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Plasmalogens are a type of lipid that contain
an alkenyl ether linked to glycerol in contrast to
the ester linkages in phosphatidyl ethanolamine
and phosphatidyl choline.
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The alkenyl ethers react readily in aqueous acids
to form aldehydes. Rapport and Lerner have shown
that nearly all the aldehydes detected with acidic
reagents in lipid preparations from mammalian
tissues arise from plasmalogens (1). Plasmalo-
gens constitute up to 70 per cent of the cephalin
fraction of brain lipids (2) and 55 per cent of the
lecithin fraction of heart lipids (3).

These relatively large amounts of plasmalogen
suggest that degenerative diseases of the myo-
cardium or central nervous system might elevate
the plasmalogen level in the serum and be of diag-
nostic or prognostic value. In human brain the
plasmalogen content is approximately 25 /Amoles
per g (wet weight) of white matter (1), and in
normal human infants the serum plasmalogen level
is 0.03 + 0.02 umole per ml. In a 10-kg infant,
with a blood volume of 800 ml and a hematocrit
of 36 per cent (4), the total plasmalogen in the
serum would be approximately 14 + 10 umoles.
Therefore, the destruction of 1 g of white matter
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could liberate sufficient plasmalogen to elevate
the serum level by 100 per cent or more.

A preliminary survey of hospital patients with
encephalitis, Niemann-Pick's disease, or myo-
cardial infarction showed no consistent elevation
of serum plasmalogen. This finding had been
reported previously for a variety of diseases that
did not, however, involve destruction of tissues
rich in plasmalogen (5). The lack of correlation
between pathological states and serum levels sug-
gested either that plasmalogen is not released im-
mediately upon tissue destruction or that rapid
removal of plasmalogen from the blood is prevent-
ing its accumulation in the serum to any appreci-
able extent. In order to investigate the disap-
pearance of plasmalogen from the circulation, an
emulsion of phospholipids containing plasmalogen
was injected into rabbits and shown to be rapidly
removed from the circulation.

METHODSAND MATERIALS

Plasmalogen preparation. Lipids were extracted from
2 kg of fresh beef heart by successive homogenization
with 2 L methanol, and 2 and then 1.5 L 50 per cent
methanol in chloroform.' Chloroform was added to
these extracts to make a final solution of 33 per cent
methanol in chloroform. The extract was washed with
one-fifth volume of water and the water layer removed.
The extract was evaporated to dryness and redissolved
in 30 ml of 10 per cent methanol in chloroform. Acetone,
800 ml, was added and the solution refrigerated over-
night. The acetone-insoluble precipitate was separated
by centrifugation, dried, dissolved in ether, and added to
a 400-g silicic acid column (Baker, 100-200 mesh)
moistened with ether. After removal of the neutral lip-
ids with 1.5 L of ether, phospholipids were eluted with
successive mixtures of 1 L of 10 per cent ethanol in ether,
7 L of 75 per cent ethanol in ether, 7 L of 75 per cent
methanol in ethanol, and 3 L methanol. Aldehyde de-
terminations of the eluate were used to indicate plas-
malogen concentration, and the cephalin and lecithin
fractions were collected separately. These fractions

1All mixed solvents are reported as percentage com-
position by volume.
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were evaporated to dryness, redissolved in 33 per cent
methanol in chloroform, and stored at 50 C.

Analysis of material. Analyses were performed on
the cephalin fraction (Table I) for amino nitrogen by the
method of Lea and Rhodes (6); for aldehyde, with
fuchsin sulfurous acid (7); for alkenyl ether, by iodo-
metric titration (8) ; for esters, by hydroxamate forma-
tion (9) ; and for phosphorus, with ammonium molyb-
date (10). This fraction was used to prepare the plas-
malogen emulsion.

Preparation of emulsion. The cephalin emulsion was
prepared immediately before injection by evaporation of
4 ml of the cephalin fraction in 33 per cent methanol in
chloroform to dryness in vacito at 40° C. The material
was then dissolved in 1 ml of diethyl ether and to it was
added 8 ml of a 0.1 N phosphate buffer at AH 7.4 main-
tained at 370 C. The ether was blown off with nitrogen.
Then 0.1 ml of a 10 per cent solution of Tween 20 in
phosphate buffer was added. The material was vigor-
ously shaken and sonicated for 30 minutes in a 250-watt
Raytheon Sonicator. The emulsion did not change in
appearance when kept at 5 to 100 C until 3 to 4 days'
time, when a precipitate began to form. The particle
size of the emulsified lipids was not determined.

