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Abstract: Lysophosphatidylcholine (LPC) that binds to docosahexaenoic acid (DHA) at the sn-2 

position (ƒÀ-DHA-LPC) was prepared by the Lipozyme mediated selective partial hydrolysis of DHA-en-

riched egg yolk lecithin. The ƒÀ-DHA-LPC was found to be rapidly incorporated into erythrocyte cells 

and increase their deformability at 5ƒÊM/erythrocyte.
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1 Introduction

The potential cardio-protective health benefits of n-3 polyunsaturated fatty acids (n-3 PU-

FA) in fishes have been confirmed through many studies1) conducted on both human sub-

jects and animals. Some studies have indicated that dietary n-3 PUFAs can improve blood 

rheology by decreasing blood viscosity, increasing erythrocyte deformability and reducing 

overall plasma viscosity2). Research from our laboratory has shown that phospholipids that 

bind docosahexaenoic acid (DHA) or eicosapentaenoic acid (EPA) can increase the de-

formability of human erythrocytes3),4). This was attributed to the effect of DHA at the sn-2 

position in the phospholipid molecule. Lipase-mediated selective partial hydrolysis has been 

carried out on diacylphospholipid to remove the acyl moiety in the sn-1 position. Lysophos-

phatidylcholine (LPC) obtained through this method binds acyl moieties at the ƒÀ-position 

and is rich in DHA5),6). Therefore, it is expected that the properties of ƒÀ-LPC rich in DHA 

might differ from those of ƒ¿-LPC prepared by PLA2-mediated hydrolysis. The aim of the 

present study was to evaluate the potential of ƒÀ-LPC rich in DHA to improve blood flow by 

increasing erythrocyte deformability.

2 Experimental

2•E1 Materials

DHA-enriched lecithin prepared from egg yolk of fish oil fed hens (DHA-egg lecithin) 

was obtained from Bizen Chemical Co. Ltd. (Okayama-ken, Japan). The phospholipid con-

tent of the DHA-egg lecithin was 96.0%. Diacyl ƒÀ-DHA-phosphatidylcholine (PC) was puri-

fied from DHA-enriched lecithin by a preparative silica gel thin layer chromatography 

(TLC) using a chloroform: methanol: water (65:25:4, vol/vol/vol) solution as a dissolvent. 

Soy PC was obtained from Avanti Polar-Lipids, Inc. (Alabaster, AL, USA). EPA (purity 

90.0%) was a generous gift from Nippon Chemical Feed Ltd. (Hakodate, Japan). Lipozyme 

IM (79.2BIU/g), an immobilized lipase obtained from Rhizmucor miehei on an anion ex-

change resin, was a gift from Novo Nordisk A/S (Bagsvaerd, Denmark). All other chemi-
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cals and solvents were reagent grade.

2•E2 Partial hydrolysis

Water activity (aw) of Lipozyme IM was adjusted to aw=0.44 in a desiccator with K2CO3 

saturated solution for 24h at 25•Ž. Partial hydrolysis was carried out with 53mg Lipozyme 

IM in 20mg substrate phospholipid dissolved in a 2mL distilled n-hexane solution. Mois-

ture was not detectable in n-hexane by means of Karl-Fisher titration. The temperature of 

the reaction was controlled at 40•Ž by immersion in a water bath shaker (75 strokes/min) 

under an argon gas atmosphere. After incubation, the reaction mixture was filtered through 

a 0.45ƒÊm PTFE filter (Gelman, Japan D/N) together with a chloroform: methanol (1:1,

vol/vol) solution to remove the enzyme. The partial hydrolysate mixture was then applied 

onto a Sep-Pak silica cartridge (Waters Associate Co. Ltd., Milford, USA). Free fatty acids 

were first removed with a chloroform: methanol (10:1,vol/vol) solution, and the remaining 

phospholipid was recovered with methanol. ƒÀ-DHA-LPC was purified from the recovered 

phospholipid with a preparative silica gel TLC using a chloroform: methanol: water (65:25:4,

vol/vol/vol) solution as a dissolvent. ƒÀ-DHA-LPC thus obtained was methylated and ana-

lyzed by gas liquid chromatography in the same manner described in our previous study5). ƒÀ

-Soy LPC was prepared from Soy PC by the same manner described above
. All phospho-

lipids used in this study as substrates or as comparisons were also subjected to fatty acid 

analysis.

