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Abstract—The holothurian Eupentacta fraudatrix is widely used for studying how regeneration works and as
a source of biological active compounds. Data on the lipid content and composition of E. fraudatrix are lim-
ited to the description of fatty acid (FA) composition. The storage and structural lipids of E. fraudatrix gut
have been analyzed by different chromatographic and mass spectrometry methods. Triacylglycerols, as stor-
age lipids, are characterized by a high concentration of trophic FA markers. Among structural lipids, phos-
phatidylethanolamines and phosphatidylcholines contain a high concentration of molecular species with a
simple ether linkage. Phosphatidylserines (PS) and phosphatidylinositols (PI) differ from other lipids with
very-long-chain FA in composition. The FA 23:1n-9, which is characteristic of holothurians, has been
detected in PS and PI. The study of marine organisms’ lipidome may contribute to understanding the bio-
synthetic pathways and distribution of trophic markers in lipids.
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INTRODUCTION

Holothurians (Holothuroidea) are one of the most
widespread classes of lower invertebrates. They play an
important role in the ocean ecosystem, breaking down
detritus and organic matter for bacteria and thus
returning nutrients back to the oceans [1]. Holothuri-
ans are traditionally used for food in Southeast Asia.

Some sea cucumber species have a defense mecha-
nism called evisceration: animals can eject their inter-
nal organs (such as intestines and respiratory tract)
from their bodies when exposed to stress (for example,
chemical stress or physical manipulation), while the
lost organs can be quickly regenerated [2, 3]. Holothu-
ria Eupentacta fraudatrix is one of the unique organ-
isms used to study the regeneration process. Recently,
an analysis of the dynamics of gene expression during
intestinal regeneration in E. fraudatrix made it possible
to identify a number of transcription factors that can
participate in the transdifferentiation of coelomic epi-
thelial cells into the enterocytes of holothurians [4].

Abbreviations: DMA, dimethyl acetals; DPG, diphosphatidyl-
glycerol; FA, fatty acids; LPC, lysophosphatidylcholine;
MUFA, monounsaturated fatty acids; FAME, fatty acid methyl
esters; SFA, saturated fatty acids; PUFA, polyunsaturated fatty
acids; TG, triacylglycerols; PI, phosphatidylinositol; PL, phos-
pholipids; PC, phosphatidylcholine; PE, phosphatidylethanol-
amine.

1 Corresponding author: phone: +7 (423) 231-09-05; e-mail:
ecrire_711@mail.ru.

Holothuria E. fraudatrix is known as a rich source
of triterpene glycosides. A total of 37 glycosides were
isolated and identified from the sea cucumber [5—7].
Most glycosides E. fraudatrix are characterized by the
presence of a residue 3-0-methylxylose as the final
link in the carbohydrate chain instead of 3-O-methyl-
glucose found in most sea cucumber glycosides. This
difference is considered a chemotaxonomic marker of
the genus Eupentacta [7].

In numerous studies of sea cucumbers E. fraudatrix
hardly take into account the composition of lipids,
with the exception of the previously described compo-
sition of fatty acids (FA) in E. fraudatrix [8]. Lipids
have important functions for the body. Neutral lipids
(triacylglycerols (TG) and wax esters) serve as an
energy reserve. Polar lipids (glycerophospholipids,
sphingolipids, and glycolipids) are structural compo-
nents of cell membranes involved in signaling. The
composition of lipids and FAs has been described in
sea cucumbers inhabiting the waters of Vietnam [8],
Apostichopus japonicas [9], abyssal sea cucumbers [10]
and deep-sea sea cucumbers of the Sea of Okhotsk [11].

Each class of lipids is a mixture of hundreds of
molecular species of lipids, which includes various
FAs. A quantitative description of the molecular com-
position of lipids is one of the problems solved by lipi-
domics. The increase in lipidome data contributes to
the study of marine ecology and lipid biochemistry.
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Table 1. Intestinal lipid composition of Eupentacta fraudatrix

Lipid class Content,% of lipid extract
Triacylglycerols 16.66 = 7.03
Sterols 16.51 = 8.12
Phospholipids 25.44 +£6.82
Phosphatidylcholines 15.46 £ 1.71
Phosphatidylethanolamines 5.08 £0.33
Phosphatidylserines 2.15 £ 1.02
Phosphatidylinositols 1.39 £ 0.01
Lysophosphatidylcholines 0.42 +0.02
Diphosphatidylglycerols 0.93 +£0.36

Data are presented as mean values = SD (n =5).

