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Abstract We have developed a new method for deter-

mining ethanolamine plasmalogen contents in marine

invertebrates. This quantification method involves deriva-

tization of ethanolamine glycerophospholipid (EtnGpl)

subclasses, alkenylacyl (plasmalogen), diacyl, and alkyla-

cyl subclasses, by enzyme treatment and acetylation, fol-

lowed by separation and detection by high-performance

liquid chromatography (HPLC) with evaporative light-

scattering detection (ELSD). This method enabled com-

plete separation of the subclasses, and the limit of detection

for plasmalogen was 200 ng (260 pmol). The peak area of

plasmalogen by ELSD was unaffected by the degree of

unsaturated fatty acids in EtnGpl, in contrast to ultraviolet

(UV) detection. Thus, this method enables accurate deter-

mination of plasmalogen contents in various species

containing marine products possessing abundant polyun-

saturated fatty acids (PUFA). The method developed here

was applied to marine invertebrates available in Japan. The

examined marine invertebrates showed a wide range of

plasmalogen contents ranging from 19 to 504 lmol/100 g

wet wt. The plasmalogen levels in samples except those of

class Cephalopoda and Crustacea were more than 60 mol%

of EtnGpl.

Keywords HPLC–ELSD � EtnGpl subclass �
Plasmalogen � Diradylglycerol � Marine invertebrate �
TLC � LC–MS

Abbreviations

CerPCho Sphingomyelin

ChoGpl Choline glycerophospholipid

ELSD Evaporative light-scattering detection

ESI-TOF MS Electrospray ionization-time of flight

mass spectrometry

EtnGpl Ethanolamine glycerophospholipid

GC Gas chromatography

HPLC High-performance liquid

chromatography

LC–MS Liquid chromatography–mass

spectrometry

MS Mass spectrometry

NPH 2,4-Dinitrophenylhydrazine method

PakCho 1-O-alkyl-2-acyl-sn-glycero-3-

phosphocholine

160/22:6-PakCho 1-O-hexadecyl-2-octadecenoyl-sn-

glycero-3-phosphoethanolamine

PakEtn 1-O-alkyl-2-acyl-sn-glycero-3-

phosphoethanolamine

PlsEtn 1-O-alkenyl-2-acyl-sn-glycero-3-

phosphoethanolamine

160/22:6-PlsEtn 1-O-hexadecenyl-2-docosahexaenoyl-

sn-glycero-3-phosphoethanolamine

160/18:1-PlsEtn 1-O-hexadecenyl-2-octadecenoyl-sn-

glycero-3-phosphoethanolamine

PtdEtn 1,2-diacyl-sn-glycero-3-

phosphoethanolamine

S. Yamashita � M. Kinoshita

Department of Food Science, Obihiro University of Agriculture

and Veterinary Medicine, Obihiro 080-8555, Japan

A. Abe � K. Nakagawa � T. Miyazawa (&)

Food and Biodynamic Chemistry Laboratory, Graduate School

of Agricultural Science, Tohoku University, Sendai 981-8555,

Japan

e-mail: miyazawa@m.tohoku.ac.jp

T. Miyazawa

Food and Biotechnology Innovation Project, New Industry

Creation Hatchery Center (NICHe), Tohoku University,

Sendai 980-0845, Japan

123

Lipids (2014) 49:1261–1273

DOI 10.1007/s11745-014-3957-9



181/18:1-PtdEtn 1,2-di-octadecenoyl-sn-glycero-3-

phosphoethanolamine

SerGpl Serine glycerophospholipid

TIC Total ion current chromatogram

TLC Thin layer chromatography

UV Ultraviolet

Introduction

Ethanolamine glycerophospholipid (EtnGpl) is a major

class of glycerophospholipids found in biological mem-

branes. Moreover, these subclasses exist in three forms with

alkyl, alkenyl, or acyl linkages at the sn-1 position of the

glycerol moiety (1-O-alkyl-2-acyl-sn-glycero-3-phos-

phoethanolamine, PakEtn; 1-O-alkenyl-2-acyl-sn-glycero-

3-phosphoethanolamine, PlsEtn; and 1,2-diacyl-sn-glycero-

3-phosphoethanolamine, PtdEtn, respectively). The alke-

nylacyl form is called ‘‘plasmalogen’’ [1]. While plasmal-

ogen is restricted in most tissues and cells of animals, the

nervous system shows high plasmalogen levels [2]. More-

over, plasmalogen levels were reported to be specifically

decreased in postmortem brains from Alzheimer’s disease

patients [3–5]. Plasmalogen can also prevent cell death by

scavenging singlet oxygen (1O2) and superoxide (O2
-) at its

alkenyl (vinyl ether) linkages, as demonstrated by mutant

cells that are deficient in an enzyme for plasmalogen bio-

synthesis [6]. While these findings suggest that plasmalogen

has important physiological roles, its absorption and

metabolism are not fully understood, mainly due to a lack of

plasmalogen resources [7, 8].

Following bovine spongiform encephalopathy out-

breaks, use of bovine brain as a plasmalogen resource

became difficult. On the other hand, most EtnGpl exists as

plasmalogen in some marine invertebrates [9, 10], such as

Crassostrea gigas, Mytilus edulis [11], Strongylocentrotus

intermedius, and Halocynthia roretzi [12]. These marine

invertebrates are readily available around island nations,

such as Japan, and can, therefore, be used as new plas-

malogen resources.

There are several methods for quantifying plasmalogen

that measure either plasmalogen aldehydes with 2,4-dini-

trophenylhydrazines [13, 14], iodine caught in a vinyl ether

bond [15], lyso-EtnGpl with thin layer chromatography

(TLC) [1, 2, 16], or dimethyl acetal with gas chromatog-

raphy (GC) [17, 18]. However, these methods have some

drawbacks in terms of sensitivity and selectively. Other

conventional methods, e.g., derivatizing diradylglycerols

after phospholipase C treatment, enable complete separa-

tion of EtnGpl subclasses [19, 20]. Generally, they are

identified by ultraviolet (UV) detection. However, UV

detection is affected by double bonds and is, therefore, not

suitable for analyzing marine products that are rich in

polyunsaturated fatty acids (PUFA). On the other hand,

high-performance liquid chromatography (HPLC) with

evaporative light-scattering detection (ELSD), which is

insensitive to the mobile phase solvents and thus allows

direct quantification, has been applied to lipid analyses

[21–23]. Unlike UV detection, ELSD is relatively unaf-

fected by double bonds and length of fatty acids [24].

