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ABSTRACT: Plasmalogens, a subclass of phospholipids, are
widely distributed in human and animals, and are taken into the
body as food. However, no data exist on the intestinal absorp-
tion or fate of ingested plasmalogen. Here, we determined
whether dietary plasmalogen is absorbed and whether blood and
tissue concentrations increased in normal male Wistar rats by
using four separate experiments. Phospholipids containing more
than 20 wt% of plasmalogen extracted from the bovine brain
were incorporated into test diets (10-15 wt%). In experiment 1,
we estimated the absorption rate by measuring the plasmalogen
vinyl ether bonds remaining in the alimentary tract of rats after
the ingestion of 2 g of test diet containing 91 pmol plasmalogen.
The absorption rate of plasmalogen was nearly 80 mol% after 4
h, comparable to the total phospholipid content in the test diet.
In experiment 2, we observed no degradation of the plasmalo-
gen vinyl ether bonds under in vitro conditions simulating those
of the stomach and small intestinal lumen. In experiment 3 we
confirmed a comparable absorption (36 mol%) by using a closed
loop of the upper small intestine in anesthetized rats 90 min after
injecting a 10 wt% brain phospholipid emulsion. Feeding a test
diet containing 10 wt% brain phospholipids for 7 d increased
plasmalogen concentration threefold in blood plasma and by
25% in the liver; however, no increases were seen in blood cells,
skeletal muscle, brain, lungs, kidneys, or adipose tissue (experi-
ment 4). We concluded that dietary plasmalogen is absorbed
from the intestine and contributes to a large increase in plas-
malogen levels in blood plasma.
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Plasmalogens are a subclass of phospholipids with vinyl ether
double bonds in the sn-1 position (1-O-alk-1"-enyl). These
lipids are widely distributed through human and animal tissues
and in anaerobic bacteria; the average proportion of plasmalo-
gens in the total phospholipids in the human body is about 18%
(1). The brain, heart, lungs, muscle, and red blood cells contain
relatively high levels of ethanolamine plasmalogens (2).
Although the role of plasmalogen is not fully understood,
many reports suggest that plasmalogen is a structural compo-
nent of the cell membrane that maintains cell membrane dynam-
ics (3), and that it also has various functions within the cells. A
protective role against oxidative stress has been proposed, espe-
cially in cerebral and cardiac tissues in which plasmalogen lev-
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els are higher than in other tissues (4). Plasmalogen also may be
an endogenous lipidemic antioxidant, as the vinyl ether double
bond is sensitive to oxidative agents (5-8). Further, the antiox-
idative effects of plasmalogen on lipoprotein (9,10) and its role
in lipoprotein metabolism (11) have been reported. These earlier
studies suggest that increases in plasmalogen levels in plasma
lipoprotein protect against cholesterol oxidation and lower the
incidence of coronary heart disease. Recently, Farooqui et al.
(12) reported that plasmalogen deficiency is involved in nerve
degeneration in Alzheimer’s disease.

Several studies have shown that dietary alkylacylglycerol,
another ether-linked lipid, is absorbed and incorporated as
plasmalogen in tissues and red blood cell membranes (13),
and alkylacylglycerol supplementation was found to restore
tissue plasmalogen deficiency (14). However, no data have
been reported on the absorption of dietary alkenyl phospho-
lipids or plasmalogen, nor are data available on the fate of
plasmalogen vinyl ether double bonds after the ingestion of
foods that are common sources of plasmalogens (15).

The aims of the present study were (i) to examine the ab-
sorption of plasmalogen in bovine brain phospholipids (BPL)
incorporated into test diets, and (ii) to determine whether the
ingestion of plasmalogen increased plasmalogen levels in
blood plasma, blood cells, and body tissues.

EXPERIMENTAL PROCEDURES

Animals and diets. Male Wistar rats (Japan SLC, Hamamatsu,
Japan), weighing about 150 g, were given free access to
deionized water and a semipurified stock diet (Table 1;
16-19) for a 7-d acclimation period. Four separate experi-
ments were then performed with the acclimated rats. All rats
used in the experiments were housed individually in stainless-
steel cages with mesh bottoms. The cages were kept in a room
in which the temperature (22-24°C), RH (40-60%), and
lighting (lights on: 0800-2000 h) were controlled. This study
was approved by the Hokkaido University Animal Commit-
tee, and animals were maintained in accordance with the
Hokkaido University guidelines for the care and use of labo-
ratory animals.