Injection procedure. Adult male rabbits were main-
tained on Rockland Rabbit Food and water at will. They
were weighed immediately before each experiment and
anesthetized with sodium pentobarbital in distilled water
given intraperitoneally, 38 mg per kg body weight. The
external jugular or femoral vein was exposed, opened,
and a no. 19 or 22 polyethylene catheter was inserted
to a distance of 5 to 8 cm. A thfree-way stop-cock was
placed between the catheter and syringe to prevent air
entering the venous system. Blood samples of 6 ml were
taken and that volume replaced with 0.9 per cent NaCl
injected through the catheter. Injections of 4 ml of the
cephalin emulsion containing 20 /imoles of plasmalogen
were made through the catheter. Before injection, 4 ml
of blood was drawn into the syringe and mixed with the
4 ml of emulsion. After inj ection, the catheter was
flushed with 0.9 per cent NaCl solution. In some cases,
the abdominal cavity was opened and at various times a
portion of liver, of about 10 gm, was removed distal to a

TABLE I

Analysis of cephalin fraction* used for
preparation of emulsion

Amoles
per Mmole

Rmoles of amino
Determination per ml nitrogen

Aldehyde 10.4 0.22
Vinyl ether 11.6 0.24
Ester 77.5 1.63
Amino nitrogen 47.5 1.00
Phosphate 40.0 0.84

* Isolated as the acetone-insoluble lipid extract and
purified by silicic acid chromatography.

Kelley hemostat. Care was taken not to obstruct the he-
patic circulation proximal to the clamp.

Blood analyses. The blood samples were allowed to
coagulate, and the serum was separated by centrifugation
and frozen until the time of analysis. Lipids were ex-
tracted from 0.5 ml of serum by two treatments with 7
ml of 50 per cent methanol in chloroform. The lipid ex-
tract was washed with one-fifth volume of water to re-
move inorganic phosphates and other water-soluble con-
taminants. The aldehyde content was then determined by
the colorimetric method described above.

Whole blood was collected wvith sodium citrate as an
anticoagulant. The plasma weas removed after centri-
fugation and the erythrocytes washed once with 0.9 per
cent NaCl. The cells were then hemolyzed by freezing
and thawing. An extract was made from the hemolysate
as described above for serum.

Liver and lung analysis. Tissue samples were frozen
immediately after removal and stored until the time of
analysis. Liver and lung samples were weighed after
thawing. The lipids were extracted from 5- to 10-g sam-
ples by homogenizing the tissue successively with 20 ml
of methanol, 20 ml of 50 per cent methanol in chloroform,
and 30 ml of 33 per cent methanol in chloroform. Chloro-
form was added to the combined extract to make a final
solution of 33 per cent methanol in chloroform. The ex-
tract was then washed with one-fifth volume of water,
and the water layer removed. The organic phase was
diluted to 50 ml in a volumetric flask and samples taken
for aldelhyde analysis.

Tissue inctbatioits. Rabbit liver was homogenized in 3
volumes of 0.25 M sucrose containing 0.001 MVersene-9.
The total homogenate was incubated with either the
cephalin emulsion or a'- (1-alkeniyl) -glycerylphosphoryl
ethanolaminiile (alkeniyl-GPE) 2 prepared by a modifica-
tionl of the method of Hartree and Mann (11). Alkenyl-
GPE, 0.5 to 1.0 Mmole, was dissolved in 1 ml of a 0.1 M
phosphate buffer at pH 7.1. The tissue homogenate, 0.1
ml, was added and the mixture incubated at 370 C. Sam-
ples of 0.1 ml each were withdrawn from the incubation
mixture at the specified intervals. The alkenyl ether
content was determined with fuchsin sulfurous acid after
destruction of the liberated aldehyde by alkaline peroxide
(12).

RESULTS

In the rabbits used, the average serum plasmalo-
gen level was 0.009 jumole per ml, ranging from
0.001 to 0.031 /Amole per ml. With an average
weight of 4 kg and plasma volume of 38 ml per kg
ranging from 27 to 48 ml per kg (13), the total
plasma plasmalogen varied between 0.15 and 4.71
Mmoles. Therefore the injection of 20 umoles of
plasaialogen far exceeded the endogenous plasma

- Abbreviations used are: alkenyl-GPE, a'- (1-alkenyl) -
glycerylphosphoryl ethanolamine; alkenyl-GPC, a'-(l-
alkenyl) -glycerylphosphoryl choline.
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FIG. 1. INJECTION OF PLASMALOGENEMULSION IN RAB-

BITS. Ordinate represents calculated percentage of in-
jected aldehyde recovered from the blood stream. Plasma
volume calculated at 38 ml per kg (13). Open circles
indicate the average value for 3 experiments and vertical
lines the range of values.

plasmalogen. Figure 1 presents the results of 3
experiments. The percentage of injected alde-
hyde recovered from the plasma was calculated as

follows: %o recovery = 100 x /Lmoles aldehyde per

ml serum X kg weight X 38 ml/Mmoles aldehyde
per ml emulsion X 4 ml. Sixty-five to 75 per cent
of the emulsion was circulating 2 minutes after
the injection. The material gradually disappeared
from the blood, and at the end of 5 hours less than
10 per cent of the injected plasmalogen remained.