In this study, a method was developed for determining

EtnGpl subclasses consisting of derivatization by phos-

pholipase C treatment and acetylation, and separation and

detection by HPLC–ELSD. This method was applied to 24

marine invertebrates available in Japan.

Materials and Methods

Materials

Crassostrea gigas, Patinopecten yessoensis, Todarodes

pacificus, Paroctopus dofleini, Marsupenaeus japonicas,

and Halocynthia roretzi were purchased from local super-

markets in Sendai, Japan. Other marine invertebrates were

collected at Onagawa Bay in northwest Japan. 1-O-hex-

adecenyl-2-octadecenoyl-sn-glycero-3-phosphoethanola-

mine (16:0/18:1-PlsEtn), 1-O-hexadecenyl-2-docosahexa-

enoyl-sn-glycero-3-phosphoethanolamine (16:0/22:6-PlsEtn),

1,2-di-octadecenoyl-sn-glycero-3-phosphoethanolamine

(18:1/18:1-PtdEtn), and 1-O-hexadecyl-2-octadecenoyl-sn-

glycero-3-phosphoethanolamine (16:0/22:6-PakCho) were

purchased from Avanti Polar Lipids (Alabaster, AL, USA).

Phospholipids (Phospholipid Kit) and 60 wt% plasmalogen

of EtnGpl from bovine brain were purchased from Doosan

Serdary Research Laboratories (Toronto, ON, Canada).

Phospholipase C from Bacillus cereus type III was pur-

chased from Sigma Chemical Co. (St. Louis, MO, USA).

Methanol, n-hexane, isopropanol, and chloroform were of

HPLC grade, and other reagents were of extra-pure grade.

Lipid Extraction

EtnGpl subclass analysis was performed as described in

Fig. 1. Samples were freeze-dried, crushed, and kept at a

temperature below -30 �C for further processing. The

freeze-dried samples (about 20 mg as total lipid) were

added to 20 volumes of chloroform/methanol (2:1, v/v) and

vortexed for 1 min. The total lipids were prepared accord-

ing to the method of Folch et al. [25]. The total lipids were

redissolved in 500 lL of chloroform/methanol (2:1, v/v).

Phospholipid Analysis

Phospholipid contents in the total lipids were determined

according to the method described by Rouser et al. [26].
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Phospholipid classes were analyzed by HPLC–ELSD [27].

The silica column was LiChrosorb SI100 (4.6 9 250 mm,

u 10 lm; Waters Corporation, Milford, MA, USA) with a

binary gradient consisting of solvent A [chloroform/meth-

anol/30 % ammonium hydroxide (80:19.5:0.5, by vol)] and

solvent B [chloroform/methanol/water/30 % ammonium

hydroxide (60:34:5.5:0.5, by vol)]. The gradient profile was

as follows: 0–14 min, 100 % B linear gradient; 14–24 min,

100 % B. The flow rate was 1.0 mL/min, and the column

was maintained at a temperature of 35 �C. The post-col-

umn ELSD was a SEDEX model 55 (Sedere, Vitry sur

Seine, France), kept at an evaporation temperature of 60 �C

and pressure of 2.0 bar (2.7 L/min) for nebulization gas

(nitrogen). The photomultiplier sensitivity was adjusted to

a gain of 8.

Phospholipid Class Separation

On TLC (Silica 60, Merck, Darmstadt, Germany),

phospholipid classes were separated by chloroform/

methanol/acetone/water (80:25:10:4, by vol) and EtnGpl

was detected by primulin. The EtnGpl fraction was

extracted by the method of Bligh and Dyer [28].

Derivatization of EtnGpl Subclasses

To subfractionate EtnGpl into the diacyl, alkenylacyl, and

alkylacyl subclasses, EtnGpl was derivatized by a modifi-

cation of the method of Guan et al. [29]. About 100 lg of

EtnGpl was redissolved in 1.5 mL of diethyl ether satu-

rated with water. Phospholipase C was dissolved in

100 mM Tris–HCl (pH 7.4), and 500 lL of this solution

(containing 1.0 unit) was added to the dissolved EtnGpl.

Incubation was performed at 37 �C for 30 min. After

incubation, 500 lL of distilled water and 1.0 mL of diethyl

ether were added and centrifuged at 2,500 rpm for 5 min.

After separation of the layers, 2.5 mL of diethyl ether was

added to the lower layer and centrifuged. The separated

upper layers were mixed and dried under nitrogen. The

residue was dissolved in 15 lL of benzene, 15 lL of

acetate anhydride, and 30 lL of 0.68 M 4-dimethylami-

nopyridine in pyridine. The reaction was mixed at 37 �C

for 3 h. After the reaction, 1.8 mL of methanol, 100 lL of

100 mM Tris–HCl (pH 8.5) and 1.2 mL of petroleum ether

were added and centrifuged. Then, 2.4 mL of petroleum

ether was added to the lower layer. The upper layers were

collected, dried under nitrogen, and redissolved in 100 lL

of methanol.

Liquid Chromatography–Mass Spectrometry (LC–MS)

Analysis for Derivatized EtnGpl

Diradylglycerols and acetyl diradylglycerols were con-

firmed by HPLC with electrospray ionization-time of flight

mass spectrometry (ESI-TOF MS). The C18 column was

TSK-GEL ODS-80Ts (4.6 9 250 mm, u 5 lm; TOSOH

Co., Tokyo, Japan), and the mobile phase consisted of

methanol/0.5 M ammonium acetate (99:1, v/v). The flow

rate was 1.0 mL/min, and the column was maintained at a

temperature of 28 �C. The ESI-TOF MS was a Mariner

(Applied Biosystems, Carlsbad, CA, USA). Electrospray

ionization was performed in positive ion mode. Spray

voltage, nozzle potential, nozzle temperature, and nebu-

lizer gas flow rate were set to 2,000 V, 150 V, 150 �C, and

3.0 mL/min, respectively.