The test diets used in experiments 1 and 4 were casein—
sucrose-based semipurified diets containing test lipids. Three
test lipids were used in experiments 1, 2 (150 g lipid/kg diet),
and 4 (100 g lipid/kg diet): soybean oil (SO; Wako Pure
Chemical Industries, Tokyo, Japan), purified soybean phos-
phatidylcholine [SPL, more than 95 wt% phosphatidylcholine
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TABLE 1
Composition of Stock and Test Diets
Test diets
Stock diet? SO diet SPL diet BPL diet
g/kg diet

Casein? 250 250 250 250
Lipids©

Corn oil 50

SO 150 or 100

SPL 150 or 100

BPL 150 or 100
Mineral mixture? 40 40 40 40
Vitamin mixture® 10 10 10 10
Granulated vitamin E 1.0 1.0 1.0 1.0
Choline bitartrate 4.0 4.0 4.0 4.0
Sucrose to make 1 kg to make 1 kg

“The stock diet was given during the acclimation and recovery periods.
bCasein (ALACID; New Zealand Dairy Board, Wellington, New Zealand).
“In the stock diet, corn oil was used as a lipid. Three test lipids (SO, soybean
oil; SPL, soybean PC; BPL, brain phospholipids) were added to the test diets
as described in the Experimental Procedures section and in Table 2. Lipid
levels were 150 g/kg diet in experiment 1 and 100 g/kg diet in experiment 4.
Retinyl palmitate (7.66 pmol/kg diet) and ergocalciferol (0.0504 pmol/kg
diet) were added to the lipids.

%The mineral mixture was prepared according to the method established at
the AIN-76 Workshop held in 1989 (13). The mixture supplied the following
minerals (mg/kg diet): Ca, 4491; P, 2997; K, 3746; Mg, 375; Fe, 100; 1, 0.32;
Mn, 10.0; Zn, 34.7; Cu, 6.00; Na, 4279; Cl, 6542; Se, 1.05; Mo, 1.00; Cr,
0.50; B, 0.50; V, 0.25; Sn, 2.00; As, 1.00; Si, 20.0; Ni, 1.00; F, 2.72; and
Co, 0.20.

“The vitamin mixture was prepared in accordance with the AIN-76 mixture
(14) except that menadione and L-ascorbic acid were added at 5.81 pmol/kg
diet (15) and 284 mmol/kg diet (16), respectively.

Nitamin E granules (Juvela; Eisai Co., Tokyo, Japan) supplied 423 pmol of
all-rac-a-tocopheryl acetate per kilogram of diet.

(PC); EPIKURON200; Lucas Meyer GmbH, Hamburg, Ger-
many], and BPL containing more than 20 wt% plasmalogen.
Diet compositions are shown in Tables 1 and 2.

TABLE 2
Composition of Test Lipids
Test lipids
BPL SPL SO Corn oil
Phospholipid class (wt%)
PC 50.8 98.0
PE 441 Traces
Others? 5.1 Traces
Phospholipid subclass (mol%)
Alkenylacyl 22.0 1.7
Alkylacyl 1.0 1.4
Diacyl 76.5 95.0
Lysophospholipids — 0.9
Others 0.5 1.0
FA (mol%)
14:0 9.0 — — —
16:0 22.8 13.5 12.3 13.4
18:0 17.6 3.1 3.7 1.7
18:1 34.9 7.8 25.5 29.3
18:2n-6 1.3 68.2 52.3 54.9
18:3n-3 — 7.3 6.1 0.6
20:1 29 — — —
20:4n-6 3.9 — — —
22:5n-3 3.0 — — —
22:6n-3 4.5 — — —

Pl + PS + sphingomyelin. For abbreviations see Table 1. Dash, not detected.
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BPL were extracted by the method of Folch (20) with
some modifications. Briefly, homogenized bovine brain (ap-
proximately 400 g/brain) was completely washed with ace-
tone and then with ethanol, and lipids were extracted from the
washed brain homogenate using petroleum ether. After com-
plete removal of the solvent, phospholipids were extracted by
diethyl ether and again washed with acetone. The plasmalo-
gen and total phospholipid contents in the extracted BPL frac-
tions were 22.2 and 89.1 wt%, respectively, in experiment 1
and 27.9 and 93.2 wt%, respectively, in the other experiments.

Experiment [ (dietary plasmalogen absorption in fasted
rats). Acclimated rats were fasted for 1 d and then divided
into three groups of six rats each. Each group of rats was fed
one of the test diets described above (2 g diet/rat). After 2 or
4 h, aortic blood was collected from anesthetized rats (pento-
barbital sodium, 50 mg/kg body weight; Abbott Laboratories,
North Chicago, IL) into a heparinized syringe, and the rats
were sacrificed. The stomach, small intestine, cecum, and
colon and their contents were removed after ligation of both
ends of each organ and stored at —40°C until analysis.

Experiment 2 (degradation of plasmalogen in the alimen-
tary tract). To evaluate the survival of plasmalogen in the
stomach after ingestion of a diet containing plasmalogen, 3
vol of 0.1 mol HCI/L was added to the test diet used in exper-
iment 1 (BPL) and then incubated at 37°C for 1 h. We also
examined the degradation rate of plasmalogen in a 10 wt%
BPL emulsion under the same conditions as the test diet.

