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Increase in Deformability of Human Erythrocytes
through the Action of 8-Lysophospholipid Rich
in n-3 Polyunsaturated Fatty Acid Content

Masashi HOSOKAWA*!, Masayo ONO*!, Koretaro TAKAHASHI*!,
and Yoshikazu INOUE*?
x1 Faculty of Fisheries, Hokkaido University
(8-1-1, Minato-cho, Hakodate-shi, Hokkaido 041-8611)
x2 Bizen Chemical Co., Ltd.
(363 Tokutomi, Kumayama-cho, Akaiwa-gun, Okayama-ken 709-0716)

Abstract : Lysophosphatidylcholine (LPC) that binds to docosahexaenoic acid (DHA) at the sn-2
position (3-DHA-LPC) was prepared by the Lipozyme mediated selective partial hydrolysis of DHA -en-
riched egg yolk lecithin. The 3-DHA-LPC was found to be rapidly incorporated into erythrocyte cells
and increase their deformability at 5y M/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 studies!’ 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 viscosity?). Research from our laboratory has shown that phospholipids that
bind docosahexaenoic acid (DHA) or eicosapentaenoic acid (EPA) can increase the de-
formability of human erythrocytes®:®. 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 g-position
and is rich in DHA®®). Therefore, it is expected that the properties of 3-LPC rich in DHA
might differ from those of ¢ -LPC prepared by PLAj;-mediated hydrolysis. The aim of the
present study was to evaluate the potential of B~LPC rich in DHA to improve blood flow by
increasing erythrocyte deformability.

2 Experimental

2-1 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 B~-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 (79.2 BIU/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+2 Partial hydrolysis

Water activity (aw) of Lipozyme IM was adjusted to a,=0.44 in a desiccator with K,COs
saturated solution for 24 h at 25°C. Partial hydrolysis was carried out with 53 mg Lipozyme
IM in 20 mg substrate phospholipid dissolved in a 2 mL 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°C by immersion in a water bath shaker (75 strokes/min)
under an argon gas atmosphere. After incubation, the reaction mixture was filtered through
a 0.45y m 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. 3~-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. 5~ DHA-LPC thus obtained was methylated and ana-
lyzed by gas liquid chromatography in the same manner described in our previous study®. 3
-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 3000 rpm for 15 min. The buffy coats
were removed, and the erythrocytes were washed twice with 10 mM Nay,HPOj3, 125 mM NaCl
(pH 7.4) phosphate buffer saline (PBS). We added 60 4 L. phospholipid suspensions of each
selected concentration (sonicated mixture of presonicated phospholipid suspension and
dimethylsulfoxide (1:1, v/v)) to 6 mL of washed human erythrocytes (hematocrit value (Ht.)
was adjusted to 29 with PBS containing 2mM adenine, 10mM inosine and 10mM glucose).
The mixture was then incubated in a water bath shaker (80 strokes/min) for 1 or 3 h at 37°C.
After incubation, erythrocytes were washed three times with PBS and the Ht. was adjusted
to 109%. We then added 0.2 mL plasma from the same volunteer to 0.5 mL of this erythrocye
suspension. This mixture was then filtered through a Nucleopore filter (5.0 y m, 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 substrate?-8)(Bloody 5A, 6x
20 4 m, channel number 4704, Hitachi Haramachi Electronics Co. Ltd, Haramachi, Japan).
The times required for 100 y L erythrocyte suspensions to flow through the microchannel
were measured.

2+4 Measurement of hemolysis after treatment with lysophospholipid positional isomers

We added 60 L of a-EPA-LPC or 3-EPA-LPC suspension to 6 mL of erythrocyte suspen-
sion (Ht. 2%). The mixture was incubated in a water bath shaker (80 strokes/min) for 1 h at
37°C and then centrifuged for 10 min at 1000 rpm. A 4 mL aliquot of the supernatant was
mixed with 5 mL of Matsubara reagent (1/30 M phosphate buffer (pH 7.2) containing 9.1
mM K3Fe(CN)s, 30.8 mM NaNj). After sitting for an hour, the mixture was centrifuged for
10 min at 1000 rpm, and the absorbance of the supernatant at 540 nm was measured. We de-
fined 1009 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 3~-PUF A-phospholipids
Effect of 3-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.