HPLC–ELSD for Acetyl Diradylglycerols

Acetyl diradylglycerols were analyzed by HPLC–ELSD.

The silica column was a Zorbax Rx-SIL (4.6 9 250 mm, u
5 lm; DuPont, Wilmington, DE, USA), and the mobile

phase was n-hexane–isopropanol (100:0.25, v/v). The flow

rate was 1.5 mL/min, and the column was maintained at a

temperature of 36 �C. The ELSD conditions were as

described above. Standards were made from 16:0/18:1-

PlsEtn and 18:1/18:1-PtdEtn and the purities were deter-

mined by GC [30]. The value of each sample was corrected

Fig. 1 Determination for EtnGpl subclasses. The measurements of

each process were as follows: 1 wet weight by weighing, 2 dry weight

by weighing, 3 total lipid weight by weighing, phospholipid content

by Rouser method and content of phospholipid subclasses by HPLC–

ELSD, 4 EtnGpl content by HPLC–ELSD, and 6 content of acetyl

diradylglycerol subclasses by this developed method (the values were

corrected by the recovery ratio of derivatized 18:1/18:1-PtdEtn)
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by the ratio of derivatized 18:1/18:1-PtdEtn under the same

conditions.

Spike and Recovery Experiment

To confirm the accuracy of this method, a known amount

of plasmalogen was spiked into a biological sample and its

response was recovered. We used 60 wt% plasmalogen

from bovine brain as the additional plasmalogen, because

the single species may have the inherent recovery by the

polarity and structure. Briefly, 1, 2, and 4 mg (i.e., 0.6, 1.2,

and 2.4 mg for plasmalogen) of 60 wt% plasmalogen were

added to 180 mg of rat brain (1.2 mg for plasmalogen)

before lipid extraction, and the recoveries were determined

after this analytical process. This experiment was con-

ducted in compliance with the policies and procedures

detailed in the Animal Experiment Guidelines of Tohoku

University.

Results

EtnGpl Derivatization

Reaction conditions of phospholipase C and acetylation

were determined by pretesting EtnGpl standards (60 wt%

plasmalogen of EtnGpl, 16:0/18:1-PlsEtn and 18:1/18:1-

PtdEtn) to confirm diradylglycerols and acetyl diradylgly-

cerols with TLC (data not shown) and total ion current

chromatogram (TIC) of LC–MS (Fig. 2). Subsequently,

under the same conditions, EtnGpl extracted from rat

brains as biological samples was also confirmed to be

completely reacted.

Separation and Detection of Acetyl Diradylglycerols

by HPLC–ELSD

Three types of acetyl diradylglycerol, i.e., alkenylacyl, al-

kylacyl, and diacyl subclasses, could be completely sepa-

rated from each other on a silica column with an isocratic

system consisting of n-hexane–isopropanol (100:0.25, v/v)

(Fig. 3). Acetyl diradylglycerol standards, alkenylacyl, al-

kylacyl, and diacyl subclasses, were derivatized from 16:0/

18:1-PlsEtn, 16:0/22:6-PakCho and 18:1/18:1-PtdEtn,

respectively.

The calibration curves were constructed with two acetyl

diradylglycerol standards, alkenylacyl and diacyl deriva-

tives, ranging in concentration from 1 to 10 lg. The cali-

bration curves were expressed by the equation y = axb,

which is a common feature of ELSD [21, 23, 31, 32], and

the regression correlation coefficients were above 0.996

(Fig. 4), with detection limits of 200 ng/injection at a

signal-to-noise ratio of 3. The calibration curves for

alkenylacyl and diacyl derivatives were nearly the same.

The values of the alkenyl and diacyl derivatives were

converted to those of plasmalogen and PtdEtn, respec-

tively. The concentrations of PakEtn were determined by

subtracting those of the plasmalogen and PtdEtn from the

total EtnGpl because the spike and recovery test could not

be performed without the PakEtn standard. The reaction

recovery of the PakCho was different from those of plas-

malogen and PtdEtn.

Subsequently, the accuracy of this method was con-

firmed by a spike and recovery experiment (Table 1).

Comparison of Methods for Determining Plasmalogen

The developed method using HPLC–ELSD was compared

with conventional methods for plasmalogen (Table 2), i.e.,

the 2,4-dinitrophenylhydrazine method (NPH) [14], and

separation and detection of acetyl diradylglycerols by TLC

[33]. In rat brain, a higher level of plasmalogen was

obtained by HPLC–ELSD than by the two other methods.

Plasmalogen values obtained by TLC varied widely. In rat

liver, plasmalogen was not detected by TLC.

Fig. 2 Total ionization current chromatogram (TIC) of derivatized

EtnGpl by LC–MS. A Derivatives from 16:0/18:1-PlsEtn, B deriva-

tives from 18:1/18:1-PtdEtn; (a), (b), and (c) indicate original EtnGpl,

diradylglycerol, and acetyl diradylglycerol, respectively
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Lipid Contents in Marine Invertebrates

The moisture and lipid contents of the marine invertebrates

shown in Table 3 were investigated (Table 4). Most of the

samples examined had moisture and total lipid contents of

70–90 % and 5–20 % (dry wt), respectively. The liver of

Halocynthia roretzi had the highest moisture content, while

the viscera of Todarodes pacificus had the lowest moisture

content and the highest total lipid content.

The phospholipid contents were very high in Asterina

pectinifera and muscles of Todarodes pacificus. In Asterias

amurensis and the viscera of the invertebrates examined,

total lipids consisted mostly of non-phospholipid.

As shown in Table 5, EtnGpl contents of phospholipid

were as follows: [35 mol%, Acanthopleura japonica,

Cellana grata, Chlorostoma argyrostoma, Septifer virga-

tus, Stichopus japonicus (red sea cucumber), and the

muscle of Paroctopus dofleini; 34–35 mol%, Thais bronni,

Nucella heyseana, Mytilus galloprovincialis, Asterias am-

urensis, and the liver of Halocynthia roretzi. In Stichopus

japonicus (green sea cucumber), the gonad of Strongylo-

centrotus nudus, and the muscle of Todarodes pacificus,

ChoGpl constituted about 70 mol% of the phospholipid.