To evaluate the degradation of plasmalogen in the small
and the large intestinal lumens, contents of the entire small
and large intestines of four acclimated rats were collected be-
tween 1000 and 1100 h. The freshly prepared and pooled con-
tents of the small intestine or cecum of four rats were added
to a phosphate buffer (8 mmol phosphate/L, pH 7.4) contain-
ing BPL (final volume, 34 mL; 94 umol plasmalogen and 360
pmol phospholipids). The cecal contents were gently sus-
pended in the buffer and incubated under nitrogen gas at
37°C. Three small samples of the reaction mixture containing
the contents of the small intestine or cecum were taken after
0, 0.5, 1, 2, or 4 h incubation.

Experiment 3 (absorption of plasmalogen from a closed
loop of the small intestine). Six acclimated rats were anes-
thetized (pentobarbital sodium, 40 mg/kg body weight) and
the upper small intestine was drawn out from a midline inci-
sion. A closed intestinal loop was made by ligating the py-
lorus and the mid small intestine (45 cm distal from the liga-
ment of Treitz); 5 mL of BPL emulsion (100 g/L, 57.3 pmol
plasmalogen/5 mL) emulsified with 10 g/ sodium tauro-
cholate was then injected into the loop and the midline inci-
sion was closed. After 90 min, the rats were killed by with-
drawing the aortic blood, and the closed loop with contents
was removed. The contents were collected and the mucosa of
the loop was also completely scraped away and collected.
Both were stored at —40°C until subsequent analyses.

Experiment 4 (effects of feeding a diet containing plas-
malogen for 7 d). Acclimated rats were divided into three
groups of six rats and fed the test diets shown in Table 1 for
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7 d. These test diets contained SO, SPL, or BPL (100 g/kg
diet) as described above. Body weight and food consumption
were measured every day. On the last day, aortic blood was
collected from rats under pentobarbital anesthesia and was
heparinized. The liver was removed after saline perfusion
from the portal vein, and the brain, lungs, kidneys, heart, gas-
trocnemius muscle, and epididymal fat pad were removed and
stored at —40°C. The stomach with its contents was also re-
moved. The contents were collected and the pH was measured
after weighing. All rats were killed between 1000 and 1130 h.

Analytical methods. The heparinized blood collected in ex-
periments 1 and 4 was separated into plasma and blood cells
by centrifugation, and the blood cells were then washed twice
with saline. The frozen stomach, cecum, and colon were
opened by cutting the wall, and the total contents were col-
lected. Contents of the small intestine were collected together
with the mucosa by applying pressure from outside the in-
testinal wall after thawing (21).

Total lipids in the blood plasma and cells, gastrointestinal
contents, organs, and tissues were extracted with chloro-
form/methanol/saline (10:5:3, by vol) (22).

Plasmalogen in the BPL and in the total lipids extracted in
the chloroform—methanol solution were measured by the io-
dine addition method (23-25). Briefly, an iodine solution
(0.37 mmol/L) was added to the extracted lipid solution. After
10 min at room temperature, the reaction mixture was diluted
with 95% ethanol. In this method, the plasmalogen vinyl ether
double bonds reacted specifically with the iodine in the pres-
ence of methanol. As the iodine reacted with the vinyl ether
moiety, the reduction of absorbance at 355 nm was measured
photometrically. We observed that the BPL plasmalogen con-
centrations estimated by the iodine addition method were
very closely correlated (r = 0.984) with those measured by
the p-nitrophenylhydrazone method (26), in which plasmalo-
gen was degraded to fatty aldehyde with 0.3 mol/L sulfuric
acid. We also measured free fatty aldehyde in the liver by
using the p-nitrophenylhydrazone method with 5 mmol/L sul-
furic acid. Specificity of the iodine addition method for dou-
ble bonds of the vinyl ether moiety in plasmalogen was very
high; that is, iodine consumption by soybean lecithin and cho-
lesterol was only 0.14 and 0.07 mol%, respectively, of that by
plasmalogen. This method is convenient for tracing the vinyl
ether double bonds in plasmalogen.

The phospholipid classes of the BPL and SPL were sepa-
rated by TLC (chloroform/methanol/ammonia water, 65:35:8,
by vol) and quantified after charring with sulfuric acid.

The phospholipid subclasses of the BPL and SPL were an-
alyzed by HPLC. To do so, the BPL or SPL (approximately 5
mg) was suspended in 1.5 mL of Tris/HCI buffer (0.1 M, pH
7.0) containing 0.01 mmol CaCl,. After the addition of 2 mL
of diethyl ether and phospholipase C (Bacillus cereus, EC
3.1.4.3; Sigma, St. Louis, MO), the sample was vigorously
mixed at room temperature for 3 h. After the diethyl ether
layer was collected and evaporated, the sample was reacted
with anhydride benzoic acid and 4-dimethylaminopyridine at
room temperature for 3 h. Diradylglycerobenzoates were sep-
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arated by HPLC (Waters 2695 separation module; Waters,
Milford, MA) with TSK Silica gel 60 (4.6 x 250 mm; Tosoh,
Tokyo, Japan) into three subclasses. The mobile phase was
hexane/dichloromethane/acetonitrile (90:7.5:0.75, by vol)
with a flow rate of 0.8 mL/min. Detection was performed at
230 nm using a Waters 2996 photodiode array detector (27).

