubation. As shown in Fig. 1b,

LNA-lysoPtdCho had no significant suppressive effect on

LPS-induced NO formation up to 60 lM. Additionally,

ARA-lysoPtdCho also showed no significant inhibition

of LPS-induced NO formation at lower concentrations

(1–20 lM), although it had some suppressive effect at 60 lM.

In contrast, DHA-lysoPtdCho diminished the production of

NO in a concentration-dependent manner (12–200 lM),

and the 50% effective concentration (EC50) of DHA-lyso-

PtdCho was estimated to be 18.2 ± 2.1 lM (Fig. 1b).

Meanwhile, DHA at 20 lM suppressed LPS-induced NO

production by approximately 18% (data not shown), much

smaller than the suppression (*50%) achieved with DHA-

lysoPtdCho at 20 lM. In a separate experiment to see

whether the suppressive effect of DHA-lysoPtdCho on

LPS-induced NO production was related to its cytotoxic

action, the effect of DHA-lysoPtdCho on the viability of

RAW 264.7 cells was measured, based on the MTT assay.

Figure 1a indicates that DHA-lysoPtdCho and DHA-lyso-

PtdCho had no remarkable cytotoxic effect within the

concentrations used, whereas linoleoyl-lysoPC showed a

significant reduction of viability at 6 lM or higher con-

centrations. Thus, the suppressive effect of DHA-lysoPtd-

Cho on LPS-induced NO production was expressed at

non-cytotoxic concentrations. Subsequently, we turned to the

effect of DHA-lysoPtdCho on the level of TNF-a or IL-6 in

RAW 264.7 cells stimulated with LPS. Again, DHA-lys-

oPtdCho expressed a dose-dependent suppression of TNF-

a or IL-6 formation (Fig. 2). Next, we examined the effect

of DHA-lysoPtdCho on PGE2 formation in RAW 264.7

cells stimulated with LPS. However, DHA-lysoPtdCho up

to 200 lM failed to diminish the level of PGE2 (779 pg/ml)

in RAW 264.7 cells stimulated with LPS (1 lg/ml) only

(data not shown).

Effects of Polyunsaturated LysoPtdChos on Zymosan

A-Induced Plasma Leakage

Since DHA-lysoPtdCho exhibited a remarkable anti-

inflammatory action in vitro models, we examined whether

Fig. 1 Effect of polyunsaturated lysoPtdChos on cell viability or

LPS-induced NO production. RAW 264.7 cells were preincubated

with each polyunsaturated lysoPtdCho (LNA-lysoPtdCho, filled
squares; ARA-lysoPtdCho, filled diamonds; DHA-lysoPtdCho, filled
triangles) at various concentration (0–60 lM) for 2 h, and then

stimulated with LPS (1 lg/ml) for another 20 h. Cell viability (a) and

LPS-induced NO production (b) were determined as described in

‘‘Materials and Methods’’. Data were expressed as a percentile value

(%) of the LPS-treated group, which were pre-incubated with LPS

(1 lg/ml) in the absence of polyunsaturated-lysoPCs, and were

displayed as mean ± SE values of triplicate determinations.

*P \ 0.05 and **P \ 0.01 versus LPS-treated group
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polyunsaturated lysoPtdChos might attenuate zymosan A-

