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Abstract

Background Plasmalogen is a subclass of phospholipids
widely distributed in animal tissues and ingested as food;
however, the absorptive characteristics of different classes
of plasmalogen have not been clarified.

Aim of study Our object was to compare the lymphatic
output of choline and ethanolamine plasmalogens after an
administration of phospholipid preparations containing
each class of plasmalogens, and to analyze molecular
species of plasmalogen absorbed into the lymph.

Methods A duodenal infusion of 1 ml of 10% emulsion
of choline phospholipid (PC) containing 50.6% choline
plasmalogen (PlsCho) or ethanolamine phospholipid (PE)
containing 52.5% ethanolamine plasmalogen (PIsEtn) was
administered in the lymph duct-cannulated rats. Molecular
species of plasmalogen absorbed into the lymph were
measured by LC-MS/MS.

Results Lymph outputs of PlsCho and PIsEtn increased
and reached a peak value at 3 h after PC and PE injection,
respectively. The peak value of PlsCho was much higher
and remained at a high level until 8 h, whereas PlsEtn
output fell to half of the peak value at 7 h. Total lymphatic
output of PIsCho was 5-times higher than that of PlsEtn.
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Compositions of sn-1 in lymph plasmalogens roughly
reflected those of the injected lipids, whereas sn-2 in both
PlsCho and PIsEtn was rich in arachidonic acid (20:4)
regardless of the composition of the administered fatty
acid. Both plasmalogen and lysoplasmalogen after PE
injection were not released into the portal vein.
Conclusion Lymphatic absorption of PlsCho is much
higher than that of PlsEtn in rats, and plasmalogens are
re-esterified as 20:4-rich forms in the small intestine
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Introduction

Plasmalogen is a subclass of glycerophospholipids con-
taining a vinyl-ether bond at the sn-1 position of the
glycerol backbone. These lipids are widely distributed
throughout human and animal tissues; the average pro-
portion of plasmalogen in the total phospholipid pool in the
human body is about 18% and in the human serum is 3—-5%
[1]. Many foods also contain plasmalogens [2]. Plasmalo-
gens are mainly classified into two types of glycerophos-
pholipid: choline plasmalogen (PlsCho) and ethanolamine
plasmalogen (PIsEtn). The brain and lung contain relatively
high levels of ethanolamine plasmalogens compared with
other organs, but heart plasmalogens include relatively
high in choline form [3]. Previous reports suggest that
plasmalogens are structural components of the cell mem-
brane and maintain cell membrane dynamics [4] and stor-
age compounds of arachidonic acid (20:4), which is a
precursor of many biologically active lipid mediators [5].
Plasmalogen may also be an endogenous lipidemic anti-
oxidant, because the vinyl-ether double bond is highly
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sensitive to oxidative agents [6, 7]. The antioxidant effect
of plasmalogens has been clarified by both in vivo and in
vitro findings that plasmalogen, especially PlsEtn, scav-
enged reactive oxygen species (ROS) [8, 9]. We have
reported that serum plasmalogen levels decrease markedly
with aging and positively correlated with high-density
lipoprotein (HDL) [1]. Moreover, we have recently dem-
onstrated that levels of plasmalogens are negatively cor-
related with the levels of atherogenic small dense LDL
(sdLDL) in human serum [1]. These results suggest that
serum plasmalogens function as beneficial factors for pre-
vention of arteriosclerosis. It has been also reported that
plasmalogen deficiency is involved in nerve degeneration
in Alzheimer’s disease [10, 11].

We previously reported that a small but significant
amount of plasmalogen is absorbed into the lymph after the
duodenal infusion of brain phospholipids containing PIsEtn
[12] and that the plasmalogen concentration in the blood of
the rats fed the same plasmalogen preparation was mark-
edly increased [13]. However, there have been no previous
reports on the absorptive properties of individual classes of
plasmalogen.

The aims of this study were to compare the lymphatic
output of choline and ethanolamine plasmalogens after an
administration of phospholipid preparations containing
high concentrations of each class of plasmalogens under
the condition excluding the effects of gastric emptying rate
and food intake, and to analyze molecular species of
plasmalogen absorbed into the lymph by using a LC-MS/
MS method.

Materials and methods
Preparation of test emulsion

The test lipids (100 g/l) in a 1-ml emulsified solution were as
follows: 100 mg choline phospholipid (PC, containing 506 g
choline plasmalogen/kg) and ethanolamine phospholipid
(PE, containing 525 g ethanolamine plasmalogen/kg). One
milliliter of the PC and PE emulsions contained 67.0 pmol
PIsCho (estimated average molecular weight, 755) and
71.4 pmol PlIsEtn (estimated average molecular weight,
735), respectively. Choline and ethanolamine phospholipids
were extracted from bovine heart and porcine brain,
respectively, by hexane/ethanol (8:2, by vol.), and were
purified by a silica gel column chromatography. PlsCho was
concentrated in the choline phospholipid preparation by
ethanol/H20 (8:2, by vol.), and PIsEtn was concentrated by
ethanol using the silica gel column chromatography as PC
and PE, respectively. Fatty acid composition and molecular
species composition of plasmalogens in PC and PE are
shown in Table 2. The applied components other than
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PIsCho and PIsEtn in PC and PE were almost all choline
diacylphospholipid and ethanolamine diacylphospholipid,
respectively. These test lipid preparations were emulsified
with sodium taurocholate (10 g/l) using a sonicator (150 W
for 1.5 min, SONICATOR®, 5202, Ohtake Seisakusyo,
Tokyo, Japan) just prior to use.