Test lipids were hydrolyzed by KOH in ethanol, and their
FA composition was measured by GLC (Shimadzu GC-14A;
Shimadzu, Tokyo, Japan) with a CBP20-M25-025 capillary
column (25 mi.d., 0.25 mm; Shimadzu), FID, and helium as
carrier gas after methylation with 5% HCl-methanol. Initial
temperature was 170°C, followed by an increase of 2°C/min
to 250°C (28).

Phospholipid concentration was measured using a phos-
phate assay or choline oxidase procedure (Phospholipid-test
Wako and Phospholipid B-test Wako; Wako Pure Chemical
Industries, Osaka, Japan). Triglyceride (TG) and cholesterol
concentrations in the plasma and liver were also assayed by
enzymatic procedures (Triglyceride G-test Wako and Choles-
terol C-test Wako; Wako Pure Chemical Industries).

Calculations and statistical analysis. We calculated the
molar amounts of plasmalogen and phospholipids by taking
the average M.W. of SPL, BPL, and plasmalogen in BPL as
7717.3,770.1, and 729.5, respectively.

In experiment 1, plasmalogen and phospholipid absorption
rates were estimated from the disappearance rates of both lipids
from the alimentary tract by using the following equation:

[ingested plasmalogen or phospholipids (mol)

— remaining plasmalogen or phospholipids (tmol)]

absorption (%) = x100 [1]

ingested plasmalogen or phospholipids (umol)

The remaining dietary lipids were estimated by subtracting the
corresponding average values of the SO group from the val-
ues of the SPL or BPL group. The reliability of this method of
estimation is discussed in the Discussion section below.

The results were analyzed by two-way (Table 3, Figs. 1 and
2) or one-way (Figs. 3-5) ANOVA. Duncan’s multiple range
test was used to determine whether mean values were signifi-
cantly different (P < 0.05) (29). Correlation coefficients for
the relationships between the results of the iodine addition
method and the p-nitrophenylhydrazone method were assessed
by the least squares method (30). These statistical analyses
were performed by using the general linear model procedure
of SAS (SAS version 6.07; SAS Institute Inc., Cary, NC).

RESULTS

Phospholipid classes and subclasses in the BPL. Test lipid
compositions are shown in Table 2. The major phospholipid
classes in the BPL were determined by TLC to be PC and phos-
phatidylethanolamine (PE), whereas the subclasses detected by
HPLC were alkenylacyl (22.0 mol%), alkylacyl (1.0 mol%),
and diacyl (76.5 mol%). No lysophospholipids were detected.
Experiment I (dietary plasmalogen absorption in fasted
rats). In experiment 1, rats consumed the 2-g portions of
the test diet within the first 10 min. However, considerable

Lipids, Vol. 38, no. 12 (2003)
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Amounts of Plasmalogen and Phopholipids in the Gastrointestinal Tracts and Their Contents? 2 and 4 h After Feeding 2 g of 15% Lipid Diets
Containing SO, SPL, and BPL (45.5 mmol ethanolamine plasmalogen/kg diet)

Plasmalogen (pmol)

Phospholipids (pmol)

Position 2h 4 h P values 2h 4 h P values
Stomach

SO 1.00 + 0.16¢ 0.82 +0.12¢ Lipid (L) <0.001 10.8 + 2.74 11.5 = 1.54 Lipid (L) <0.001

SPL 0.74 £0.17¢ 0.56 +0.17¢ Time (T) <0.001 97.3 +12.4° 18.1 +9.7¢ Time (T) <0.001

BPL 37.1 +1.62° 7.01 = 1.85° L x T <0.001 169 + 9.4 64.8 + 7.0 L x T <0.001
Small intestine

SO 2.00 + 0.49° 1.45 + 0.09° Lipid (L) <0.001 16.0 = 1.0¢ 17.1 £2.0¢ Lipid (L) <0.001

SPL 1.63 +0.10P 1.44 +0.18P Time (T) 0.413 35.2 +2.9P 17.9 + 1.6¢ Time (T) 0.044

BPL 10.9 + 1.49° 9.43 £2.152 LxT0.828 52.9 + 7.02 46.7 + 7.0%P LxTO0.124
Cecum

SO 4.01 £ 1.50° 452 £1.07° Lipid (L) 0.007 6.55 +1.14P 6.51+0.94>  Lipid (L) <0.001

SPL 5.40 + 0.59P 5.97 + 1.56° Time (T) 0.072 5.04 + 0.36° 7.17 + 1.40° Time (T) 0.003

BPL 6.11 +0.95P 10.5 + 1.242 LxT0.196 6.11 £ 0.95P 26.8 + 5.08° L x T 0.020
Colon