When plasmalogen is incubated in vitro with
defibrinogenated blood, there is only slight de-
crease in the serum content of plasmalogen (14).
The possibility exists, however, that in vivo, the
transport of plasmalogen into the erythrocytes
might explain its disappearance from the serum.

With one injected animal, however, in which the
usual disappearance of plasmalogen from the se-

rum was demonstrated, there was no significant in-
crease in the plasmalogen content of the erythro-
cytes.

It was postulated that the emulsified lipid par-

ticles might be filtered out in the rich capillary bed
of the lungs. For this reason, lungs from control
and injected animals were analyzed for aldehyde.
In all experimental cases the injected plasmalogen
had disappeared from the blood stream when the
lungs were removed from the animal. In 7 non-

injected animals the normal plasmalogen level
was 15 2 .tmoles of plasmalogen per 10 g (wet
weight) of lung. In the 4 injected animals, the
plasmalogen level was identical, at 15 + 2 /Lmoles.
The total lung weight in our rabbits was close to

10 g. Since the injection was approximately 20
/Amoles of plasmalogen, any significant trapping in
the pulmonary bed would have been easily demon-
strated.

The liver is known to be the principal site of
formation of the plasma phospholipids (15). It
is also active in removing phospholipids from the
bloodstream (16). Because the liver exerts these
controls on phospholipid metabolism, analyses of
liver samples for aldehyde were performed at
various intervals before and after plasmalogen in-
jection. Table II presents the hepatic and serum
aldehyde levels of an operated animal in which no
injection was made. This experiment shows no
significant change in plasmalogen levels due to
the operation alone. The liver plasmalogen level
in uninjected animals averaged 0.10 /Amole per g
(wet weight) of tissue with a range of 0.05 to 0.13
Mmole per g. Since the liver weight varied from
50 to 100 g, the total plasmalogen content of the
liver could vary from 2.5 to 13 /Amoles. There-
fore, with an injection of 20 /moles of plasmalogen
any significant collection of the injected material
ought to be detectable in the liver. Figure 2A
shows a progressive increase in the aldehyde con-
tent of the liver which is proportional to the de-
crease in circulating aldehyde. This experiment
demonstrates that the liver is capable of removing
injected plasmalogen from the blood stream. In
a second animal, however, only 17 per cent of the
injected plasmalogen appeared in the liver at the
end of 3 hours. This could mean that the liver

TABLE II

Aldehyde content * in liver and serum of
noninjected, operated rabbit

Aldehyde content

Time In 10 g
(after sham In total liver
injection) plasmat (wet weight)

minutes Emoles Atmoles

0 0.50 1.30
Injection 0.50 1.30

2 0.30
7 0.30

20 0.30 1.30
60 0.30 1.50

120 0.30
180 0.30 1.20

* Fuchsin-sulfurous acid determination of aldehydes in
a lipid extract.

t Calculated as Mmoles aldehyde per ml serum X kg
X 38 (13).
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the blood. At 20 minutes, 79 per cent of the in-
jected plasmalogen had disappeared from the cir-
culation and 68 per cent of the plasmalogen was
present in the liver. After 180 minutes, 95 per
cent of the injected plasmalogen had been removed
from the blood stream but only 62 per cent of the
plasmalogen is present in the liver. This suggests
that the plasmalogen is being metabolized by the
hepatic tissue at a rate equal to or greater than its
removal from the blood stream. Support for this
possibility comes from the demonstration of an
enzyme in rat liver microsomes that will hydro-
lyze the alkenyl ether linkage of alkenyl-GPC
(7). Figure 3 shows the results of incubating
rabbit tissue with the cephalin emulsion and
alkenyl-GPE. The emulsion of cephalin is not
(legraded in 1 hour by rabbit liver homogenates,
whereas 75 per cent of the alkenyl-GPE is hy-
(lrolyzed in that time.