The purpose of this work is to determine the com-
position of molecular species in storage (triacylglycer-
ols) and structural (phospholipids) lipids of the intes-
tine in F. fraudatrix. The chemical structure and com-
position of phospholipid (PL) lipids were first
identified using high performance liquid chromatog-
raphy (HPLC) with high resolution tandem mass
spectrometry (MS/MS). TG was analyzed by super-
critical fluid chromatography using a low resolution
mass spectrometer and light scattering detector.

RESULTS AND DISCUSSION

To determine the composition of FA and molecu-
lar species of lipids, we used adult sea cucumbers
E. fraudatrix, collected in Peter the Great Bay, Sea of
Japan. Lipids isolated from the intestines of five sea
cucumbers were analyzed by liquid and gas-liquid
chromatography with mass spectrometric, flame ion-
ization and light scattering detection.

Total lipids accounted for 4.6% of the wet weight of
sea cucumber intestines. The content of TG and ste-
rols was determined using supercritical fluid chroma-
tography with a light scattering detector. The total
amount of phospholipids and some classes of these
lipids was determined by the amount of inorganic
phosphorus during oxidation in HC1O,4 [12]. The con-
tent of the main classes of lipids in sea cucumbers is
presented in Table 1. PL included six main classes:
phosphatidylethanolamines (PE), phosphatidylcho-
lines (PC), phosphatidylserines (PS), phosphatidyli-
nositols (PI), lysophosphatidylcholines (LPC), and
diphosphatidylglycerols (DPG).

Intestinal lipid content of E. fraudatrix was compa-
rable to holothurians from the waters of Vietnam,
studied earlier [8]. Intestines of E. fraudatrix con-
tained lipids (TG, sterols, and PL), which constituted
a significant part of the lipid extract (58.6%) of the sea
cucumber intestine. PC, PE, PS, PI, lysophospholip-
ids, and DPG have been found in widespread sea
cucumber species such as Holothuria leucospilota,
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H. atra, Cucumaria frondosa, Isostichopus fuscus and
etc. [8, 13]. Thus, the composition of polar lipids in
E. fraudatrix (Table 1) was typical of sea cucumbers.
The main class of phospholipids in E. fraudatrix was
PC, the content of which was 60.8% of the total amount
of PL. The predominance of PC in phospholipids was
also reported for other sea cucumbers [8, 13].

The content and composition of fatty acids in the
intestine E. fraudatrix was determined by gas-liquid
chromatography with a flame ionization detector. The
FA profile of sea cucumbers was distinguished by a
high concentration of polyunsaturated fatty acids
(PUFA), while the main PUFA was eicosapentaenoic
acid (20:5n-3) (Table 2). n-3 PUFAs were predomi-
nant in intestinal lipids (39.9% of the total fatty acids),
while the content of n-6 PUFA was only 1.9%. The
content of FAs with an odd number of carbon atoms
was 9.7%. FA 23:1n-9, a marker FA of holothurians,
was found.

In acid methanolysis from phospholipids with an
alkenyl group at position sn-1 long-chain aldehyde
dimethyl acetals (DMA) are formed. Octadecanal
dimethylacetal (18:0-DMA) was the only DMA, which
accounted for 1.03% of the mixture of FAME and DMA
obtained from the total lipids of sea cucumbers.

Intestinal FA composition of E. fraudatrix was sim-
ilar to previously obtained data [8]. In our work, it was
shown that the intestines of E. fraudatrix contained a
higher concentration of 22:6n-3 (6.76% of the total
amount of FA and DMA) in comparison with that in
the whole organism of the previously studied E. frau-
datrix (2.3% of the total amount of FA) [8]. The pecu-
liarity of the intestinal FA composition we studied in
E. fraudatrix showed there was a high level of FA with
a branched structure and an odd number of carbon
atoms, which is consistent with the previously
obtained data for FE. fraudatrix [8]. It is believed that
branched FAs are synthesized by gram-positive and
sulfate-reducing bacteria [14]. The intestines of the
sea cucumber may contain a large number of these
bacteria.