SO 0.415 + 0.060 0.470 + 0.092 Lipid (L) 0.381 0.667 + 0.248 0.856 + 0.242 Lipid (L) 0.807

SPL 0.307 + 0.065 0.271 +0.098 Time (T) 0.646 0.697 + 0.299 0.592 +0.227  Time (T) 0.432

BPL 0.337 + 0.054 0.445 +0.211 L x T 0.808 0.592 + 0.102 1.08 +0.486 L xTO0.606
Total

SO 7.43 +1.60¢ 7.26 +1.07¢ Lipid (L) <0.001 34.1 £3.1¢ 35.9 £2.5¢ Lipid (L) <0.001

SPL 8.08 = 0.79° 8.23 = 1.80° Time (T) <0.001 138+ 11.3° 43.7 + 10.6° Time (T) <0.001

BPL 54.4 +2.19° 27.4 £3.25° L x T <0.001 232 +10.6° 139 + 16.5° L x T <0.001

“Values are means + SE (n = 6). These values contain mucosal plasmalogen and phospholipids. Values in the same position not sharing a common roman su-

perscript letter differ significantly, P < 0.05, where “position” includes (e.g.) “Stomach” x “Plasmalogen” values. For other abbreviations see Table 1.

amounts of the test diet containing SPL were spilled. Intake of
the test diets was 2.0 + 0.0 g in the SO and BPL groups and 1.5
+ 0.1 g in the SPL group. Total phospholipids ingested were
289 (£ 19) and 353 umol in the SPL and BPL groups, respec-
tively, and plasmalogen intake was 92 pmol in the BPL group.
Molar amounts of plasmalogen and phospholipids in the
stomach, small intestine, cecum, and colon are shown in
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FIG. 1. Plasmalogen (A) and phospholipid (B) disappearance (absorp-
tion) from the entire alimentary tract in two groups of animals after in-
gestion of either 2 g of test diet containing brain phospholipids (BPL) or
soybean phosphatidylcholine (SPL) in experiment 1. Details are pro-
vided in the Materials and Methods section. Each value shown is the
mean + SEM for six rats. P values estimated by one-way ANOVA for the
plasmalogen disappearance rate were <0.001. P values estimated by
two-way ANOVA for the phospholipid disappearance rate were <0.001
for lipid (P) and time (T), and 0.595 for P x T. Mean values not sharing a
common letter are significantly different between groups (P < 0.05). (A)
From animals fed the BPL diet (open bar); (B) from animals fed the BPL
diet (open bar) and the SPL diet (stippled bar).
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Table 3. The values in the SO group show the amounts of en-
dogenous plasmalogen and phospholipids detected, including
those from the mucosa, bile—pancreatic juice, and intestinal
bacteria. The plasmalogen level in the cecal contents was the
highest among all gastrointestinal segments in the SO group.
No increases in plasmalogen and phospholipid levels in the
colonic contents were observed in the BPL group. Plasmalo-
gen and phospholipid levels in the cecal contents were higher
in the BPL group than in the other groups 4 h after ingestion.
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FIG. 2. Changes in plasmalogen (A) and phospholipid (B) concentra-
tions in the blood plasma of fasted rats after feeding 2 g of test diet con-
taining 150 g test lipid/kg diet in experiment 1. Test lipids were soybean
oil (SO) (O), SPL (J), and BPL (<). Each value shown is the mean + SEM
for six rats. P values estimated by two-way ANOVA for plasmalogen
were 0.168 for lipid (P), 0.002 for time (T), and 0.171 for P x T. P val-
ues for phospholipids were 0.397 for lipid (P), 0.967 for time (T), and
0.757 for P x T. Mean values for times not sharing a common roman
letter are significantly different between groups (P < 0.05). For abbrevi-
ations see Figure 1.
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FIG. 3. Plasmalogen (panels A and C) and phospholipid (panels B and D) concentrations in the blood plasma (pan-
els A and B) and blood cells (panels C and D) after feeding test diets containing 100 g test lipid/kg diet for 7 d in ex-
periment 4. Test lipids were SO, SPL, and BPL. Details are provided in the Materials and Methods section. Each
value shown is the mean + SEM for six rats. P values were <0.001 (panel A), 0.016 and 0.022 for total and choline
phospholipids (panel B), 0.435 (panel C), and 0.277 (panel D). Mean values not sharing a common roman letter are
significantly different between groups (P < 0.05). For abbreviations see Figures 1 and 2.

The gastric content of phospholipids was higher in the BPL
group than in the SPL group at 2 and 4 h. The proportions of
phospholipids remaining in the gastrointestinal tract were
44.4 +2.62 and 15.2 +2.02 mol% of the total ingested lipids
at 2 and 4 h, respectively, in the BPL group, and the solids
contents in the stomach were 50.0 + 1.90 and 15.9 +0.29 wt%
at 2 and 4 h, respectively, in the BPL group, values that were
comparable to those in the SO group.