induced peritonitis in an animal model. In this study, each

lysoPtdCho was tested for the suppression of zymosan A-

induced plasma leakage into the peritoneum in mice, based

on extravasation of Evans blue dye indicative of vascular

permeability. As shown in Fig. 3a, the i.v. administration

of LNA-lysoPtdCho up to 500 lg/kg did not reduce the

level of exudate infiltration induced by zymosan A, when it

was administered 30 min before i.p. administration of

zymosan A (100 mg/kg). Meanwhile, ARA-lysoPtdCho

(150 lg/kg) was observed to decrease the level of exudate

infiltration induced by zymosan A, but the elevation of

ARA-lysoPtdCho dose to 500 lg/kg failed to further

enhance the suppressive effect (Fig. 3b). Furthermore

(Fig. 3c), DHA-lysoPtdCho expressed a remarkable sup-

pression of zymosan A-induced plasma leakage in a dose-

dependent way up to 500 lg/kg; a significant decline of

zymosan A-induced plasma leakage into the peritoneum

was observed with DHA-lysoPtdCho at a dose as small as

15 lg/kg (P \ 0.05). Further, the administration of DHA-

lysoPtdCho at a higher dose (500 lg/kg) almost completely

suppressed the zymosan A-induced plasma leakage into the

peritoneum, and the ED50 value was estimated to be

approximately 46 lg/kg. However, zymosan A-induced

plasma leakage was not suppressed significantly or

remarkably (\10%) by didocosahexaenoyl-phosphati-

dylcholine (15–50 lg/kg) (data not shown). From these

data, it was found that DHA-lysoPtdCho was the most

efficient among phospholipids tested in preventing zymo-

san A-induced plasma leakage. To prove the anti-inflam-

matory action of DHA-lysoPtdCho in vivo, we examined

the effect of DHA-lysoPtdCho on inflammatory mediators

such as interleukin-6 or TNF-a in peritoneal exudates. As

indicated in Fig. 4, DHA-lysoPtdCho, administered i.v.

significantly inhibited zymosan A-induced formation of

IL-6 and TNF-a in dose-dependent manner, supporting

anti-inflammatory role of DHA-lysoPtdCho. In further

study, the effect of DHA-lysoPtdCho on infiltration of

leukocytes into the peritoneum was evaluated. Figure 5

showed that DHA-lysoPtdCho prohibited the infiltration of

leukocytes into the peritoneum, providing further support

for the anti-inflammatory action of DHA-lysoPtdCho.

In the subsequent study, a time-dependent effect of

DHA-lysoPtdCho on zymosan A-induced plasma leakage

was examined. For this study, DHA-lysoPtdCho (50 lg/kg)

was administered 10, 30, 60, or 120 min before i.p.

administration of zymosan A, and a time-dependent sup-

pression of plasma leakage was evaluated. As exhibited in

Fig. 6, the 10-min interval between administration of

DHA-lysoPtdCho and zymosan A challenge was not suf-

ficient to express a remarkable suppression of plasma

leakage. Meanwhile, both the 30-min interval and the

60-min interval were sufficient to inhibit zymosan A-induced

plasma leakage, although there was no significant differ-

ence between two experimental conditions. This may

suggest that the same mechanism may apply for anti-

inflammatory action of DHA-lysoPtdCho between 30- and

60-min intervals. Meanwhile, the extension of interval time

to 120 min augmented the inhibitory effect to some extent.

Taken together, it is supposed that anti-inflammatory action

of DHA-lysoPtdCho may involve multiple mechanisms.

Previously, DHA-lysoPtdCho was observed to inhibit

5-lipoxygenase, an initial enzyme in the biosynthetic path-

way responsible for the formation of LTC4 [9]. Therefore,

the accumulation of DHA-lysoPtdCho in the peritoneum

may lead to the reduction of LTC4 formation in the peri-

toneum. To test this possibility, the effect of DHA-lys-

oPtdCho administration on the formation of LTC4 in the

peritoneum was investigated [34]. As indicated in Fig. 7,

the formation of LTC4 in peritoneal exudates was sup-

pressed by DHA-lysoPtdCho, i.v. administered in a dose-

dependent manner. However, the suppression of leukotri-

ene C4 formation by DHA-lysoPtdCho at 150 lg/kg was

approximately 50%. From this, it is suggested that anti-

inflammatory action of DHA-lysoPtdCho may be ascribed

at least partially to the inhibition of 5-lipoxygenase.