DERYe | FDRET | sevre | ARY | epE | PG

Sat.

16:0 39.1 8.3 14.9 2.6 2.6 3.9

18:0 9.6 3.7 3.3 0.2 0.7 0.9
Mono.

18:1 28.9 38.7 14.1 16.4 2.6 1.6
Poly.

18:2 11.3 14.9 61.8 74.7 11.5 7.8

18:3 0.1 - 5.4 5.4 1.4 1.5

20:4 (AA) 1.4 2.9 - - - -

20:5 (EPA) 0.4 1.1 - - 79.0 81.9

22:6(DHA) 6.7 29.2 - - - -

Abbreviations : diacyl B-DHA-PC ; docosahexaenoic acid-containing phosphatidylcholine prepared
from Egg yolk of fish oil fed hens, S~-DHA-LPC ; DHA-containing lysophosphatidylcholine prepared
from DHA-Egg lecithin hydrolyzed with Lipozyme IM, g-Soy LPC ; LPC prepared from Soy PC hydro-
lyzed with Lipozyme IM, @ -EPA-LPC ; LPC containing eicosapentaenoic acid at sn-1 position, S-
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 channels”-®.

Preliminary experiment was carried out to rule out the conditions that induce hemolysis
while incorporating phospholipids. After incubation with 10y M diacyl 3-DHA-PC and 5y M
B-DHA-LPC (these contain same amounts of DHA) for 3 h, DHA in phospholipid fractions
of erythrocytes increased to 10.89%, 10.9%, respectively (Table 2). Hemolysis were 9.0% for
diacyl B-DHA-PC and 7.5% for B~-DHA-LPC (that of control i.e. phospholipid free was
7.5%). When compared with 10 4 M Soy PC, 10 u M diacyl 3-DHA-PC and 5y M g-DHA-LPC
with the same amount of DHA resulted in high erythrocyte deformability improvement after
a 3 h incubation (Fig. 1). The effects between both DHA-containing phospholipids were sim-
ilar. Passage times required for the 100 4L erythrocyte suspensions (Ht. 10%) to pass
through the channel were 49.4+0.6 s (mean=+S.D.) when they were incubated with Soy PC

Table 2 Fatty Acid Composition of Phospholipids Obtained from
Human Erythrocytes Treated with Diacyl S-DHA-PC and
B-DHA-LPC for 3 h.

Fatty acid Control D }Eéy%ﬁ—l]?ﬁz)k— Lng(I;IﬁI\/I)
Sat.

16:0 26.8+0.1 23.1+0.2* 22.3+0.1*

18:0 19.0£0.1 16.1£0.1* 16.3+0.5*
Mono.

18:1 18.4+0.4 16.5+0.8* 17.1+0.5*
Poly.

20:4 (AA) 10.1£0.1 11.0x0.4* 11.1+0.4*

20:5 (EPA) 1.3%£0.1 3.4%+0.1* 3.1+0.1*

22:6 (DHA) 4.8+0.1 10.8+0.2* 10.940.3*

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 20
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—(O— control (phospholipid free)
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—m- diacyl 3DHA-PC 104 M
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Fig. 2 Effect of Incubation Time with Phospho-
lipids on Erythrocytes Deformability.
—(O— control (phospholipid free, 1 h incu-
bation) —@— 1 h incubation
—[]— 2 h incubation —A— 3 h incubation

(n=6). When the erythrocytes were incubated with diacyl 5-DHA-PC (n=4) and 3~-DHA-LPC
(n=3), passage times were 38.1+3.6 s and 43.0+0.4 s, respectively. When the incubation time
was shortened from 3 h to 1 h, 3-DHA-LPC still increased the deformability of erythrocytes,
while diacyl 3-DHA-PC had no such effect (Fig. 2). It is known that LPC is rapidly incorpo-
rated into the membrane of human erythrocytes®~'. After 1 h incubation, DHA in the
phospholipid fraction of erythrocytes treated with 54 M B-DHA-LPC already increased to
11.294, and this level did not increase after 2 more hours of incubation. Deformability was
also the same after 1 h and 3 h incubation. On the other hand, DHA in the phospholipid frac-
tion of erythrocytes treated with 10 y M diacyl S~-DHA-PC was 5.3% after a 1 h incubation
(Table 3). Additional 2 h incubation (total 3 h) with diacyl B-DHA-PC increased the DHA
incorporation to the some level of -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 g-DHA-PC and
B-DHA-LPC for 1 h.