Plasmalogen disappearance (absorption), as estimated from
the lipids remaining in the entire alimentary tract, was approx-
imately 50 mol% 2 h after feeding, and that amount was in-
creased to nearly 80 mol% after 4 h (Fig. 1A). Phospholipid
absorption in the BPL group was lower than that in the SPL.
group (Fig. 1B); however, the plasmalogen absorption rate
was similar to that of phospholipids in the BPL group.

The plasmalogen concentration in blood plasma was un-
changed 2 h after the ingestion of BPL. However, the concen-
tration increased from 2 to 4 h and was two times higher than
that after ingestion of SO (Fig. 2A). The total phospholipid con-
centration in plasma was not affected by time or diet (Fig. 2B).

Experiments 2 and 3 (examination of the fate of plasmalo-
gen under in vitro and in situ conditions). No degradation of the
plasmalogen vinyl ether bonds in the BPL diet was seen after

the addition of 3 vol of 0.1 mol HCI/L solution to the diet and
incubation at 37°C for 1 h (recovery rate was 100%). The pH of
the medium was 3.6 after incubation. However, in the case of
the emulsified BPL solution, 80 mol% plasmalogen was de-
graded under the same acid conditions. The pH of the medium
containing 10 wt% BPL emulsion was 1.3 after incubation.

Plasmalogen in the emulsified BPL maintained its vinyl
ether structure after 2 h incubation with the postprandial con-
tents of the small intestine of rats, whereas the concentration
of plasmalogen mixed and cultured with the cecal bacteria
was reduced by 0.99, 7.73, and 16.0 mol% of the initial con-
centration at 1, 2, and 3 h after the start of the anaerobic cul-
ture at 37°C (each value was the mean of three observations).
Recoveries of plasmalogen in the initial mixture (0 time) in
the experiments using the small intestine and the cecum were
98 and 90 mol%, respectively.

The disappearance (absorption) of plasmalogen in the BPL
from the closed loop of the upper small intestine of anes-
thetized rats was 36.0 £ 6.08 mol%, and that of phospholipids
was 24.5 + 8.05 mol% (n = 6) (experiment 3).

Experiment 4 (effects of feeding a diet containing plas-
malogen for 7 d). Food intake and body weight gain in the
SPL group were lower than those in the SO and BPL groups.

Lipids, Vol. 38, no. 12 (2003)
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FIG. 4. Liver pools of plasmalogen (A), phospholipids (C), and free fatty aldehyde (D), and the liver concentration of
plasmalogen (B) after feeding test diets containing 100 g test lipid/kg diet for 7 d in experiment 4. Test lipids were
SO, SPL, and BPL. Each value shown is the mean + SEM for six rats. P values were 0.007 (panel A), 0.007 (panel B),
0.094 (panel C), and 0.010 (panel D). Mean values not sharing a common roman letter are significantly different

between groups (P < 0.05). For abbreviations see Figures 1 and 2.

Food intake in the SO, SPL, and BPL groups was 15.1, 12.0,
and 14.7 g/d (n =6, P <0.001), respectively, and body weight
gain was 7.87, 5.76, and 7.54 g/d (n = 6, P < 0.001), respec-
tively.

Plasmalogen concentration in the blood plasma of rats fed
BPL for 7 d was four times higher than that of rats fed SO or
SPL (Fig. 3A). However, no differences were observed in the
blood cell plasmalogen and phospholipid concentrations
among the three groups (Figs. 3C and 3D). Total phospho-
lipid concentration in the blood plasma was slightly, but sig-
nificantly, higher in the BPL group than in the other groups,
whereas the choline-containing phospholipid concentration
was not affected by feeding the BPL diet (Fig. 3B).

In the liver, the plasmalogen concentration, but not the
total phospholipid pool, was higher in the BPL group than in
the SO or SPL group (Figs. 4B and 4C). The free fatty alde-
hyde pool was lower in rats fed SPL and BPL than in rats fed
SO (Fig. 4D).

TG and cholesterol concentrations in the blood plasma
were unchanged after feeding diets containing both phospho-
lipids for 7 d (Figs. SA and 5B). In contrast, the TG and cho-
lesterol pools in the liver were largely decreased after feeding
the SPL and BPL diets compared with those fed the SO diet
(Figs. 5C and 5D).
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There were no significant differences between the SO and
BPL groups in the plasmalogen pools in tissues other than the
liver. The average plasmalogen concentrations (sum of the
SO and BPL groups, n = 12) were 60.5 umol/g dry brain (P =
0.731, average dry weight: 308 mg), 21.8 umol/g dry lung (P
=0.902, average dry weight: 182 mg), 7.32 pmol/g dry gas-
trocremius muscle (P = 0.163, average dry weight: 179 mg),
16.0 pmol/g dry kidney (P = 0.729, average dry weight: 347
mg), 1.51 umol/g dry epididymal fat pad (P = 0.409), and
15.1 umol/g dry heart (P = 0.372, average dry weight: 141
mg). The dry weight of the epididymal fat pad was lower in
the BPL group than in the SO group (781 + 63 and 981 + 84
mg, P =0.039).