2.3 Human erythrocytes deformability evaluation

Blood samples were collected from a healthy human volunteer. Erythrocytes were separat-

ed from heparinized venous blood by centrifugation at 3000rpm for 15min. The huffy coats 

were removed, and the erythrocytes were washed twice with 10mM Na2HPO3, 125mM NaCl 

(pH7.4) phosphate buffer saline (PBS). We added 60ƒÊL phospholipid suspensions of each 

selected concentration (sonicated mixture of presonicated phospholipid suspension and 

dimethylsulfoxide (1:1,v/v)) to 6mL of washed human erythrocytes (hematocrit value (Ht.) 

was adjusted to 2% with PBS containing 2mM adenine, 10mM inosine and 10mM glucose). 

The mixture was then incubated in a water bath shaker (80strokes/min) for 1 or 3h at 37•Ž . 

After incubation, erythrocytes were washed three times with PBS and the Ht. was adjusted 

to 10%. We then added 0.2mL plasma from the same volunteer to 0.5mL of this erythrocye 

suspension. This mixture was then filtered through a Nucleopore filter (5.0ƒÊm, Corning 

Coster Co. Ltd., Cambridge, MA). The deformability of erythrocytes treated with selected 

phospholipids was measured using a cell rheology meter (model MC-FAN KH-2S) equipped 

with a cell-flow microchannel formed in a single crystal silicon substrate7),8) (Bloody 5A, 6•~

20ƒÊm, channel number 4704, Hitachi Haramachi Electronics Co. Ltd, Haramachi, Japan). 

The times required for 100ƒÊL erythrocyte suspensions to flow through the microchannel 

were measured.

2•E4 Measurement of hemolysis after treatment with lysophospholipid positional isomers

We added 60ƒÊL of ƒ¿-EPA-LPC or ƒÀ-EPA-LPC suspension to 6mL of erythrocyte suspen-

sion (Ht. 2%). The mixture was incubated in a water bath shaker (80strokes/min) for 1h at 

37•Ž and then centrifuged for 10min at 1000rpm. A 4mL aliquot of the supernatant was 

mixed with 5mL of Matsubara reagent (1/30M phosphate buffer (pH7.2) containing 9.1

mM K3Fe(CN)6, 30.8mM NaN3). After sitting for an hour, the mixture was centrifuged for 

10min at 1000rpm, and the absorbance of the supernatant at 540nm was measured. We de-

fined 100% hemolysis as the absorbance of a supernatant prepared from the disrupted ery-

throcytes suspension when exposed to distilled water.

3 Results and Discussion

3.1 Increase in human erythrocyte deformability by ƒÀ-PUFA-phospholipids

Effect of ƒÀ-PUFA-phospholipids (Table 1) on human erythrocyte deformability was evalu-
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Table 1 Fatty Acid Composition of PCs and LPCs Used for the Evaluation of Erythrocyte Deformability.

Abbreviations: diacyl ƒÀ-DHA-PC; docosahexaenoic acid-containing phosphatidylcholine prepared 

from Egg yolk of fish oil fed hens, ƒÀ-DHA-LPC; DHA-containing lysophosphatidylcholine prepared 

from DHA-Egg lecithin hydrolyzed with Lipozyme IM, ƒÀ-Soy LPC; LPC prepared from Soy PC hydro-

lyzed with Lipozyme IM, ƒ¿-EPA-LPC; LPC containing eicosapentaenoic acid at sn-1 position, ƒÀ-

EPA-LPC; LPC containing EPA at sn-2 position. 

ated with a cell flow microchannel, which has many advantages, such as high reproducibili-

ty in flow speed, and allowing easy microscopic observation of erythrocytes that pass 

through the channels7),8).