However, the suppressive effect of DHA-lysoPtdCho on

Fig. 2 Effects of DHA-lysoPtdCho on LPS -induced TNF-a (a) and

IL-6 (b) production in RAW 264.7 cells. RAW 264.7 cells

(5 9 104 cells/well) were incubated with DHA-lysoPtdCho (5–

40 lM) for 2 h and then LPS (1 lg/ml) was treated for another

20 h. TNF-a and IL-6 in the cell-free cultured supernatant were

measured by an ELISA kit. Data were expressed as mean ± SEM

values of triplicate determinations. *P \ 0.05 and **P \ 0.01 versus

LPS-treated group
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zymosan A-induced LTC4 formation was smaller than

zymosan A-induced plasma leakage (Fig. 3c). This led to

the assumption that a process responsible for the change of

vascular permeability might be directly affected by DHA-

lysoPtdCho or its metabolites. To test this possibility, we

examined the effect of DHA-lysoPtdCho on plasma leak-

age caused by LTC4, an inflammatory mediator. Figure 8

demonstrates that LTC4-induced inflammation was sup-

pressed remarkably by DHA-lysoPtdCho. This may sup-

port a notion that a mechanism other than the inhibition of

LTC4 formation may also be responsible for the anti-

inflammatory action of DHA-lysoPtdCho. In support of

this, a time-dependent action of DHA-lysoPtdCho indicates

that the metabolism of DHA-lysoPtdCho may be crucial

for its anti-inflammatory action. One metabolic pathway

is the hydrolysis of DHA-lysoPtdCho to produce DHA.

And the other may be a lipoxygenation process to give

rise to HPDHA-lysoPtdCho. With this in mind, DHA

and 17-HPDHA-lysoPtdCho were examined for their

anti-inflammatory action. As demonstrated in Fig. 9, 17-

HPDHA-lysoPC, a product from the oxygenation of

DHA-lysoPtdCho by 15-lipoxygenase, showed a remarkable

anti-inflammatory effect, greater than that of DHA-lysoPtd-

Cho. From this, it is suggested that the anti-inflammatory

action of DHA-lysoPtdCho may involve the formation of

17-HPDHA-lysoPtdCho as an intermediate in the metabolic

activation of DHA-lysoPtdCho. Meanwhile, the treatment

with DHA or 17(S)-hydroperoxy-4,7,10,13,15,19-DHA at

50 lg/kg did not show any significant anti-inflammatory

action (Fig. 9).

Fig. 3 Effects of

polyunsaturated lysoPtdCho,

administered i.v. on Zymosan

A-induced plasma leakage in

mice. LNA-lysoPtdCho (a),

ARA-lysoPtdCho (b) DHA-

lysoPtdCho (c) was

administered i.v. to mice (0–

500 lg/kg) 30 min prior to i.p.

administration of zymosan A

(100 mg/kg), and the plasma

leakage was determined as

described in Materials and

Methods. The column and bar
represent the means ± SEM of

results from each group of [10

mice. *P \ 0.05, **P \ 0.01,

***P \ 0.001 versus positive

group (zymosan A);
###P \ 0.001 versus negative

group (PBS)
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Effect of DHA-LysoPtdCho, Administered i.p.

on Zymosan A-Induced Plasma Leakage

In a separate experiment to see anti-inflammatory action of

lysoPtdCho administered by other administration routes,

Fig. 4 Effect of DHA-lysoPtdCho, administered i.v. on zymosan

A-induced TNF-a and IL-6 formation in mice. DHA-lysoPtdCho was

administered i.v. to mice (0–150 lg/kg) 30 min prior to i.p.

administration of zymosan A (100 mg/kg). Plasma lavage was

performed with 4 ml PBS followed by brief centrifugation

(15,000 rpm, 5 min), and cell-free lavage supernatant was used

directly for determination of TNF-a and IL-6 levels by ELISA kit.