Animals

Male Wistar/ST rats (Japan SLC Inc., Hamamatsu, Japan),
aged 9 weeks, were fed a semipurified casein sucrose-
based diet (AIN 93G formula) for a 5-d acclimation period.
This study was approved by the Hokkaido University
Animal Committee (approval number; No. 08-0136), and
animals were maintained in accordance with the Hokkaido
University guideline for the care and use of laboratory
animals.

Experiment 1: lymphatic absorption of plasmalogen

After a 12-h fast, acclimatized rats were implanted a vinyl
catheter (SV-35; 0.5 mm L.D., 0.8 mm O.D.; Natsume
Seisakusyo, Tokyo, Japan) and a silicone catheter (Silascon
SH No. 00; 0.5 mm I.D., 1.0 mm O.D.; Kaneka Medix Co.,
Osaka, Japan) into the thoracic lymph duct and the duo-
denum, respectively, under anesthesia (sodium pentobar-
bital, 40 mg/kg body weight) [14].

After surgery, the rats were placed individually in
Bollman-type restraining cages. An isoosmotic solution
containing 139 mM glucose and 85 mM NaCl was infused
continuously at a rate of 3 ml/h through the duodenal
catheter during the 1-d recovery and experimental periods
except during test lipid administration. We confirmed
whether the lymph flow was at least 0.7 ml/h before
starting the experiment to check conditions of rats, because
the lymph flow is suppressed with bad conditions. After the
collection of lymph for 30 min (initial lymph) on the next
day of the surgery, the rats were administered 1 ml of an
emulsified test solution containing 100 mg test lipids for
1 min, and infusion of the glucose-NaCl solution without
test lipids was resumed at 3 ml/h through the duodenal tube
until the end of the experiment. The lymph was collected at
0.5-h intervals during the first 2 h and at 1-h intervals
during the next 6 h following the administration of the test
solution. The collected lymph was frozen immediately and
kept at —80 °C until subsequent analyses.

Experiment 2: evaluation of direct blood absorption
of plasmalogen in the lymph-cannulated rats

We have done the experiment 2 to examine whether
phospholipids including plasmalogens are released into
blood via portal vein, but not through lymph, in rats
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cannulated with the lymph duct. Acclimated rats were
implanted a vinyl catheter (SV-35; 0.5 mm L.D., 0.8 mm
0.D.; Natsume Seisakusyo, Tokyo, Japan) into the thoracic
lymph duct and silicon catheters (Silascon SH No. 00;
0.5 mm LD., 1.0 mm O.D.; Kaneka Medix Co., Osaka,
Japan) into the duodenum and portal vein, respectively.
After 1-d recovery, the rats were administered 1 ml of an
emulsified test solution containing PIsEtn or triglyceride
(soybean oil), in a manner similar to Experiment 1. The
lymph was collected at 0.5-h or 1-h intervals by 3 h after
the lipid administration, and the blood of portal vein was
collected 0, 15, 30, 60, 120, 180 and 240 min after an
administration of the test solution. The plasma was sepa-
rated by centrifugation (1,300x g for 10 min at 4 °C).

Analyses

Total lipids in the lymphatic fluid and plasma were
extracted by chloroform/methanol (1:2, by vol.) after
freeze-drying. Plasmalogens in the lipid extracts were
analyzed by ultra-performance liquid chromatography/
electrospray ionization tandem mass spectrometry (UPLC/
ESI-MS/MS) as described below [15].

Liquid chromatography (LC) separation was performed
using an Acquity UPLC system (Waters) with a BEH C8
column (1.7 pm, 100 mm x 2.1 mm L.D.; Waters) at 60 °C
and a flow rate of 600 pl/min. The auto sampler was kept at
15 °C. The sample injection volume was 5 pl. Mobile phase
A consisted of water containing 20 mM ammonium for-
mate, and mobile phase B consisted of acetonitrile/acetone
(90:10 by vol.). Mobile phase A was set at 100% at 0 min,
decreased linearly to 10% at 3 min and then maintained at
10% for 3 min. Mobile phase A was then increased
immediately to 100% at 6 min and then maintained at 100%
for a further 2 min. The total turnaround time was 8 min.