The contents of others were high in Halichondria panacea

and Halichondria japonica.

EtnGpl subclass contents in marine invertebrates

Table 5 shows the EtnGpl subclasses present in marine

invertebrates. Plasmalogen levels of EtnGpl were as fol-

lows: [90 mol%, Anthopleura midori (Fig. 5a), Antho-

pleura japonica, Thais bronni, Mytilus galloprovincialis,

Crassostrea gigas, Asterias amurensis (Fig. 5b), Asterina

pectinifera, and the gonad of Strongylocentrotus nudus;

80–90 mol%, Acanthopleura japonica, Nucella heyseana,

Chlorostoma argyrostoma, Septifer virgatus, Stichopus

japonicus (red and green sea cucumbers), and the muscle

and liver of Halocynthia roretzi (Fig. 5c, d, respectively).

In Todarodes pacificus, PtdEtn constituted about 60 mol%

of EtnGpl. PakEtn content was high in the muscle of

Paroctopus dofleini. In Halichondria panacea and Hali-

chondria japonica, EtnGpl subclasses were not analyzed

because of a lack of separation of EtnGpl by TLC.

Plasmalogen contents of fresh and dried samples are

shown in Table 6. Plasmalogen contents in 100 g of fresh

samples were as follows: [400 lmol, Septifer virgatus,

Asterias amurensis, and Asterina pectinifera; 300–400

lmol, Thais bronni and Nucella heyseana,; 200–300 lmol,

Fig. 4 Calibration curves of acetyl diradylglycerol standards in

HPLC–ELSD. The calibration curves were constructed with acetyl

diradylglycerol standards of different concentrations (1–10 lg/injec-

tion). Three determinations for each standard were given at different

concentrations

Table 1 Spike and recovery test for HPLC–ELSD method

Spiked amount of plasmalogen (mg) Recovery

(%)

Rat brain 180 mg (1.2 mg for plasmalogen) ? 0.6 102.0 ± 2.0

1.2 91.6 ± 3.8

2.4 90.6 ± 2.6

Values are means ± standard deviation (n = 5)

Table 2 Comparison of methods for determining plasmalogen con-

tents in rat tissues

Plasmalogen contents of EtnGpl (mol%)

HPLC–ELSD NPH TLC

Rat brain 61.4 ± 1.5 45.3 ± 0.6 46.1 ± 9.5

Rat liver 3.5 ± 0.4 2.3 ± 1.1 Trace

Values are means ± standard deviation (n = 5)

Fig. 3 HPLC–ELSD chromatograms of acetyl diradylglycerols.

a Alkenylacyl subclass from 16:0/18:1-PlsEtn, b alkylacyl subclass

from 16:0/18:1-PakCho, c diacyl subclass from 18:1/18:1-PtdEtn,

d derivatives from rat brain EtnGpl, e derivatives from rat liver

EtnGpl. Rat tissues were obtained from male Sprague–Dawley rats

(7 weeks old) after fasting for 24 h
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Anthopleura midori, Anthopleura japonica, Cellana grata,

Tugali gigas, the gonad of Strongylocentrotus nudus, and the

gonad of Hemicentrotus pulcherrimus. Plasmalogen con-

tents of dried samples tended to be the same, except for

samples with high moisture and low phospholipid contents,

such as Chlorostoma argyrostoma and the liver of Halo-

cynthia roretzi.

Discussion

This study demonstrated a new HPLC–ELSD procedure

using enzyme treatment and acetylation for the separation

and quantitative analyses of plasmalogen in marine inver-

tebrates. The procedure has several advantages. Cyclopen-

tane, which consists mainly of conventional mobile phase,

is expensive [20, 29]. This new mobile phase consists of n-

hexane and isopropanol. Therefore, this method can be

performed to separate acetyl diradylglycerols at relatively

low cost. In addition, ELSD is little affected by double

bonds and length of fatty acids, in contrast to UV. The

calibration curves for alkenylacyl forms from 16:0/18:1-

PlsEtn and 16:0/22:6-PlsEtn were also nearly the same

(y = 1.1 9 105x1.6 and y = 1.2 9 105x1.6, respectively).

In comparison with other methods, the HPLC–ELSD

method yielded higher values of plasmalogen. In previous

reports for the brain of adult rats with various methods,

plasmalogen accounted for 55–57 mol% of EtnGpl [34–

38]. In contrast, a lower value was reported using the

aldehyde derivatives of alkenylacyl chains (41.7 mol%)

[39], and use of HPLC for diradylglycerol derivatives

yielded a higher value (65.9 mol%) [29]. It is known that

diradylglycerol derivatives are stable, whereas aldehyde

and the derivatives of alkenylacyl chains are unstable [40].

The background is very much higher by TLC than by

HPLC–ELSD. In contrast, the plasmalogen level

(61.4 mol% of EtnGpl) of the rat brain analyzed with

HPLC–ELSD was about the same as that reported previ-

ously by a number of methods including a reliable method

using radioactive isotopes [29]. In addition, this method

was confirmed by the spike and recovery procedure.