The column and bar represent the means ± SEM of results from each

group of ten mice. *P \ 0.05, **P \ 0.01, ***P \ 0.001 versus

positive group (zymosan A); ###P \ 0.001 versus negative group

(PBS)

Fig. 5 Effect of DHA-lysoPtdCho, administered i.v. on zymosan

A-induced leukocyte infiltration in mice. DHA-lysoPtdCho was

administered i.v. 30 min prior to i.p. administration of zymosan A

(100 mg/kg). Total cell counts were performed for the lavage fluid

collected at the 90-min time point using light microscopy together

with trypan blue staining

Fig. 6 Time-dependent suppressive effect of DHA-lysoPtdCho,

administered i.v. on Zymosan A-induced plasma leakage in mice.

DHA-lysoPtdCho was administered i.v. to mice (50 lg/kg) 15 min,

30 min, 60 min or 120 min prior to i.p. administration of zymosan A

(100 mg/kg), and the plasma leakage was determined as described in

‘‘Materials and Methods’’. The column and bar represent the

means ± SEM of results from each group of [10 mice. *P \ 0.05,

**P \ 0.01, ***P \ 0.001 versus positive group (zymosan A);
###P \ 0.001 versus negative group (PBS)

Fig. 7 Effect of DHA-lysoPtdCho, administered i.v. on zymosan

A-induced LTC4 formation in mice. DHA-lysoPtdCho was adminis-

tered i.v. to mice (0–150 lg/kg) 30 min prior to i.p. administration of

zymosan A (100 mg/kg). Plasma lavage was performed with 4 ml

PBS followed by brief centrifugation (15,000 rpm, 5 min), and the

cell-free lavage supernatant was used directly for determination of

LTC4 level by EIA kit. The column and bar represent the

mean ± SEM of results from each group of 10 mice. *P \ 0.05,

**P \ 0.01, ***P \ 0.001 versus positive group (zymosan A);
###P \ 0.001 versus negative group (PBS)
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DHA-lysoPtdCho, and 17-HPDHA-lysoPtdCho were

administered i.p. 60 min prior to zymosan A challenge, and

its suppressive effect was evaluated. As demonstrated

in Fig. 10, the i.p. administration of DHA-lysoPtdCho or

17-HPDHA-lysoPtdCho produced a dose-dependent anti-

inflammatory action. In comparison, 17-HPDHA-lysoPtd-

Cho was more efficacious than DHA-lysoPtdCho, similar

to the finding with the i.v. administration (Fig. 9). Thus,

DHA-lysoPtdCho was suggested to be transformed to

17-HPDHA-lysoPtdCho, more bioactive.

Effect of DHA-LysoPtdCho, Administered Orally

on Zymosan A-Induced Plasma Leakage

In a further experiment, the anti-inflammatory effect of

DHA or DHA-lysoPtdCho, orally administered, was

examined. As shown in Fig. 11, oral administration of

DHA-lysoPtdCho showed an apparent suppressive effect

on zymosan A-induced plasma leakage, although oral

administration was less effective than i.p. or i.v. adminis-

tration. In contrast, the anti-inflammatory action of doco-

sahexaenoic acid, orally administered, was not significant

up to 150 lg/kg. Thus, the structure of DHA-lysoPtdCho is

suggested to be important for anti-inflammatory action in

vivo.

Discussion

Although there have been reports on the anti-inflammatory

actions of DHA metabolites in vitro and in vivo [37–39],

there has been no report on the anti-inflammatory action

of DHA-lysophospholipids. Recently, our previous study

Fig. 8 Effect of DHA-lysoPtdCho, administered i.v. on LTC4-

induced plasma leakage in mice. DHA-lysoPtdCho (0–150 lg/kg)

was administered i.v. into tail vein of mice 60 min before i.p.

administration injection of LTC4 (100 lg/kg), and the plasma leakage

was determined as described in ‘‘Materials and methods’’. The

column and bar represent the mean ± SEM of results from each

group of 10 mice. *P \ 0.05, **P \ 0.01, ***P \ 0.001 versus

positive group (LTC4); ###P \ 0.001 versus negative group (PBS)