The wet weight and pH of the gastric contents in the BPL
group were very similar to those in the SO group. Means +
SE of both groups were 4.00 + 0.461 g/rat (n = 12, P = 0.828)
for the wet weight of the gastric contents, and 4.48 = 0.100 (n
=12, P =0.526) for the pH of the gastric contents.

DISCUSSION

To date, few data have been reported concerning the intesti-
nal absorption of dietary plasmalogen or the fate of the in-
gested plasmalogen. In the present study, we demonstrated



PLASMALOGEN ABSORPTION

A
15 -
e
g £
TE 1t
o
e
% g
= £ o5}
0
SO SPL BPL
C
300
gz
gé’ 200 |
g
=2 100 |
0

SO SPL BPL

1233

B

Cholesterol
(mmol/L plasma)

SO SPL BPL

—

[

o
1

—

(=]

o
I

)]
o
T

Cholesterol
(umol/liver)

SO SPL BPL

FIG. 5. Plasma concentrations of triglycerides (TG) (A) and cholesterol (B), and liver pools of TG (C) and cholesterol
(D) after feeding test diets containing 100 g test lipid/kg diet for 7 d in experiment 4. Test lipids were SO, SPL, and
BPL. Each value shown is the mean + SEM for six rats. P values were 0.472 (panel A), 0.626 (panel ), 0.001 (panel
C), and 0.005 (panel D). Mean values not sharing a common roman letter are significantly different between groups

(P < 0.05). For abbreviations see Figures 1 and 2.

that the major part of plasmalogen in BPL incorporated into a
test diet disappeared from the alimentary tract 4 h after feed-
ing; this result suggests that dietary plasmalogen is absorbed
from the intestine. Vinyl ether double bonds in plasmalogen
are known to be sensitive to acid. However, we showed that
the acid-sensitive double bonds in the test diet were com-
pletely preserved during a 1-h exposure to excess amounts of
HCI (gastric acid). This was due to the buffering action of
some dietary components, such as dietary protein and some
mineral salts, which prevented the pH from lowering. Actu-
ally, after incubation of a diet containing BPL with excess
HCl in experiment 2, the pH was 3.6 and no degradation of
the plasmalogen was observed. The pH of the stomach con-
tents of rats was 4.5 after feeding the BPL diet in experiment
4, which was higher than the plasmalogen stability as tested
by pH in experiment 2. We also found that the vinyl ether
double bonds were not degraded by the contents of the small
intestine. These results indicate that intestinal absorption, but
not degradation, was responsible for the disappearance of in-
gested plasmalogen from the alimentary tract. A more impor-
tant finding is the increase in plasmalogen concentration in
blood plasma after feeding the test diet (Fig. 2). Also, a lower
level of plasmalogen intake (approximately 2 wt% in diet) for
7 d caused a striking increase in the plasmalogen level in

blood plasma, but not in blood cells (Fig. 3). We previously
showed that enterally infused plasmalogen was released into
the mesenteric lymph in rats cannulated into the mesenteric
lymph duct (31). In the present study, we showed that the oral
administration of dietary BPL in rats without lymph duct can-
nulation increased plasma BPL concentrations much more
than in the previous study.

In the present study, plasmalogen absorption was esti-
mated from the amount of this lipid remaining in the gastroin-
testinal tract together with its mucosa because the precise sep-
aration of luminal lipids from the mucosal cells was very dif-
ficult, especially in the small intestine. The amount of lipid
remaining in the alimentary tract included luminal and mu-
cosal plasmalogen derived from the diet, but endogenous
lipids were excluded from our estimation of plasmalogen ab-
sorption by subtracting the values of the SO group. This
means that the absorption rate in this study represents the re-
lease of vinyl ether moieties from the intestinal tract into sys-
temic circulation.

We found that considerable amounts of plasmalogen
reached the cecum, and we also observed that 16 mol% of
plasmalogen was reduced by incubation with the cecal con-
tents for 3 h. These results suggest that the cecal degradation
of plasmalogen contributes in part to its disappearance from
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the alimentary tract. However, the level of plasmalogen in the
cecal contents was not increased 2 h after ingestion. Further-
more, the disappearance of plasmalogen from a closed loop
of the upper small intestine was 36 mol% for 90 min in ex-
periment 3. The absorption rate seems to agree with that
shown in Figure 1 (50 mol% for 2 h). Thus, cecal degradation
may not contribute significantly to the disappearance of plas-
malogen. Also, plasmalogen was not excreted via the feces
during the 4-h period because we observed no increase in the
plasmalogen level in the colonic contents (Table 2). It has
been reported that some kinds of intestinal bacteria metabo-
lize plasmalogen (32), which agrees with our results. Also,
we observed that endogenous plasmalogen, represented by
the plasmalogen level in the gastrointestinal contents of the
SO (control) group, was much higher in the cecum than in the
other segments of the alimentary tract. This finding suggests
that cecal bacteria contain plasmalogen. Anaerobic bacteria,
including intestinal bacteria such as Clostridium butyricum,
are known to be rich in plasmalogen (33).