Recently, new methods with mass spectrometry (MS)

were reported for determination of plasmalogen, such as

GC–MS [41] and LC–MS/MS [42, 43], and were shown to

be applicable to measurement of plasmalogen with high

sensitivity. Although these methods enable analysis of

molecular species and fatty acids, it is difficult to obtain

total plasmalogen because of the requirement for standards

Table 3 Taxonomic

classification of the marine

invertebrates examined

Phylum Class Scientific name Common name

Porifera Demospongiae Halichondria panicea Marine sponge

Halichondria japonica

Coelenterata Anthozoa Anthopleura midori Sea anemone

Anthopleura japonica

Mollusca Polyplacophora Acanthopleura japonica Chiton

Gastropoda Thais bronni Univalve

Nucella heyseana

Cellana grata

Chlorostoma argyrostoma

Tugali gigas

Bivalvia Mytilus galloprovincialis Blue mussel

Septifer virgatus Purplish bifurcate mussel

Crassostrea gaigas Oyster

Patinopecten yessoensis Scallop

Cephalopoda Todarodes pacificus Cuttlefish

Paroctopus dofleini Octopus

Arthropoda Crustacea Marsupenaeus japonicus Prawn

Echinodermata Echinoidea Strongylocentrotus nudus Sea urchin

Hemicentrotus pulcherrimus

Asteroidea Asterias amurensis Starfish

Asterina pectinifera

Holothuroidea Stichopus japonicus Red sea cucumber

Green sea cucumber

Protochordata Ascidiacea Halocynthia roretzi Sea squirt
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of each molecular species. Moreover, the equipment

required for MS is very expensive. On the other hand,

ELSD is relatively inexpensive and enables analysis of

total plasmalogen regardless of the kind of fatty acid. Thus,

this method is suitable for screening a wide range of

samples.

Using the HPLC–ELSD method, we searched for plas-

malogen resources in marine invertebrates. Although lim-

ited numbers of samples were collected from local markets

and Onagawa Bay, the EtnGpl subclass compositions of

different species are shown in Table 7. With the exception

of the class Cephalopoda and Crustacea, the marine

invertebrates examined had high plasmalogen contents

([60 mol% of EtnGpl). Species with especially high levels

of EtnGpl were Asterias amurensis, Asterina pectinifera,

Strongylocentrotus nudus, Anthopleura midori, and An-

thopleura japonica. The levels of plasmalogen in fresh

samples of Asterias amurensis, Asterina pectinifera, and

Septifer virgatus were very high.

Although plasmalogen levels of EtnGpl in some marine

invertebrates were higher in the present study than those

reported previously [10, 12, 44], the differences were

thought to be due to the instability of derivatives and

sensitivity as described above. Moreover, Joseph previ-

ously reported that there are seasonal changes in lipid

content of Mollusca because of the reproductive cycle [45].

Table 4 Moisture and lipid

contents in the marine

invertebrates examined

Values are means (n = 5)

except moisture and non-

phospholipids. Moisture and

non-phospholipids were

determined as follows: [(fresh

weight - freeze-dried weight)/

fresh weight] and (total

lipids - phospholipids),

respectively
a Figures in parentheses show

the contents in mg/100 g dry wt

Part Moisture

(wet wt%)

Lipid contents (wet wt%)

Total lipids Phospholipids Non-

phospholipids

Halichondria panicea Whole 84.7 1.1 (7.0)a 0.3 (1.7) 0.8 (5.4)

Halichondria japonica Whole 85.2 1.1 (7.1) 0.4 (2.6) 0.7 (4.5)

Anthopleura midori Whole 75.9 2.3 (9.7) 1.0 (4.3) 1.3 (5.4)

Anthopleura japonica Whole 79.3 2.5 (11.9) 0.9 (4.4) 1.6 (7.5)

Acanthopleura japonica Whole 66.5 0.8 (2.4) 0.4 (1.2) 0.4 (1.2)

Thais bronni Whole 76.8 1.8 (7.7) 0.9 (3.7) 0.9 (4.0)

Nucella heyseana Whole 77.4 1.9 (8.5) 0.8 (3.4) 1.2 (5.1)

Cellana grata Whole 82.6 1.0 (5.9) 0.6 (3.3) 0.5 (2.6)

Chlorostoma argyrostoma Whole 92.4 0.4 (5.3) 0.2 (2.6) 0.2 (2.7)

Tugali gigas Whole 78.9 3.6 (17.3) 0.8 (3.7) 2.9 (13.7)

Mytilus galloprovincialis Whole 81.8 1.0 (5.3) 0.4 (2.1) 0.6 (3.2)

Septifer virgatus Whole 80.4 3.3 (16.9) 1.0 (5.1) 2.3 (11.8)

Crassostrea gaigas Whole 83.3 1.6 (9.6) 0.5 (3.1) 1.1 (6.4)

Patinopecten yessoensis Whole 73.0 2.5 (9.4) 0.7 (2.6) 1.8 (6.8)

Muscle

? mantle

79.8 0.8 (4.1) 0.5 (2.5) 0.3 (1.6)

Viscera 81.6 4.7 (25.4) 0.7 (3.7) 4.0 (21.7)

Todarodes pacificus Whole 73.1 4.3 (16.0) 1.2 (4.5) 3.1 (11.5)

Muscle 76.2 2.1 (8.9) 1.4 (6.0) 0.7 (2.9)

Viscera 57.4 16.9 (39.6) 0.9 (2.1) 16.0 (37.5)

Paroctopus dofleini Muscle 83.8 0.7 (4.5) 0.4 (2.8) 0.3 (1.7)

Marsupenaeus japonicus Whole 72.6 2.7 (9.8) 0.8 (3.0) 1.9 (6.8)

Muscle 73.4 1.1 (4.3) 0.8 (3.0) 0.3 (1.3)

Strongylocentrotus nudus Gonad 82.1 2.8 (15.5) 0.8 (4.6) 2.0 (11.0)

Hemicentrotus pulcherrimus Gonad 84.2 2.7 (17.2) 0.7 (4.5) 2.0 (12.7)

Asterias amurensis Whole 78.5 7.5 (35.0) 1.1 (5.2) 6.4 (29.7)

Asterina pectinifera Whole 81.6 3.2 (17.4) 1.3 (6.8) 1.9 (10.5)

Stichopus japonicus-red Whole 88.6 0.5 (4.6) 0.2 (1.6) 0.3 (3.0)

Stichopus japonicus-green Whole 88.7 0.6 (5.5) 0.2 (1.8) 0.4 (3.7)

Muscle 90.4 0.4 (4.6) 0.1 (1.5) 0.3 (3.1)

Viscera 84.0 0.8 (5.0) 0.3 (1.9) 0.5 (3.1)

Halocynthia roretzi Muscle 83.3 1.7 (10.4) 0.6 (3.8) 1.1 (6.6)

Liver 98.2 0.4 (20.7) 0.1 (3.1) 0.3 (17.7)
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In the muscle of Halocynthia roretzi, the amounts of the

total lipid, phospholipid, and plasmalogen were lower in

the present study than those reported previously, whereas

the plasmalogen level of EtnGpl was higher [12]. Thus,

there may also be seasonal changes in plasmalogen levels.