MS analysis was performed using a Quattro Premier XE
quadrupole tandem MS (Waters) equipped with an ESI
probe in positive ion mode. Capillary voltage was 3,200 V,
source temperature 80 °C and desolvation temperature
400 °C. The cone voltage was 35 V. The collision energy
was 40 eV for PlsCho and 15 eV for PIsEtn. The desolv-
ation and cone gas flow were 800 and 50 L/h, respectively.
The number of molecular species measured by LC-MS/MS
was eighteen for both PlsCho and PlsEtn. We checked
many molecular species in a preliminary experiment and
selected those contained above 1% of total plasmalogen
(Table 1). PIsEtn was quantified according to the principles
described by Zemski and Murphy [15]. In brief, fragment
ions at m/z 364, 392 and 390 were used for the identifi-
cation of the sn-1 position of PIsEtn (16:0, 18:0 and 18:1,
respectively). PlsCho was identified by three fragments
(MS/MS product in Table 1) and was quantified by phos-
phocholine as a fragment ion at m/z 184 after the

separation of each PIsCho molecule by UPLC. Moreover,
confirmation of the plasmalogen peak was performed by
the disappearance of the peak after acidic hydrolysis of
plasmalogen [16]. Synthetic p18:0-18:1, p18:0-20:4 and
p18:0-22:6 plasmenylcholine (choline plasmalogen) and
plasmenylethanolamine (ethanolamine plasmalogen) were
used as standard compounds (Avanti Polar Lipids, Inc.,
Alabaster, AL, USA). “p” indicates the carbon chain of sn-
1 in plasmalogen with a vinyl-ether linkage. Concentration
of individual plasmalogen was calculated from the peak
area in the chromatogram detected with relative to the
internal standard (1,2-dimyristoyl phosphatidylcholine for
PIsCho and 1,2-dimyristoyl phosphatidylethanolamine for
PIsEtn, respectively).

LysoPlsCho and lysoPIsEtn were measured using selec-
ted ion recording mode performed by examining product
ions of the deprotonated molecules from each lysoplas-
malogen. The m/z of lysoPlsCho that contained p16:0, p18:0
and p18:1 at sn-1 position were 480, 508 and 506, respec-
tively. The m/z of lysoPIsEtn that contained p16:0, p18:0
and pl18:1 at sn-1 position were 438, 466 and 464, respec-
tively. Synthetic p18:0 lysoplasmenylcholine (lysocholine
plasmalogen) and lysoplasmenylethanolamine (lysoetha-
nolamine plasmalogen) were used as standard compounds
(Avanti Polar Lipids, Inc., Alabaster, AL, USA).

Total phospholipid concentration in the lymph fluid was
measured using the modified Bartlett method [17] as
described below. A part of sample extracted by chloroform/
methanol was placed in screw top glass tube and dried
under a stream of nitrogen gas. A dried sample was vor-
texed briefly after the addition of 0.4 ml of perchloric acid,
and that was heated and refluxed at 200 °C for 60 min with
a cap. After cooling for 30 min, 4.2 ml of water, 0.2 ml of
5% ammonium molybdate and 0.2 ml of 5% 2,4-diamin-
ophenol dihydrochloride in 20% sodium sulfite solution
were added. After vortexing, the sample was boiled for
7 min, and the absorbance was measured at 830 nm after
cooling. The amount was calculated from value of
NaH2PO4 used as a standard.

Calculation and statistical analysis

Total plasmalogen and lysoplasmalogen were taken as the
sums of all molecular species measured by LC-MS/MS or
LC-MS, respectively. Values are shown as the means with
SEM. The results were analyzed by one-way (Fig. 1) and
repeated measure (Figs. 2, 3) ANOVA. Significance of
difference between groups was evaluated by Tukey—Kra-
mer post hoc test. Data analysis was performed with Stat-
View for Macintosh (version 5.0, SAS Institute Inc., Cary,
NCO). Differences with P < 0.05 were taken to be statisti-
cally significant, and values not sharing a common super-
script are significantly different.
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Table 1 m/z values of

plasmalogen in positive ion sn-1 position sn-2 position Retention time MS MS/MS product ion
mode Alkenyl Acyl (min) M+H]
Choline plasmalogen
16:0 18:1 4.59 744.6 184 480 504
18:2 4.31 742.6 184 480 502
20:4 4.24 766.6 184 480 526
20:5 4.09 764.6 184 480 524
22:4 4.48 794.6 184 480 554
22:6 4.17 790.6 184 480 550
18:0 18:1 5.00 772.6 184 508 504
18:2 4.63 770.6 184 508 502
20:4 4.60 794.6 184 508 526
20:5 4.34 792.6 184 508 524
22:4 4.90 822.7 184 508 554
22:6 4.48 818.7 184 508 550
18:1 18:1 4.62 770.6 184 506 504
18:2 4.34 768.6 184 506 502
20:4 4.32 792.6 184 506 526
20:5 4.11 790.6 184 506 524
22:4 4.53 820.7 184 506 554
22:6 4.22 816.6 184 506 550
Ethanolamine plasmalogen
16:0 18:1 4.58 702.5 364 339 561
18:2 4.30 700.5 364 337 559
20:4 4.25 724.5 364 361 583
20:5 4.08 722.5 364 359 581
22:4 4.47 752.6 364 389 611
22:6 4.16 748.5 364 385 607
18:0 18:1 4.98 730.5 392 339 589
18:2 4.61 728.5 392 337 587
20:4 4.59 752.6 392 367 617
20:5 4.33 750.5 392 363 613
22:4 4.88 780.6 392 361 611
22:6 4.47 776.6 392 361 607
18:1 18:1 4.62 728.5 390 339 587
18:2 433 726.5 390 337 585
20:4 431 750.5 390 369 609
20:5 4.10 748.5 390 367 607
22:4 4.52 778.6 390 389 637
22:6 4.20 774.6 390 385 633
Results reach half of the peak value at 7 h. Total lymphatic output