DISCUSSION

'EN FROMSE- The physiological control of plasmalogen levels
entage of in- remains unclear. The circulating plasmalogen
in liver. level is dependent upon diet, since plasmalogen-

rich foods elevate the serum values (17) and
it accumti- plasmnalogen deprivation lowers them (18). Se-
by the re- rum plasmalogen levels are decreased with growth

experiment hormone (19), and increased with adrenocortico-
ilogen from trophic hormone and adrenalin (5). Variations

in plasmalogen level may occur during different
phases of the estrous cycle (20). Thiele pre-
sented an extensive review of the physiology of

o plasmalogen in 1956 (21). The findings in vari-
ous pathologic states were summarized by Seck-
fort (5). It appears that plasmalogen decreases

I in diseases that have progressed to cachexia, but
shows no consistent change in other diseases. We
were unable to find in children any consistent vari-
ation in the fasting blood levels of plasmalogen re-
lated to a specific disease. Also, no elevation was

50 60 found in four patients with acute myocardial in-
farction. The demonstration that large amounts
of injected plasmalogen are removed rapidly from

RABBIT LIVER
Loles of aide- the blood stream of rabbits may explain the in-
ation mixture. ability to find elevated serum levels in the various
-enyl-glyceryl- conditions studied. Plasmalogen is normally asso-
iled enzyme; ciated with the alpha-1 globulin fraction of serum
ait emulsions proteins (22). Neither the amount nor the physi-

cal state of the plasmalogen injected is presumed
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to be physiological. Even under these condi-
tions, however, this work demonstrates that plas-
malogen is not physiologically inert. In the blood
and tissue analyses, plasmalogen level was deter-
mined by the fuchsin method. These levels may
represent the sum of the injected plasmalogen and
any fatty aldehyde released by the hydrolysis of
plasmalogen. The aldehyde probably does not
remain in either the plasma or the liver, since
Feulgen, Imhduser, and Westhues have shown
that injected aldehyde cannot be detected in the
blood stream (14). Also, the free aldehyde re-
leased from alkenyl-GPC in liver homogenate
incubations disappears rapidly (7).

Our data show that the lungs and the erythro-
cytes do not accumulate injected plasmalogen.
Feulgen and associates demonstrated in an in vitro
system that defibrinogenated blood will not destroy
added plasmalogen (14). Leupold and Buttner
suggest that free fatty aldehydes, but not plas-
malogen, will be rapidly oxidized in the lungs.
These results suggest that neither tissue is in-
volved in removing plasmalogen from the circu-
lation.

Plasmalogen accumulated in the liver after in-
jection. The percentage recovered there varied,
however, and in one case began to decline after an
initial elevation, suggesting that the plasmalogen
was being metabolized. The whole homogenate
of rabbit liver can hydrolyze alkenyl-GPE but ap-
parently not the cephalin emulsion. The results
are similar to those previously described for rat
tissue (7), and show that the alkenyl ether cannot
be hydrolyzed until the adjacent acyl group is re-
moved. Presumably the action of a phospholipase
in intact liver tissue could convert cephalin plas-
malogen to alkenyl-GPE which would then be
further hydrolyzed. This necessity for initial
cleavage of fatty acid from the phospholipid accen-
tuates the importance of phospholipases in plasma-
logen breakdown. Phospholipase activity is pres-
ent in liver tissue, but its relative activity is low
in homogenates. In the liver incubations, as in
the injections, the emulsion contained a ratio of
diacyl-GPE to alkenyl-acyl-GPE of approximately
4: 1 (see Table I). Some phospholipases hy-
(Irolyze diacyl-GPC more rapidly than alkenyl-
acyl-GPC (24). Perhaps the failure to demon-
strate hydrolysis of the plastnalogen in the emul-

sion is the result of competitive inhibition by
diacyl-GPE for the enzyme. Also, in the intact
cell phospholipases may be more active. These
studies show that the liver may be involved in the
metabolism of plasmalogen.

The possibility of plasmalogen removal by other
organs, such as the spleen, or by other processes,
such as excretion into the gall bladder, has not
been ruled out. The rapid removal of plasmalogen
from the blood makes its serum concentration of
little use as a routine diagnostic or prognostic test
in the assessment of degenerative diseases of the
central nervous system or myocardium.

CONCLUSION

Plasmalogen emulsions were injected intra-
venously into adult male rabbits. Removal of
90 per cent of the injected plasmalogen occurred
within 5 hours. No significant accumulation of
plasmialogen in erythrocytes or the lungs was dem-
onstrated. After injection, plasmalogen accumu-
lates in the liver. Rabbit liver contains an en-
zyme that will hydrolyze the alkenyl ether linkage
of a'-(1-alkenyl)-glycerylphosphoryl ethanolamine,
but not that of the emulsified cephalin. The rapid
removal of injected plasmalogen from the blood
stream seriously limits the possible value of se-
rum plasmalogen levels as a diagnostic or prog-
nostic test in degenerative diseases of plasmalogen-
rich tissue.
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