Preliminary experiment was carried out to rule out the conditions that induce hemolysis 

while incorporating phospholipids. After incubation with 10ƒÊM diacyl ƒÀ-DHA-PC and 5ƒÊM 

ƒÀ-DHA-LPC (these contain same amounts of DHA) for 3h
, DHA in phospholipid fractions 

of erythrocytes increased to 10.8%, 10.9%, respectively (Table 2). Hemolysis were 9.0% for 

diacyl ƒÀ-DHA-PC and 7.5% for ƒÀ-DHA-LPC (that of control i.e. phospholipid free was 

7.5%). When compared with 10ƒÊM Soy PC, 10ƒÊM diacyl ƒÀ-DHA-PC and 5ƒÊM ƒÀ-DHA-LPC 

with the same amount of DHA resulted in high erythrocyte deformability improvement after 

a 3h incubation (Fig. 1). The effects between both DHA-containing phospholipids were sim-

ilar. Passage times required for the 100ƒÊL erythrocyte suspensions (Ht. 10%) to pass 

through the channel were 49.4•}0.6s (mean•}S.D.) when they were incubated with Soy PC

Table 2 Fatty Acid Composition of Phospholipids Obtained from 

Human Erythrocytes Treated with Diacyl ƒÀ-DHA-PC and 
ƒÀ-DHA-LPC for 3h .

Data represent mean•}S.D. (n=3). *P<0.01 vs Control.

Abbreviations are the same as in Table 1.
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Fig. 1 Flow Curves of Human Erythrocytes 

Treated with Some PCs and ƒÀ-DHA-LPC 

for 3h Obtained through Evaluation of 

Deformability with Artificial Capillary 

Model.

-•›- control (phospholipid free)

-•œ- Soy PC 10ƒÊM

-•¡- diacyl ƒÀ-DHA-PC 10ƒÊM

-ƒ¢-ƒÀ-DHA-LPC 5ƒÊM

Fig. 2 Effect of Incubation Time with Phospho-

lipids on Erythrocytes Deformability.

-•›- control (phospholipid free
, 1h incu-

bation) -•œ- 1h incubation

-• - 2h incubation -•£- 3h incubation

(n=6). When the erythrocytes were incubated with diacyl ƒÀ-DHA-PC (n=4) and ƒÀ-DHA-LPC 

(n=3), passage times were 38.1•}3.6s and 43.0•}0.4s, respectively. When the incubation time 

was shortened from 3h to 1h, ƒÀ-DHA-LPC still increased the deformability of erythrocytes, 

while diacyl ƒÀ-DHA-PC had no such effect (Fig. 2). It is known that LPC is rapidly incorpo-

rated into the membrane of human erythrocytes9)•`11). After 1h incubation, DHA in the 

phospholipid fraction of erythrocytes treated with 5ƒÊM ƒÀ-DHA-LPC already increased to 

11.2%, and this level did not increase after 2 more hours of incubation. Deformability was 

also the same after 1h and 3h incubation. On the other hand, DHA in the phospholipid frac-

tion of erythrocytes treated with 10ƒÊM diacyl ƒÀ-DHA-PC was 5.3% after a 1h incubation 

(Table 3). Additional 2h incubation (total 3h) with diacyl ƒÀ-DHA-PC increased the DHA 

incorporation to the some level of ƒÀ-DHA-LPC treatment as seen in Table 2. And deforma-

bility of erythrocytes increased in accordance with the incubation time (Fig. 2). These re-

Table 3 Fatty Acid Composition of Phospholipids Obtained from 

Human Erythrocytes Treated with Diacyl ƒÀ-DHA-PC and 
ƒÀ-DHA-LPC for 1h .

Data represent mean•}S.D. (n=3). *P<0.01 vs Control. 

Abbreviations are the same as in Table 1.
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sults were attributed to the more rapid intake of the ƒÀ-LPC form than of the diacyl ƒÀ-DHA-

PC form.