Fig. 9 Effects of DHA, 17-HPDHA, DHA-lysoPtdCho or 17-

HPDHA-lysoPtdCho, administered i.v. on zymosan A-induced

plasma leakage in mice. Lipids were administered i.v. to mice

(50 lg/kg) 30 min before i.p. administration injection of zymosan A

(100 mg/kg), and the plasma leakage was determined as described in

‘‘Materials and Methods’’. The column and bar represent the

mean ± SEM of results from each group of [10 mice. *P \ 0.05,

**P \ 0.01 versus positive group (zymosan A); ###P \ 0.001 versus

negative group (PBS)

Fig. 10 Effect of DHA-lysoPtdCho or 17-HPDHA-lysoPtdCho,

administered i.p. on zymosan A-induced plasma leakage in mice.

DHA-lysoPtdCho (filled bars) or 17-HPDHA-lysoPtdCho (open bars)

was administered i.p. (50 lg/kg) to mice 60 min before an i.p.

injection of Zymosan A (100 mg/kg), and the plasma leakage was

determined as described in ‘‘Materials and Methods’’. The column
and bar represent the mean ± SEM of results from each group of[10

mice. *P \ 0.05, **P \ 0.01, ***P \ 0.001 versus positive group

(zymosan A); ###P \ 0.001 versus negative group (PBS)
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showed that DHA-lysoPtdCho and its oxygenation prod-

ucts strongly inhibited mammalian 5-LOX activity [26],

responsible for the generation of inflammatory lipid

mediators such as leukotriene B or cysteinyl-leukotrienes.

Very recently, we observed that ARA-lysoPtdCho and its

15-hydroperoxy derivative expressed an anti-inflammatory

action in zymosan A-induced peritonitis [40]. Present

studies indicate that DHA-lysoPtdCho is more efficient

than ARA-lysoPtdCho in LPS-induced production of NO

in RAW cells. Moreover, the effective concentrations

(5–10 lM) of DHA-lysoPtdCho in inhibiting 5-LOX

activity [26] as well as LPS-induced NO production are

relatively low. Noteworthy, such an action seems to be

peculiar to DHA-lysoPtdCho, since other lysoPtdCho

species such as ARA-lysoPtdCho or LNA-lysoPtdCho had

no remarkable reduction of NO level. Furthermore, DHA-

lysoPtdCho also decreased the level of inflammatory

mediators such as TNF-a or IL-6 induced by LPS, sup-

porting the anti-inflammatory action of docosahexaenoyl-

lysoPC.

Consistent with its anti-inflammatory action in vitro,

DHA-lysoPtdCho, i.v. administered, suppressed zymosan

A-induced peritonitis in mice at relatively low doses

(15–50 lg/kg). In comparison, DHA-lysoPtdCho, i.v. or

i.p. administered, was much more effective than ARA-

lysoPtdCho in suppressing zymosan A-induced peritonitis.

Even oral administration of DHA-lysoPtdCho exhibited

some suppressive effect on zymosan A-induced peritonitis,

although it was less efficient than i.v. or i.p. administration.