Fatty acid Control D?éygﬁfﬁ‘?_ LlééD(Igﬁi/I)
Sat. .

16:0 28.2+1.1 27.7%£0.2 22.8+0.3*

18:0 19.2+1.0 18.0+0.1 17.5+0.2
Mono.

18:1 20.9+0.2 20.4+0.8 15.6+0.2*
Poly.

20:4 (AA) 9.740.6 11.4+0.4 10.740.1

20:5 (EPA) 1.3+0.1 1.840.1 3.0+0.1%

22:6 (DHA) 5.5+0.4 5.340.2 11.240.2%

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 3-LPC form than of the diacyl S-DHA-
PC form.

To compare the effects of the acyl moiety of 3~-LPC on the improvement in erythrocyte de-
formability, S~-DHA-LPC with 29.296 DHA and g-Soy LPC with no DHA (Table 1) were
compared. B~-DHA-LPC increased erythrocyte deformability, while 8-Soy LPC did not (data
not shown). There were no remarkable differences in flow curves between control and the 5-
Soy LPC. Hemolysis and osmotic fragility of erythrocytes were not observed after treatment
with B~-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 fluidity!?:!®. In this study, erythrocytes
were incubated in PBS containing adenine, inosine and glucose as nutrients'®. The passage
times of 100 y L. erythrocyte suspensions (Ht. 109%) incubated without phospholipids (control)
for 1 h and 3 h were similar (59.6+2.0 s (1 h, n=4) and 58.4+0.2 s (3 h, n=4), respectively).
However, it is still necessary to carry out the same kind of study in vivo.

We also compared the effects of ¢ -EPA-LPC and 3-EPA-LPC on the erythrocyte de-
formability because we were not able to prepare a -DHA-LPC by lipase-mediated reaction.
B-EPA-LPC had a more beneficial effect on erythrocyte deformability than ¢-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 g - and 8-lysophospho-

lipid positional isomers

Hemolysis of erythrocytes after treatment with ~-EPA-LPC was much lower when lipid
concentrations were over 20 y M (Fig. 4). Bioavailability of S~-EPA-LPC should be much
higher than that of @ -LPC for this reason. At the LPC concentration levels examined for the

100
*,% %
80|
§
2 60f
74
=
1207 g *
1h &E’ 40
g 1001
» 807 20
E 4
= 60
> 0
g 407 0 20 40 60 80 100 120
= 20; Lipid concentration (uM)
Fig. 4 Effect of ¢-EPA-LPC and S-EPA-LPC on
(L ——— Hemolysis of Human Erythrocytes.
0 10 20 T’30 40 50 60 Human erythrocytes (Ht. 2.09%) were in-
ime (s) cubated with selected concentrations of
Fig.3 Flow Curves of Human Erythrocytes Soy PC, a-EPA-LPC and B~-EPA-LPC at
Treated with ¢ -EPA-LPC and p-EPA- 37°C for 1 h.
LPC for 1 h Obtained through Evaluation -@— SoyPC
of Deformability with Artificial Capillary —A- a-EPA-LPC
Model. -l B3-EPA-LPC
—(O— control (phospholipid free) Data represent mean+S.D. (n=3).
~A— a-EPA-LPC10y M * P<0.01 vs control,
-l 8-EPA-LPC 10y M ** P<0.01 vs -EPA-LPC.
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erythrocyte deformability evaluation, no deleterious effects were observed. Therefore, we
conclude that 3—n-3 PUFA-LPC is a promising chemical form to increase human erythro-
cyte deformability without causing deleterious effects.
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