Despite its abundance in various tissues and its importance
to cell functions, few data are available on plasmalogen ab-
sorption, probably due to difficulties in the purification and
quantification of intact plasmalogen. Partial hydrolysis and/or
preparation of derivatives is necessary to quantify plasmalo-
gen using chromatography (34). We adopted the iodine addi-
tion method to measure blood and tissue plasmalogen, which
quantifies the vinyl ether double bonds in plasmalogen in the
presence of methanol. The iodine addition method can trace
the vinyl ether moiety in the lipid fraction and is suitable for
the purposes of the present study. The results of this method
represent the plasmalogen “activity” in the samples. Methods
using isotopically labeled plasmalogen may be unable to trace
intact vinyl ether double bonds, which are the most important
structures of this phospholipid.

We found that the plasmalogen level in blood plasma was
increased far beyond that in the control group (Fig. 3). Such
increases in plasmalogen have not been reported previously.
As described above, alkylacylphospholipid is converted to
plasmalogen (35), which is possibly involved in the increase
of plasmalogen in the blood. However, we did not find a sig-
nificant amount of alkylacylphospholipid in the extracted
BPL (1.0 mol%; Table 2). Thus, the increase in blood plas-
malogen is derived from ingested BPL. This lipid is found in
lipoprotein in the blood plasma (36). It was also reported that
approximately half of the PE in lipoprotein is plasmalogen
(37). As shown in Figure 3B, the total phospholipid concen-
tration, but not the choline-containing phospholipid concen-
tration, increased significantly after feeding a BPL diet. The
increase in plasmalogen shown in Figure 3A contributed
about 50% of the increase in phospholipids other than PC
(Fig. 3B). The enrichment of plasmalogen in lipoprotein may
reduce the susceptibility of the lipoprotein to oxidative stress
and lower the incidence of coronary heart disease.

In contrast to the plasmalogen in blood plasma, feeding
BPL did not increase the plasmalogen level in blood cells
(Figs. 3C and 3D). The plasmalogen concentration in the
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blood cells was 20 times higher than that in the blood plasma
(Figs. 3A and 3C), and it was reported that phospholipids in
the plasma are rapidly incorporated into the red blood cell
membrane (13). These results suggest that blood cell plas-
malogen is maintained at a constant level.

Our results also show a small but significant increase in
the liver plasmalogen concentration (Fig. 4B). Lipoproteins
are synthesized in the liver, and a part of the plasmalogen in
the lipoproteins may be incorporated into the liver. The in-
crease in liver plasmalogen is possibly associated with the en-
richment of plasmalogen in the blood plasma. Plasmalogen
concentrations in the brain, heart, lungs, muscle, and fat tis-
sue differed markedly, but were unchanged in spite of the
large increase in blood plasma plasmalogen. Das and Hajra
(35) also reported that ingested alkylglycerol is converted ef-
ficiently to plasmalogen and distributed to various tissues.
However, they reported no changes in the level of plasmalo-
gen. The level of plasmalogen in these organs or tissues may
also be kept constant. The increase in plasmalogen in the
blood plasma and liver described above seems to be much
smaller than the amount absorbed from the intestine, as
shown in Figure 1. This finding suggests the existence of
high-clearance activities for the vinyl ether moiety in tissues.
Recently, lysoplasmalogenase (EC 3.3.2.2, EC 3.3.2.5), by
which lysoplasmalogen is degraded to fatty aldehyde, was
found in the small intestine (38). The present study shows that
the hepatic free fatty aldehyde pool did not increase, but
rather decreased by feeding BPL. It seems that dietary plas-
malogen is not degraded to free fatty aldehyde. However, we
cannot exclude the possibility that the fatty aldehydes are im-
mediately converted to fatty acids (FA) by aldehyde dehydro-
genase. Thus, further work is needed to clarify the fate of ab-
sorbed plasmalogen.

Feeding a BPL diet lowered cholesterol and TG concen-
trations in the liver in a similar manner as feeding an SPL diet
(Figs. 5C and 5D). These results show that the ethanolamine-
rich phospholipid affects lipid metabolism as well as the SPL;
however, the contribution of plasmalogen to the effects of
BPL are not known.

We conclude that the major part of dietary plasmalogen
disappeared from the intestine through intestinal absorption,
not degradation into the intestinal lumen. The level of plas-
malogen in blood plasma was markedly increased, which may
provide increased protection against lipoprotein oxidation. In
this study, we used a bovine BPL fraction as a ready source
of plasmalogen; however, other sources may be available.
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