Experiment 1: lymphatic absorption of plasmalogen

Both PIsCho and PIsEtn output in the lymph were
increased after a 30-min lag period, reaching a peak value
at 3 h after a bolus injection (1 min) of PC or PE into the
duodenum (Fig. la, b). The peak value of PlsCho was
twofold higher than that of PIsEtn. Lymphatic PlsCho
output remained close to the peak value until 8 h after the
injection; however, the PlsEtn level fell rapidly from 4 h to
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of plasmalogen was 633 + 144 nmol/8 h for PIsCho and
150 £ 28.2 nmol/8 h for PlsEtn after PC and PE injection,
respectively. The recovery rate of total PIsCho into the
lymph was approximately 5 times greater than that of
PIsEtn against the administered individual plasmalogen
classes in the lipid emulsion (0.945 mol% for PlsCho and
0.210 mol% for PlsEtn).

Lymph flow rates were increased at 1.5-2 h after PC and
PE injection with no significant differences observable
between PC and PE (Fig. 2a). Lymphatic output of total
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Choline Plasmalogen Lymphatic Output
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Fig. 1 Changes in lymphatic output of choline plasmalogen (a) and
ethanolamine plasmalogen (b) after a duodenal instillation of choline
or ethanolamine plasmalogen concentrated phospholipid preparations
in thoracic lymph-cannulated rats. Values are means with SEM, n = 6.
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Fig. 2 Changes in lymphatic flow (a) and lymphatic output of total
phospholipids (b) after a duodenal instillation of choline- or
ethanolamine plasmalogen-concentrated phospholipid preparations
in thoracic lymph-cannulated rats. Values are means with SEM,
n = 6. P-values for lymph flow were 0.126 for lipid (L), 0.012 for

phospholipids was increased and reached a similar peak
value 2 h after the injection of PC or PE. The peak levels
were double the initial lymphatic levels of total phospho-
lipids in both the PC and PE groups (Fig. 2b). Lymphatic
output of triglyceride was slightly, but not significantly,
increased in both groups after the administration of the PC
or PE emulsions (Data not shown).

The molar ratios of major fatty acids in the injected
lipids (Table 2), which were derived from sn-1 and sn-2 in
the diacylphospholipids and sn-2 in the plasmalogens, were
16:0 (20.9%), 18:1 (13.5%) and 18:2 (52.4%) for PC, and
18:0 (19.9%), 18:1 (31.7%) and 20:4 (14.9%) for PE. The
molar ratios of the major plasmalogen species (Table 2)
were pl16:0-18:2 (37.1%), p16:0-18:1(17.0%), p16:0-20:4
(13.8%), p18:0-18:2 (12.9%) and p18:1-18:2 (12.5%) for
PC, and p16:0-18:1 (19.6%) and p18:1-18:1 (28.5%) for
PE. Other plasmalogen molecules in PE were less than
10%, but the sum of pl16:0-20:4, pl18:0-20:4 and
p18:1-20:4 was nearly 20% in PE.

Ethanolamine Plasmalogen Lymphatic Output
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P value for choline plasmalogen (a) was <0.001. P value for

ethanolamine plasmalogen (b) was <0.001. Asterisk indicates a
significant increase against the value at time 0 (P < 0.05)
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time (T) and 0.998 for L x T. P-values for lymphatic output of
phospholipids were 0.144 for lipid (L), 0.023 for time (T) and 0.896
for L x T. Asterisk indicates a significant increase against the values
at time 0 (P < 0.05)

The molar composition of plasmalogen released into the
lymph was shown at 0 h (initial lymph), 4 and 8 h after the
administration of test lipids (Table 3A). The main mole-
cular species in PlsCho in the initial lymph were
p16:0-20:4 (36.7%), p18:1-20:4 (16.3%) and p18:0-20:4
(13.5%), and those in PIsEtn were p18:0-20:4 (28.7%),
p16:0-20:4 (19.6%) and p18:1-20:4 (8.7%). After PC and
PE injection, changes were observed in molecular species
in both the lymphatic PlsCho and PlsEtn. In the lymph 4 h
after PC injection, the main molecular species in PlsCho
were pl6:0-20:4 (36.2%) and pl16:0-18:2 (25.7%), that
is, p16:0-20:4 remained at a high level and p16:0-18:2
appeared as a major molecule, whereas the levels of
p18:0-20:4 and p18:1-20:4 were reduced compared with
those in the initial lymph. In contrast, main molecules in
PIsEtn in the 4-h lymph were pl8:1-20:4 (32.6%),
p18:0-20:4 (21.3%) and p16:0-20:4 (14.8%), that is, the
main molecular species were the same as those in the initial
lymph with only an increase in p18:1-20:4. The changes in
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Fig. 3 Changes in plasma concentration of the portal blood (a, ¢ and
e) and lymphatic output (b, d and f) of ethanolamine plasmalogen
(a and b), lysoethanolamine plasmalogen (¢ and d) and triglyceride
(e and f), respectively, after a duodenal instillation of ethanolamine
plasmalogen-concentrated phospholipid preparations (PE, solid lines)
or triglyceride (TG; soybean oil, dashed lines) in the portal vein and
thoracic lymph duct-cannulated rats. Values are means with SEM,
n = 6. P-values for plasma concentration of ethanolamine plasmal-
ogen (a) were 0.245 for lipid (L), 0.392 for time (T) and 0.911 for
L x T. P-values for lymphatic output of ethanolamine plasmalogen