Thus, DHA-lysoPtdCho is supposed to be one of

endogenous anti-inflammatory lipids. In support of this,

DHA-lysoPtdCho was observed to reduce the levels of

TNF-a or IL-6 as well as infiltrated leukocytes in vivo

system. In the time course of anti-inflammatory action, a

prior administration of DHA-lysoPtdCho seemed to be

important for a maximal anti-inflammatory action; the

administration of DHA-lysoPtdCho at least 30 min before

the zymosan A challenge expressed a remarkable inhibi-

tion, but the administration 10 min before the zymosan A

challenge did not succeed in showing a noticeable inhibi-

tion. From this, it is suggested that the anti-inflammatory

action of DHA-lysoPtdCho in the peritoneum may require

some delay process. Thus, the appearance of DHA-lys-

oPtdCho or its metabolites in peritoneal cells, where the

mediators responsible for plasma leakage could be gener-

ated, may require a transport process. This might be con-

sistent with the previous observation [41] that the

appearance of labeled DHA, administered i.v. in peritoneal

exudates required approximately a 1-h to 2-h delay for a

maximal level. Earlier it had been reported that early

vascular permeability, followed by subsequent infiltration

of neutrophils into the peritoneum, depended largely on

cysteinyl-leukotrienes, derived from 5-lipoxygenation of

ARA, released by resident peritoneal macrophages, and to

a lesser extent, on mast cell histamine and prostaglandin

E2 of multiple cellular origins [42, 43]. In this respect,

the suppressive effect of DHA-lysoPtdCho on zymosan

A-induced peritonitis might be partially related to the direct

inhibition of 5-LOX [26], an initial enzyme implicated

in the biosynthetic pathway of cysteinyl-leukotrienes

responsible for vascular permeability [43]. Support for this

comes from the finding that the i.v. administration of DHA-

lysoPtdCho partially reduced the formation of LTC4 in

peritoneal exudates, reaffirming the notion that one

mechanism, responsible for the anti-inflammatory effect of

DHA-lysoPtdCho on zymosan A-induced peritonitis, may

be related to the reduction of LTC4 through the inhibition

of 5-lipoxygenase. However, a complete inhibition of

LTC4 formation was not achieved using DHA-lysoPtdCho

under the conditions used. This led us to the assumption

that a process responsible for the change of vascular per-

meability might be directly affected by DHA-lysoPtdCho

or its metabolites. In support of this assumption, the plasma

leakage caused by LTC4 was successfully prevented by

DHA-lysoPtdCho administration, confirming that DHA-

lysoPtdCho or its metabolites may exert an anti-inflam-

matory action. Concerned with this, the requirement of the

time interval between lysoPC administration and zymosan

A challenge may suggest that a metabolism of DHA-lys-

oPtdCho may be crucial for the maximal expression of

anti-inflammatory action at the inflammation site, i.e. the

peritoneum. There may be two possible metabolic path-

ways of DHA-lysoPtdCho; one is the formation of DHA,

Fig. 11 Effect of DHA-lysoPtdCho or DHA, administered orally, on

zymosan A-induced plasma leakage in mice. DHA (open bars) or 17-

HPDHA-lysoPtdCho (filled bars) was administered orally (50 lg/kg)

to mice 60 min before i.p. injection of zymosan A (100 mg/kg), and

the plasma leakage was determined as described in ‘‘Materials and

Methods’’. The column and bar represent the mean ± SEM of results

from each group of[10 mice. *P \ 0.05, **P \ 0.01, ***P \ 0.001

versus positive group (zymosan A); ###P \ 0.001 versus negative

group (PBS)
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and the other, the formation of HPDHA-lysoPtdCho [24].