In H. panacea and Halichondria japonica, plasmalogen

was not analyzed because EtnGpl could not be separated by

TLC. Ceramide galactoside had an Rf value near EtnGpl

and was detected by primulin. In Halichondria japonica, it

was reported that the main glycerosphingolipid was cera-

mide digalactoside [46]. Because of the increased hydro-

philicity, it was inferred that ceramide digalactoside was

consistent with the position of EtnGpl. Although this sep-

aration for screening was performed by TLC, it is expected

that separation would be improved by HPLC.

The class Asteroidea was reported previously to have

high plasmalogen levels of EtnGpl [47]. In addition, two

starfish examined were also rich in plasmalogen. How-

ever, starfish are too small and require a great deal of

effort for collection and dissection; therefore, it is difficultT
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Fig. 5 HPLC–ELSD chromatograms of acetyl diradylglycerols from

EtnGpl of marine invertebrates. a Anthopleura midori, b Asterias

amurensis, c Halocynthia roretzi muscle, d Halocynthia roretzi liver.

a, b, c, and d were injected with 15, 10, 20, and 20 lL as step 6 in

Fig. 1, respectively
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to prepare large amounts of plasmalogen from starfish. On

the other hand, the class Bivalvia was also reported to

have high plasmalogen levels [11]. In the bivalves

examined except Patinopecten yessoensis, plasmalogen

accounted for about 90 mol% of EtnGpl. Septifer virgatus

was also especially rich in plasmalogen, comparable to the

starfish. Septifer virgatus and Mytilus galloprovincialis

cause severe damage to the marine industry, and it is,

therefore, possible to obtain these species in large

amounts. Moreover, it is easy to separate the meat from

the shell of bivalves; therefore, these species are expected

to be good resources for plasmalogen.

With regard to the relation between plasmalogen levels

of EtnGpl and taxonomic classification, Deuterostomia,

including Echinodermata and Protochordata, contained

high levels. Platyhelminthes [48] and Annelida [49], not

examined in this study, were reported to contain high levels

of plasmalogen. Thus, in Protostomia, lower organisms are

thought to contain high levels of plasmalogen, whereas

higher organisms, such as Arthropoda and the class

Cephalopoda, contain low levels. In Deuterostomia, it was

also reported that higher organisms, such as vertebrates,

contain low plasmalogen levels except in the nervous

system and testis [50–52].

Table 6 Comparison of

amounts of EtnGpl subclasses in

the marine invertebrates

examined

Values are means ± standard

deviation (n = 5) except

PakEtn
a Figures in parentheses show

the contents in lmol/100 g dry

wt

Part EtnGpl subclasses (lmol/100 g wet wt)

Plasmalogen PtdEtn PakEtn

Halichondria panicea Whole – – –

Halichondria japonica Whole – – –

Anthopleura midori Whole 255 ± 5 (1,060 ± 21)a Trace 9 (39)

Anthopleura japonica Whole 270 ± 10 (1,301 ± 48) Trace 6 (26)

Acanthopleura japonica Whole 168 ± 3 (502 ± 8) 11 ± 0 (33 ± 4) 9 (27)

Thais bronni Whole 359 ± 6 (1,546 ± 27) 27 ± 0 (116 ± 5) Trace

Nucella heyseana Whole 307 ± 9 (1,358 ± 41) 40 ± 1 (181 ± 13) Trace

Cellana grata Whole 215 ± 2 (1,232 ± 11) 48 ± 0 (275 ± 31) 20 (117)

Chlorostoma argyrostoma Whole 79 ± 4 (1,046 ± 56) 17 ± 1 (229 ± 10) 2 (31)

Tugali gigas Whole 269 ± 15 (1,275 ± 73) 33 ± 2 (156 ± 5) 34 (163)

Mytilus galloprovincialis Whole 161 ± 6 (887 ± 32) 8 ± 0 (44 ± 5) 6 (31)

Septifer virgatus Whole 417 ± 23 (2,123 ± 119) 41 ± 2 (207 ± 19) 20 (103)

Crassostrea gaigas Whole 141 ± 3 (844 ± 20) 11 ± 0 (65 ± 5) Trace

Patinopecten yessoensis Whole 179 ± 9 (662 ± 35) 40 ± 2 (150 ± 7) 49 (182)

Muscle

? mantle

133 ± 7 (660 ± 36) 26 ± 1 (131 ± 14) 43 (213)

Viscera 137 ± 8 (744 ± 44) 25 ± 1 (135 ± 8) 11 (57)

Todarodes pacificus Whole 113 ± 4 (420 ± 16) 270 ± 10 (1,003 ± 40) 84 (312)

Muscle 106 ± 8 (448 ± 32) 340 ± 24 (1,429 ± 59) 93 (393)

Viscera 60 ± 2 (141 ± 5) 113 ± 4 (264 ± 4) 30 (72)

Paroctopus dofleini Muscle 86 ± 5 (531 ± 30) 47 ± 3 (293 ± 16) 85 (527)

Marsupenaeus japonicus Whole 139 ± 3 (506 ± 30) 134 ± 3 (488 ± 8) 28 (101)

Muscle 152 ± 1 (569 ± 5) 146 ± 1 (548 ± 16) 28 (104)

Strongylocentrotus nudus Gonad 256 ± 12 (1,431 ± 67) Trace 5 (29)

Hemicentrotus pulcherrimus Gonad 230 ± 3 (1,453 ± 21) 47 ± 4 (297 ± 23) 21 (131)

Asterias amurensis Whole 504 ± 22 (2,342 ± 100) Trace 10 (48)

Asterina pectinifera Whole 407 ± 37 (2,212 ± 199) Trace 8 (46)

Stichopus japonicus-red Whole 67 ± 2 (591 ± 16) 7 ± 0 (64 ± 6) 7 (60)

Stichopus japonicus-green Whole 52 ± 5 (454 ± 40) 6 ± 1 (55 ± 4) 4 (38)

Muscle 34 ± 1 (354 ± 8) 3 ± 0 (35 ± 1) 2 (25)

Viscera 82 ± 2 (510 ± 10) Trace 9 (57)

Halocynthia roretzi Muscle 106 ± 3 (635 ± 18) 11 ± 0 (65 ± 5) 12 (69)

Liver 19 ± 1 (1,106 ± 68) 2 ± 0 (98 ± 9) 3 (163)
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In conclusion, a method for determining EtnGpl sub-

classes with ELSD was developed and was shown to be a

powerful tool for searching for plasmalogen resources.