the 8-h lymph were similar to those in the 4-h lymph in
both the PC and PE groups.

The molar ratio of carbon chains in the sn-1 of PlsCho
was 53.2% for pl16:0, 23.8% for pl8:1 and 23.0% for
p18:0, and those of PIsEtn were 49.2% for p18:0, 36.0% for
p16:0 and 14.8% for p18:1 in the initial lymph (Table 3B).
After the lipid injection (4 h), those of PlsCho were 77.7%
for p16:0, 13.6% for p18:1 and 8.7% for p18:0, and those
of PIsEtn were 46.5% for pl18:1, 31.2% for p18:0 and
22.3% for p16:0. The changes in PlsCho, but not in PIsEtn,
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(b) were <0.001 for lipid (L), <0.001 for time (T) and 0.052 for
L x T. P-values for plasma concentration of lysoethanolamine
plasmalogen (c¢) were 0.213 for lipid (L), 0.455 for time (T) and
0.721 for L x T. P-values for lymphatic output of lyso-ethanolamine
plasmalogen (b) were <0.001 for lipid (L), 0.019 for time (T) and
0.062 for L x T. P-values for plasma concentration of triglyceride
(e) were 0.556 for lipid (L), 0.591 for time (T) and 0.384 for L x T.
P-values for lymphatic output of triglyceride (f) were 0.006 for lipid
(L), <0.001 for time (T) and <0.001 for L x T. Asterisk indicates a
significant increase against the values at time 0 (P < 0.05)

after lipid administration seem to reflect the composition of
sn-1 in the injected plasmalogen as shown in Table 2B.
The ratio of p18:1 was markedly increased in PIsEtn.

The major fatty acids at the sn-2 position in the initial
lymph for PlsCho were 20:4 (64.3%), 18:1 (19.1%) and
18:2 (8.2%), and those for PIsEtn were 20:4 (57.2%), 22:4
(12.7%) and 22:6 (14.7%), as shown in Table 3C. After the
lipid injection (4 h), the main fatty acids at the sn-2 posi-
tion of PlsCho were 20:4 (43.2%), 18:1 (14.0%) and 18:2
(34.0%), that is, the 18:2 acyl group was clearly increased
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Table 2 Fatty acid composition (%) in the injected lipids and
molecular species composition (%) in the plasmalogen of the injected
lipids

PC PE

(A) The composition of fatty acids*

14:0 0.7 0.2
16:0 20.9 5.9
16:1 1.2 0.8
18:0 4.6 19.9
18:1 13.5 31.7
18:2 524 1.2
18:3 0.4 14
20:0 0.0 0.3
20:1 0.0 2.7
20:4 5.8 14.9
22:0 0.1 0.2
22:4 0.4 7.3
22:6 0.0 13.7
24:0 0.0 0
Total 100 100
sn-1 sn-2 PC PE
Alkenyl Acyl

(B) The composition of molecular species in plasmalogen

16:0 18:1 17.0 19.6
18:2 37.1 0.2
20:4 13.8 5.6
22:4 1.8 5.5
22:5 - 0.5
22:6 — 5.7
sn-1 69.8 37.1
18:0 18:1 2.2 5.6
18:2 12.9 -
20:4 1.8 4.3
22:4 - 3.1
22:5 - 0.3
22:6 - 6.3
sn-1 16.9 19.6
18:1 18:1 - 28.1
18:2 12.5 0.2
20:4 0.9 9.2
22:4 - 32
22:5 - -
22:6 - 2.7
sn-1 134 43.4
Total 100.0 100.0

* The compositions in PC and PE were calculated as the sum of fatty
acids at the sn-2 position in the plasmalogens and at the sn-1 and sn-2
positions in the diacylphospholipids

in PIsCho after the injection. The main fatty acids in PIsEtn
after the injection were 20:4 (67.8%), 22:4 (5.8%) and 22:6
(16.4%), that is, the sn-2 composition of PIsEtn in the 4-h
lymph was not significantly changed from that of the initial
lymph with only a minor increase in the 20:4 and a
decrease in 22:4 acyl groups.