In the former process, DHA is released from the enzymatic

hydrolysis of DHA-lysoPtdCho in vivo. However, this

hydrolytic metabolic process may not be directly related to

the anti-inflammatory action of DHA-lysoPtdCho in peri-

toneal cells as suggested from no remarkable effect of

DHA administered in this experiment. Rather, HPDHA-

lysoPtdCho may more likely be a metabolic intermediate

accountable for anti-inflammatory action. In support of

this, 17-HPDHA-lysoPtdCho showed greater anti-inflam-

matory effect than DHA-lysoPtdCho in i.v. administration

as well as i.p. injection. The similarity of DHA-lysoPtdCho

action between two administration routes may support the

idea that the metabolic activation of DHA-lysoPtdCho may

occur commonly in vivo. This could be explained by the

notion that DHA-lysoPtdCho might be primarily subjected

to lipoxygenation by 15-lipoxygenase to generate 17-

HPDHA-lysoPtdCho, which could be further utilized for

the formation of potent anti-inflammatory mediators such

as protectin D type derivative [38]. Alternatively, second-

ary metabolites such as maresin type derivative [37],

derived from 14-HPDHA-lysoPtdCho, may be implicated

in the anti-inflammatory action. Taken together, it is likely

that the primary metabolites such as 17-HPDHA-lysoPtd-

Cho or 14-HPDHA-lysoPtdCho may be finally converted

to bioactive products directly responsible for anti-inflam-

matory action. This might be well supported by the

previous finding [24] that DHA-lysoPtdCho was enzy-

matically converted to 14-HPDHA-lysoPtdCho derivative

or 17-HPDHA-lysoPtdCho derivative. In turn, 14-hydro-

peroxydocosahexaenoyl derivative and 17-hydro-

peroxydocosahexaenoyl derivative could be transformed

finally to maresin [37] or protectin D [38]. Thus, it is

supposed that another mechanism for anti-inflammatory

action of DHA-lysoPtdCho may involve a series of meta-

bolic activation pathways. Previous studies showed that in

zymosan A-induced peritonitis, protectin D significantly

reduced PMN infiltration at very low doses, showing an

apparent maximal response approximately in the 50%

range [9]. In our present study, meanwhile, an almost

complete inhibition of zymosan A peritonitis was achieved

with DHA-lysoPtdCho at a dose of 500 lg/kg, indicating

that DHA-lysoPtdCho might be more efficient in showing

a maximal efficacy. This could be explained by the

assumption that DHA-lysoPtdCho might express anti-

inflammatory activity through multiple actions, such as

suppression of the formation of nitric oxide or TNF-a,

inhibition of 5-lipoxygenase activity as well as formation

of maresin or protectin D.

Once the sn-2 position of phosphatidylcholine is

hydrolyzed by PLA2, unsaturated fatty acids are released,

and then metabolized to form bioactive lipid mediators,

inflammatory or anti-inflammatory [44]. Meanwhile, the

remaining lysoPtdChos with saturated acyl chains or oleoyl

group have been found to have cytotoxic effects on various

cell systems [14–18]. As a part of the inflammatory actions

of lysoPtdChos, lysoPtdChos brought about the superoxide

production in neutrophils [17] and nonphagocytic cells

[16, 17], and LNA-lysoPtdCho caused oxidative stress in

RAW 264.7 cells [18]. In addition, lysoPtdChos elicited

the production of pro-inflammatory cytokines in human

monocytes and rat aortic smooth muscle cells [45], and

played a role as a chemotactic factor for monocytes and T

cells [3, 46]. The diverse properties of lysoPtdChos suggest

that the functions of this class of lipids are highly depen-

dent on the type of lysoPtdChos. A recent report showed

that transcellular secretion of group V phospholipase A2

from the epithelium induced the synthesis of leukotriene C4

through the generation of lysoPtdChos in eosinophils [47].

In this regard, it will be of great interest whether or how

DHA-lysoPtdCho affects the secretory group V PLA2-

induced formation of LTC4 in eosinophils.

An apparent advantage with DHA-lysoPtdCho, com-

pared to other types of lysoPtdCho, is that it exhibits anti-

inflammatory actions at non-cytotoxic concentrations.

Moreover, DHA-lysoPtdCho still exhibits a significant

anti-inflammatory action after oral administration. In this

respect, it is conceivable that administration of DHA-lys-

oPtdCho will help ameliorate the pro-inflammatory state,

caused by various inflammatory agents including pro-

inflammatory lysoPtdChos.

In this respect, DHA-lysoPtdCho therapy is possible if

these lipids are introduced through appropriate adminis-

tration routes in the inflammation progress. For this pur-

pose, the upper limit of DHA-lysoPtdCho dosage, showing

anti-inflammatory action selectively, is to be established in

further studies.
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