References

1. Dembitsky VM (1988) Quantification of plasmalogen, alkylacyl

and diacyl glycerophospholipids by micro-thin-layer chroma-

tography. J Chromatogr 436:467–473

2. Hack MH, Helmy FM (1977) Thin-layer chromatographic reso-

lution of molecular species of ethanolamine plasmalogen quan-

titatively unique to myelin. J Chromatogr 135:229–234

3. Ginsberg L, Rafique S, Xuereb JH, Rapoport SI, Gershfeld NL

(1995) Disease and anatomic specificity of ethanolamine plas-

malogen deficiency in Alzheimer’s disease brain. Brain Res

698:223–226

4. Wells K, Farooqui AA, Horrocks LA (1999) Neural mem-

brane phospholipids in Alzheimer disease. Neurochem Res

20:1329–1333

5. Guan Z, Wang Y, Cairns NJ, Lantos PL, Dallner G, Sindelar PJ

(1999) Decrease and structural modifications of phosphatidyl-

ethanolamine plasmalogen in the brain with Alzheimer disease.

J Neuropathol Exp Neurol 58:740–747

6. Zoeller RA, Lake AC, Nagan N, Gaposchkin DP, Legner MA,

Lieberthal W (1999) Plasmalogens as endogenous antioxidants:

somatic cell mutants reveal the importance of the vinyl ether.

Biochem J 338:769–776

Table 7 Contents of EtnGpl

subclasses in the marine

invertebrates examined

Values are means ± standard

deviation (n = 5) except

PakEtn. PakEtn was determined

as follows: [EtnGpl -

(plasmalogen ? PtdEtn)]. Trace

indicates less than 0.05

Part EtnGpl subclasses (EtnGpl mol%)

Plasmalogen PtdEtn PakEtn

Halichondria panicea Whole – – –

Halichondria japonica Whole – – –

Anthopleura midori Whole 96.5 ± 1.9 Trace 3.5

Anthopleura japonica Whole 98.0 ± 3.6 Trace 2.0

Acanthoplera japonica Whole 89.4 ± 1.4 5.7 ± 0.7 4.9

Thais bronni Whole 93.0 ± 1.6 7.0 ± 0.3 Trace

Nucella heyseana Whole 88.5 ± 2.7 11.5 ± 0.8 Trace

Cellana grata Whole 75.9 ± 0.7 16.9 ± 1.9 7.2

Chlorostoma argyrostoma Whole 80.1 ± 4.3 17.5 ± 0.8 2.4

Tugali gigas Whole 80.0 ± 4.6 9.8 ± 0.3 10.2

Mytilus galloprovincialis Whole 92.1 ± 3.3 4.6 ± 0.5 3.3

Septifer virgatus Whole 87.3 ± 4.9 8.5 ± 0.8 4.2

Crassostrea gaigas Whole 92.8 ± 2.2 7.2 ± 0.6 Trace

Patinopecten yessoensis Whole 66.7 ± 3.5 15.0 ± 0.7 18.3

Muscle

? mantle

65.7 ± 3.6 13.0 ± 1.4 21.3

Viscera 79.5 ± 4.7 14.4 ± 0.8 6.1

Todarodes pacificus Whole 24.2 ± 0.9 57.8 ± 2.3 18.0

Muscle 19.7 ± 1.4 63.0 ± 2.6 17.3

Viscera 29.5 ± 1.0 55.5 ± 0.8 15.0

Paroctopus dofleini Muscle 39.3 ± 2.2 21.7 ± 1.2 39.0

Marsupenaeus japonicus Whole 46.2 ± 1.1 44.5 ± 0.7 9.3

Muscle 46.6 ± 0.4 44.9 ± 1.4 8.5

Strongylocentrotus nudus Gonad 98.0 ± 4.6 Trace 2.0

Hemicentrotus pulcherrimus Gonad 77.2 ± 1.1 15.8 ± 1.2 7.0

Asterias amurensis Whole 98.0 ± 4.2 Trace 2.0

Asterina pectinifera Whole 98.0 ± 8.8 Trace 2.0

Stichopus japonicus-red Whole 82.8 ± 2.2 8.9 ± 0.8 8.3

Stichopus japonicus-green Whole 83.2 ± 7.3 10.0 ± 0.7 6.8

Muscle 85.5 ± 2.0 8.5 ± 0.3 6.0

Viscera 90.0 ± 1.7 Trace 10.0

Halocynthia roretzi Muscle 82.5 ± 2.3 8.5 ± 0.7 9.0

Liver 80.9 ± 5.0 7.2 ± 0.7 11.9

Lipids (2014) 49:1261–1273 1271

123



7. Hara H, Wakisaka T, Aoyama Y (2003) Lymphatic absorption of

plasmalogen in rats. Br J Nutr 90:29–32

8. Nishimukai M, Wakisaka T, Hara H (2003) Ingestion of plas-

malogen markedly increased plasmalogen levels of blood plasma

in rats. Lipids 38:1227–1235

9. Dembitskii VM, Vas’kovsky VE (1976) Distribution of plas-

malogens in different phospholipid classes in marine inverte-

brates. Mar Biol 5:68–72

10. Dembitskii VM (1979) Plasmalogens in phospholipids of marine

invertebrates. Biol Morya 5:86–90

11. Kraffe E, Soudant P, Marty Y (2004) Fatty acids of serine, eth-

anolamine, and choline plasmalogens in some marine bivalves.