The amount of each molecular species of PlsCho and
PIsEtn in the lymph at 4 and 8 h after the injection of PC or
PE was markedly increased reflecting the ratio of plas-
malogen species shown in Table 3. The main molecular
species in PlsCho in the initial lymphatic outputs were
pl6:0-20:4  (0.47 nmol/h), pl18:1-20:4 (0.19 nmol/h)
and p18:0-20:4 (0.16 nmol/h), and those in PlsEtn were
p18:0-20:4 (1.65 nmol/h), p16:0-20:4 (1.21 nmol/h) and
p18:1-20:4 (0.53 nmol/h). After PC and PE injection, main
molecular species were changed in PlsCho, but not in
PIsEtn. In the lymph 4 h after PC injection, p16:0-20:4
(26.7 nmol/h) and p16:0-18:2 (21.0 nmol/h) were largely
increased, whereas pl18:1-20:4 (3.79 nmol/h) and pl8:
0-20:4 (4.11 nmol/h), which were main molecular species
in the initial lymph, were slightly increased. In contrast,
main molecules in PlsEtn in the 4-h lymph were still
p18:1-20:4 (9.69 nmol/h), p18:0-20:4 (6.54 nmol/h) and
p16:0-20:4 (4.43 nmol/h); however, increase in pl8:
1-20:4 was much larger compared to other species. Regarding
fatty acids at the sn-2 position, PIsCho with 20:4 and 18:2 was
largely increased in the lymph at 4 h (from 0.851 nmol/h to
30.6 nmol/h for 20:4, and from 0.14 nmol/h to 25.9 nmol/h
for 18:2) and comprised 50 and 30% of the increased total
fatty acids in sn-2 position, respectively. PlsEtn with 20:4
in the sn-2 position comprised nearly 80% of increased
PIsEtn in the 4-h lymph (from 3.39 to 20.7 nmol/h).

Experiment 2: evaluation of direct blood absorption
of plasmalogen

Low levels of lysoPlsEtn were detected in the portal
blood and lymph fluid, but initial concentrations in portal
blood and the initial lymphatic output of PIsEtn were
fivefold and sevenfold higher than those of lysoPIsEtn,
respectively. We found no increase in plasma concentra-
tion of PlsEtn and lysoPlsEtn (Fig. 3a, c), but large
increase in lymphatic output of PIsEtn and lysoPIsEtn
(Fig. 3b, d) after duodenal instillation of ethanolamine
plasmalogen (PE) in the portal vein- and thoracic lymph-
cannulated rats (solid lines). Triglycerides (soybean oil)
as a reference lipid were also instilled into duodenum to
confirm no increases in PlsEtn and lysoPIsEtn (dashed
lines, Fig. 3a—d) and absorptive activity for lipid. We
showed sufficient increases in TG release in the lymph,
but not in the blood plasma. (Fig. 3e, f).
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Table 3 Ratio of molecular species, classification with sn-2 position and sn-1 position in the lymphatic plasmalogen at 0 h (initial lymph), 4 and