To compare the effects of the acyl moiety of ƒÀ-LPC on the improvement in erythrocyte de-

formability, ƒÀ-DHA-LPC with 29.2% DHA and ƒÀ-Soy LPC with no DHA (Table 1) were 

compared. ƒÀ-DHA-LPC increased erythrocyte deformability, while ƒÀ-Soy LPC did not (data 

not shown). There were no remarkable differences in flow curves between control and the ƒÀ-

Soy LPC. Hemolysis and osmotic fragility of erythrocytes were not observed after treatment 

with ƒÀ-DHA-phospholipids at least under the experimental conditions employed. There were 

no differences in the status of erythrocyte membrane appearance before and after flow mea-

surements. Incorporated DHA might improve the physical properties of the membrane, such 

as by improving fluidity without any deleterious effect. Erythrocyte deformability is affected 

by internal viscosity, ATP content, and membrane fluidity12),13). In this study, erythrocytes 

were incubated in PBS containing adenine, inosine and glucose as nutrients14). The passage 

times of 100ƒÊL erythrocyte suspensions (Ht. 10%) incubated without phospholipids (control) 

for 1h and 3h were similar (59.6•}2.0s (1h, n=4) and 58.4•}0.2s (3h, n=4), respectively). 

However, it is still necessary to carry out the same kind of study in vivo.

We also compared the effects of ƒ¿-EPA-LPC and ƒÀ-EPA-LPC on the erythrocyte de-

formability because we were not able to prepare ƒ¿-DHA-LPC by lipase-mediated reaction. 

ƒÀ-EPA-LPC had a more beneficial effect on erythrocyte deformability than ƒ¿-EPA-LPC 

did (Fig. 3). The binding position and species of the acyl moiety on LPC seemed important 

in increasing the effect of erythrocyte deformability.

3.2 Comparison in hemolysis of erythrocytes after treatment with ƒ¿- and ƒÀ-lysophospho-

lipid positional isomers

Hemolysis of erythrocytes after treatment with ƒÀ-EPA-LPC was much lower when lipid 

concentrations were over 20ƒÊM (Fig. 4). Bioavailability of ƒÀ-EPA-LPC should be much 

higher than that of ƒ¿-LPC for this reason. At the LPC concentration levels examined for the

Fig. 3 Flow Curves of Human Erythrocytes 

Treated with ƒ¿-EPA-LPC and ƒÀ-EPA-

LPC for 1h Obtained through Evaluation 

of Deformability with Artificial Capillary 

Model.

-•›- control (phospholipid free)

-•£-ƒ¿-EPA-LPC 10ƒÊM

-•¡-ƒÀ-EPA-LPC 10ƒÊM

Fig. 4 Effect of ƒ¿-EPA-LPC and ƒÀ-EPA-LPC on 

Hemolysis of Human Erythrocytes.

Human erythrocytes (Ht. 2.0%) were in-

cubated with selected concentrations of 

Soy PC, ƒ¿-EPA-LPC and ƒÀ-EPA-LPC at 

37•Ž for 1h.

-•œ- SoyPC

-•£-ƒ¿-EPA-LPC

-•¡-ƒÀ-EPA-LPC

Data represent mean•}S.D. (n=3).

* P<0
.01 vs control,

** P<0
.01 vsƒÀ-EPA-LPC.
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erythrocyte deformability evaluation, no deleterious effects were observed. Therefore, we 

conclude that ƒÀ-n-3 PUFA-LPC is a promising chemical form to increase human erythro-

cyte deformability without causing deleterious effects.
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[報文] n-3系 多価不飽和脂肪酸高含有 β-リゾ リン脂質

によるヒ ト赤血球変形能の増進作用

細 川 雅 史 ＊1・小 野 雅 代 ＊1・高 橋 是 太 郎 ＊1・井 上 良 計 ＊2

＊1 北海道大学水産学部 (〒041-8611函 館市港町3-1-1)

＊2 備前化成株式会社 (〒709-0716岡 山県赤磐郡熊山町)

リポザイ ム(ケ カ ビ由来 固定化酵素)を 用 いた ドコサヘキサエ ン酸(DHA)強 化鶏卵黄 ホス ファチ ジル コ リン

(PC)の 選択 的部分加水分解反応 によ り,8n-2位 にDHAの 結合 した リゾホスフ ァチ ジル コ リン(β-DHA-LPC)

を調製 した。 この β-DHA-LPCは,ヒ ト赤血球懸濁液 に対 し5μMの 濃度 において も,速 やかに ヒ ト赤血球 中に

取 り込まれ,そ の変形能 を向上 させ ることができる ことを人工毛細血管 モデルに より明 らかに した。
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