Lipids 39:59–66

12. Jeong BY, Ohshima T, Koizumi C (1996) Hydrocarbon chain

distribution of ether phospholipids of the ascidian Halocynthia

roretzi and the sea urchin Strongylocentrotus intermedius. Lipids

31:9–18

13. Pries C, Boettcher CJ (1965) The determination of free and

plasmalogen-bound aldehydes in lipid fractions. Biochim Bio-

phys Acta 98:329–334

14. Katz I, Keeney M (1966) Quantitative micro determination and

isolation of plasmalogen aldehydes as 2,4-dinitrophenylhy-

drazones. J Lipid Res 7:170–174

15. Gottfried EL, Rapport MM (1962) The biochemistry of plas-

malogens. I. Isolation and characterization of phosphatidal cho-

line, a pure native plasmalogen. J Biol Chem 237:329–333

16. Vaskovsky VE, Dembitzky VM (1975) Determination of plas-

malogen contents of phospholipid classes by reaction micro-thin-

layer chromatography. J Chromatogr 115:645–647

17. MacPherson JC, Pavlovich JG, Jacobs RS (1998) Phospholipid

composition of the granular amebocyte from the horseshoe crab,

Limulus polyphemus. Lipids 33:931–940

18. Ingrand SS, Wahl A, Favrelière S, Barbot F, Tallineau C (2000)

Quantification of long-chain aldehydes by gas chromatography

coupled to mass spectrometry as a tool for simultaneous mea-

surement of plasmalogens and their aldehydic breakdown pro-

ducts. Anal Biochem 280:65–72

19. Nakagawa Y, Waku K, Ishima Y (1982) Changes in the com-

position of fatty chains of diacyl, alkylacyl and alkenylacyl eth-

anolamine and choline phosphoglycerides during the

development of chick heart ventricular cells. High accumulation

of 22-carbon fatty acid in ether phospholipids. Biochim Biophys

Acta 712:667–676

20. Nakagawa Y, Horrocks LA (1983) Separation of alkenylacyl,

alkylacyl, and diacyl analogues and their molecular species by

high performance liquid chromatography. J Lipid Res

24:1268–1275

21. Christie WW (1985) Rapid separation and quantification of lipid

classes by high performance liquid chromatography and mass

(light-scattering) detection. J Lipid Res 26:507–512

22. Lutzke BS, Braughler JM (1990) An improved method for the

identification and quantitation of biological lipids by HPLC using

laser light-scattering detection. J Lipid Res 31:2127–2130

23. Sugawara T, Miyazawa T (1999) Separation and determination of

glycolipids from edible plant sources by high-performance liquid

chromatography and evaporative light-scattering detection. Lip-

ids 34:1231–1237

24. Brouwers JF, Vemooij EA, Tielens AG, van Golde LM (1999)

Rapid separation and identification of phosphatidylethanolamine

molecular species. J Lipid Res 40:164–169

25. Folch J, Lees M, Sloane-Stanley GH (1957) A simple method for

the isolation and purification of total lipids from animal tissues.

J Biol Chem 20:337–342

26. Rouser G, Siakotos AN, Fleischer S (1966) Quantitative analysis

of phospholipids by thin-layer chromatography and phosphorus

analysis of spots. Lipids 1:85–86

27. Higuchi O, Nakagawa K, Tsuzuki T, Suzuki T, Oikawa S, Mi-

yazawa T (2006) Aminophospholipid glycation and its inhibitor

screening system: a new role of pyridoxal 50-phosphate as the

inhibitor. J Lipid Res 47:964–974

28. Bligh EG, Dyer BW (1959) A rapid method of total lipid

extraction and purification. Can J Biochem Physiol 37:911–917

29. Guan Z, Grünler J, Piao S, Sindelar PJ (2001) Separation and

quantitation of phospholipids and their ether analogues by high-

performance liquid chromatography. Anal Biochem 297:137–143

30. Morrison WR, Smith LM (1964) Preparation of fatty acid methyl

esters and dimethyl acetals from lipids with boron fluoride-

methanol. J Lipid Res 5:600–608

31. Renkonen O (1966) Individual molecular species of phospho-

lipids III. Molecular species of ox-brain lecithins. Biochim Bio-

phys Acta 125:288–309

32. Kimura T, Nakagawa K, Saito Y, Yamagishi K, Suzuki M, Ya-

maki K, Shinmoto H, Miyazawa T (2004) Determination of

1-deoxynojirimycin in mulberry leaves using hydrophilic inter-

action chromatography with evaporative light scattering detec-

tion. J Agric Food Chem 52:1415–1418

33. Nakagawa K, Umeda T, Higuchi O, Tsuzuki T, Suzuki T, Mi-

yazawa T (2006) Evaporative light-scattering analysis of sulfo-

raphane in broccoli samples: quality of broccoli products

regarding scuforaphane contents. J Agric Food Chem

54:2479–2483

34. Wells MA, Dittmer JC (1967) A comprehensive study of the

postnatal changes in the concentration of the lipids of developing

rat brain. Biochemistry 6:3169–3175

35. Keenan RW, Schmidt G, Tanaka T (1968) Quantitative deter-

mination of phosphatidal ethanolamine and other phosphatides in

various tissues of the rat. Anal Biochem 23:555–566

36. Norton WT, Poduslo SE (1971) Neuronal perikarya and astroglia

of rat brain: chemical composition during myelination. J Lipid

Res 12:84–90

37. Moscatell EZ, Duff JA (1978) Effects of storage conditions on rat

brain ethanolamine glycerophospholipids, cerebrosides, and

cholesterol. Lipids 13:294–296

38. Hoffman-Kuczyski B, Reo NV (2004) Studies of myo-inositol

and plasmalogen metabolism in rat brain. Neurochem Res

29:843–855

39. Wells MA, Dittmer JC (1966) A microanalytical technique for

the quantitative determination of twenty-four classes of brain

lipids. Biochemistry 5:3405–3418

40. Mahadevan V, Viswanathan CV, Phillips F (1967) Conversion of

fatty aldehyde dimethyl acetals to the corresponding alk-1-enyl

methyl ethers (substituted vinyl ethers) during gas–liquid chro-

matography. J Lipid Res 8:2–6
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