8 h after administration of the test lipids

A. Molecular species (%)

Alkenyl Acyl PlsCho PIsEtn
Initial lymph® 4h" 8h* Initial lymph 4h 8h
16:0 18:1 559 + 0.75 9.06 + 1.52 12.76 + 2.25 216 + 0.52 1.03 + 0.13 1.14 = 012
18:2 579 = 0.84 25.66 + 1.64 27.20 = 2.29 342 + 216 0.69 + 0.24 0.79 + 0.23
20:4 34.88 + 247 36.11 = 3.83 31.27 = 4.23 19.62 + 1.32 1475 + 0.52 12.62 + 0.59
20:5 115 = 0.17 427 + 033 326 = 0.29 0.27 = 0.07 0.13 + 0.01 0.09 = 0.01
22:4 320 = 0.50 0.09 = 0.03 025 = 0.11 345 = 0.26 1.60 = 0.13 243 = 0.18
22:6 319 £ 043 246 = 0.36 1.68 = 0.23 553 + 048 359 = 0.32 3.66 = 0.28
18:0 18:1 520 + 4.14 112 = 025 1.99 + 048 1.78 = 0.10 1.40 = 0.06 1.80 = 0.22
18:2 285 + 0.82 2.14 = 0.32 2.89 + 0.46 455 + 0.56 1.50 = 0.09 1.89 + 0.24
20:4 12.78 = 1.95 512 = 037 476 = 0.40 28.67 = 2.40 21.33 = 0.83 1983 = 0.72
20:5 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00 0.38 = 0.08 0.16 = 0.01 0.17 = 0.01
22:4 1.69 = 0.40 0.04 + 0.01 0.16 = 0.11 8.69 + 1.24 297 = 027 414 = 0.19
22:6 1.07 = 0.18 0.30 += 0.04 0.23 + 0.03 622 + 0.82 387 = 0.24 425 = 0.19
18:1 18:1 252 = 0.20 2.05 = 0.34 2.84 = 043 096 + 0.25 334 = 027 4.06 = 043
18:2 0.00 = 0.00 3.56 + 0.99 413 = 042 1.18 = 0.31 146 = 0.06 1.71 = 017
20:4 1546 + 3.43 536 + 0.67 4.63 = 0.76 870 + 0.73 3255 £ 1.23 31.02 = 146
20:5 333 = 040 237 = 035 172 = 0.25 0.10 = 0.03 0.33 = 0.01 0.25 = 0.04
22:4 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00 1.37 = 0.15 1.26 = 0.08 233 = 0.22
22:6 129 = 0.39 0.26 += 0.04 0.23 + 0.02 2.62 = 037 727 = 0.77 6.74 = 0.77
Total 100 100 100 100 100 100
B. Classification with sn-1 position (%)
Alkenyl PlsCho PIsEtn
Initial lymph 4h 8h Initial lymph 4h 8h
16:0 53.80 = 3.05 77.67 = 1.19 76.42 = 1.56 36.04 = 3.89 22.27 = 1.05 21.06 = 1.05
18:0 23.59 = 3.11 8.73 + 0.61 10.03 = 1.01 49.20 = 3.75 31.22 = 0.85 32.08 = 0.73
18:1 22.61 = 4.05 13.60 = 0.71 13.55 = 0.96 14.76 = 1.11 46.52 = 0.84 46.86 = 0.78
Total 100 100 100 100 100 100
C. Classification with sn -2 position (%)
Acyl PlsCho PIsEtn
Initial lymph 4h 8h Initial lymph 4h 8h
18:1 18.36 = 4.02 13.94 = 2.04 1759 = 3.02 484 = 0.64 557 = 0.36 7.00 = 0.70
18:2 782 + 1.28 33.93 + 2.62 3422 + 255 9.74 + 2.70 377 = 0.29 439 + 053
20:4 60.51 = 4.06 43.20 = 4.49 40.66 = 5.12 57.21 = 2.70 67.82 = 1.38 63.47 = 213
20:5 4.03 = 0.36 6.61 + 0.20 498 + 0.34 0.77 = 0.12 0.61 + 0.03 0.51 += 0.05
22:4 527 = 0.83 0.09 + 0.03 042 + 0.22 12.72 = 1.22 582 + 041 890 + 038
22:6 399 = 0.90 223 + 044 2.14 = 0.28 14.72 = 097 1641 = 1.27 15.72 = 1.07
Total 100 100 100 100 100 100

Values are means with SEM, n = 6

* Initial lymph; lymph collected for 30 min before the lipid injection
" 4 h; lymph collected between 3 and 4 h after the lipid injection

¢ 8 h; lymp collected between 7 and 8 h after the lipid injection

Discussion
The present study shows that the release of plasmalogens
into the thoracic lymph was dramatically increased after an

enteral injection of a concentrated preparation of each class
of plasmalogen, and we found that the absorptive rate was
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nearly 5-times higher for PlsCho than for PIsEtn. It has
been reported that the lymphatic absorption of diacyl
phosphatidylethanolamine is lower than that of diacyl
phosphatidylcholine, and diacyl phosphatidylethanolamine
is mainly absorbed via the portal vein route [18]. However,
we reveal no increases in PIsEtn levels in blood after an
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injection of PE in rats with the thoracic duct cannulae. It is
unlikely that the lower lymphatic absorption of PIsEtn is
due to large absorption of PlsEtn via the portal route.
Release as lysoplasmalogens is one possible reason, and we
showed that ethanolamine class of lysoplasmalogen was
released into the lymph after administration of plasmalogen
(Experiment 2). However, the output of lysoPIsEtn into the
lymph was just 10% levels of PIsEtn (3 h after adminis-
tration of PE, Fig. 3b, d). The output of total PlsEtn and
lysoPIsEtn was still much lower compared with that of
PIsCho for PC. We also showed that lymphatic increases in
total phospholipids after PE administration are similar to
those after the administration of PC. The increases in total
phospholipids at the peak level were approximately 12-fold
higher after PC and 40-fold higher after PE administration
than the respective increases in plasmalogens, even though
plasmalogen comprised more than 50% of both the
administered PC and PE preparations. The much higher
absorption of PIsCho than PIsEtn may be a specific feature
for this phospholipid subclass. There is a possibility that
higher PlsCho absorption depends on repairing from
operation damages with oxidative stress by the high anti-
oxidative property of PlsCho than PIsEtn during experi-
ment. However, it is not likely because of no differences of
releasing profiles between PlsCho and PIsEtn without their
levels in the initial phase and also no reports or no evi-
dences for the higher antioxidative property of PlsCho than
PIsEtn.

We unexpectedly found that remaining PlsCho in the
small intestinal lumen after injection of PC was higher than
PIsEtn after PE injection (0.17 £ 0.01 pmol for PC and
0.05 £ 0.03 pumol for PE at 8 h) by a preliminary experi-
ment with the same conditions without lymphatic cannu-
lation. Also, the plasmalogen retained in small intestinal
mucosa was higher in PC injection compared with PE
injection (3.39 + 0.18 pmol for PC and 0.22 4+ 0.03 pmol
for PE at 8 h). We previously demonstrated that brain
phospholipids containing PIsEtn were not significantly
degraded in the small intestinal tract [12]. These results
suggest that the higher lymphatic absorption of PlsCho do
not depend on higher incorporation of this lipid into the
intestinal epithelium compared with PIsEtn.

Time-dependent changes in the lymphatic output of
plasmalogens, especially of PlsCho, were different from
those of total phospholipids. Peak values of total phospho-
lipids were observed at 1.5-2 h after both the PC and PE
injections; however, the peak appeared at 3 hin PlsEtn, and a
sustained high level was observed in PlsCho after 3 h with-
out a clear peak. These findings suggest that the digestion of
plasmalogen or its incorporation into the mucosal cells dif-
fers considerably from that of diacylphospholipids. The
digestion and/or absorption of plasmalogen may be much
slower than that of diacylphospholipids. A delay in the

incorporation of plasmalogens into the chylomicron should
be also considered as a possible cause of this inconsistency.

The release rates of plasmalogens into the lymph for 8 h
against the administered phospholipid subclasses were
0.945 and 0.210 mol% for PIsCho and PlsEtn, respectively,
which were much lower than the release rates of total
phospholipids (3.44 mol% for administered PC and
3.24 mol% for administered PE). The PC and PE prepa-
rations included only 40% diacylphospholipids. We have
demonstrated lymphatic output of total phospholipid
including plasmalogen and diacylphospholipids (Fig. 2b).
Output of diacylphospholipids was calculated by subtract-
ing plasmalogen from total phospholipids. Lymphatic
phospholipid output in Fig. 2b roughly indicates lymphatic
output of diacylphospholipids because the value of plas-
malogen was much lower compared with that of diacyl-
phospholipid; lymphatic output of PlsCho or PIsEtn at the
peak time was 30-fold or 70-fold lower than that of total
phospholipid. These results suggest a much lower absorp-
tive efficiency for plasmalogens compared with that for
diacylphospholipids. The low absorptive rate of plasmal-
ogen was also observed in our previous study on the
measurement of plasmalogens using the iodine method,
which evaluated vinyl-ether linkages including lysoplas-
malogens [12]. We also demonstrated that the luminal
degradation of plasmalogens is very low [12]. Large parts
of administered plasmalogen were not able to detect as
plasmalogen or lysoplasmalogen after instillation into the
intestine. We speculated, however, that plasmalogens were
not degraded to long-chain fatty aldehyde because there
were not any increases in a level of fatty aldehyde, a major
degradation product of plasmalogens, in the blood or liver
after plasmalogen ingestion as shown in the previous study.
There was possibility that the fatty aldehyde was converted
to fatty acid very rapidly, or the vinyl-ether double bonds
of plasmalogen were saturated in the intestine. Further
study is therefore needed to clarify metabolites of admin-
istered plasmalogens.

The composition of the sn-1 position of plasmalogen in
the lymph roughly reflected that of plasmalogen in the
injected lipids, whereas the composition of the sn-2 posi-
tion (acyl fatty acids) of lymphatic plasmalogen after the
injection did not reflect the fatty acid composition of the
injected lipid. Fatty acids in the injected PE were rich in
18:0 and 18:1; however, the sn-2 position of PIsEtn in the
lymph was very rich in 20:4, and 18:0 and 18:1 were only
slightly or not incorporated at the sn-2 position. The ratio
of 20:4 at the sn-2 position was as high as 67.8% in lym-
phatic PIsEtn after the PE injection, which is higher than
that in PlsCho after the PC injection; however, net
increases in the amount of 20:4 at the sn-2 position were
higher in PlsCho than in PlsEtn (from 0.851 to 30.6 nmol/h
for P1sCho vs. from 3.39 to 20.7 nmol/h for PlsEtn). These
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results indicate that 20:4 is preferentially re-esterified into
the sn-2 position of absorbed PIsEtn as well as that of
PIsCho in the intestine. A possible site of the generation of
20:4-rich plasmalogens is the intestinal mucosa. It has been
reported that the PlsEtn is the major storage compound for
arachidonic acid for synthesis of eicosanoids [2, 19]. The
specificity for 20:4 in the sn-2 re-esterification agrees with
the results of previous reports using diacylphospholipids
[20, 21]. After an injection of PC, 18:2 also increased in
lymphatic PlsCho, which may have been due to the high
content of this fatty acid in the administered PC. However,
there is a possibility that the level of 20:4 in the intestinal
mucosa is not sufficient for full re-esterification with this
fatty acid at higher levels PIsCho release. As shown above,
the net increase in lymphatic PlsCho with 20:4 was twofold
higher than that in PIsEtn with a much lower 20:4 level in
the administered PC (5.8%) than in the administered PE
(14.9%) as shown in Table 2.

The present study reveals that PIsCho is released into the
lymph with a much higher absorptive rate than PlsEtn. The
released plasmalogens are very rich in 20:4, which were
selectively re-esterified into the sn-2 position of the plas-
malogens regardless of the administered fatty acid com-
position. The intestine is speculated to be a major site of
the generation of 20:4-rich plasmalogen as a storage
compound for the eicosanoid precursor.
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