A high content of acids 16:4n-1 (3.51%) and 20:5n-3,
as well as a ratio of 16:1n-7/16:0 exceeding 1, were
found in the intestines of sea cucumbers. These
parameters indicate a predominance of diatoms in the
diet of E. fraudatrix [11]. It was previously shown that
the sea cucumber C. frondosa also feeds mainly on dia-
toms during the period of their active flowering [15].

TG is the main form of energy storage in both ter-
restrial and marine animals [16]. Composition of TG
intestinal lipids in FE. fraudatrix is represented by
53 molecular species. Data on the main molecular
species, arranged in order of increasing retention time,
are given in Table 3. Basic TGs contained acyl frag-
ments 20:5, 16:0, 14:0, 16:1, and 22:6.

Molecular species of the same composition with
different retention times obtained on a column with a
reversed phase were found in the TG composition. For
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example, TG 22:6/16:0/16:1 had a shorter retention
time (no. 19, 22.86 min) than a similar molecular spe-
cies (no. 21, 24.64 min). Similar chromatographic
behavior was observed for peaks 11 and 18, 24 and 27.
Some of the molecular species of TGs had unusual
retention times for their structure (the number of car-
bon atoms and the number of double bonds in FA res-
idues). Thus, TG 20:5/18:1/16:0 (peak # 17) had a
shorter retention time than TG 20:5/18:1/15:0 (peak #
19). Differences in the retention times of similar
molecular species of TGs suggest that TGs contain
branched FAs. Twenty-eight molecular TG species
contained diatom markers (16:4n-1 and 16:1n-7).
Moreover, the TG row  (16:1/16:1/16:1,
16:1/16:2/16:1, 20:5/16:1/16:1 and 20:5/16:0/16:1)
completely repeats the TG composition of diatoms
[17]. We found that trophic marker FAs are present
mainly in TG.

Structural lipids in the intestine of E. fraudatrix
were represented mainly by sterols and phospholipids.
Glycolipids were also found in sea cucumbers [9], but
we did not determine the content and composition of
these lipid classes. In the intestinal lipids of sea
cucumbers, 63 molecular species of PE, PC, PS, PI,
and LPC were identified. The main molecular species
were 18:1alk/20:5 PE, 18:1alk/20:5 PC, 18:1/20:5 PC,
18:0/20:5 PC, 22:0/20:5 FS, 22:1/24:1 FS, 23:1/20:1
FS, 20:0/20:5 PI, 22:1/20:5 PI and 22:0/20: 5 PI (Fig. 1).
The main FA in the composition of phospholipids of
E. fraudatrix was acid 20:5n-3 (Fig. 1a). A high con-
centration of long-chain acyl fragments (up to 42 car-
bon atoms) is characteristic of PS (77.4% of the total
PS) and PI (61.2% of the total PI).

Alkyl/acyl molecular species of PL were typical for
PE (94.1% of the sum of all PE), PC (32.5% PC) and
LPC (65.7% LPC) (Fig. 1b). The only alkyl/acyl
molecular PI species with a concentration of less than
2% was 18:0alk/20:5 PI. PS did not contain alkyl/acyl
molecular species.

A high content of alkyl/acyl molecular species was
found in PE, PC, and LPC, which is consistent with
the previously obtained data for sea cucumbers [13].
Molecular species with an alkyl bond in position sx-1
were found mainly in PCs of a number of sea cucum-
bers, while alkenyl bonds are characteristic of PE [13].
Ether lipids are the main structural components of cell
membranes. A simple ether bond in phospholipids
changes their physical properties and affects the
dynamics of membranes [18]. No carbonyl oxygen in
position sn-1 promotes the formation of stronger
intermolecular hydrogen bonds between the head
groups [19]. An alkenyl group of plasmalogens in posi-
tion sn-1 promotes a denser packing of phospholipids
in the membrane, which leads to a decrease in mem-
brane fluidity and an increase in rigidity [18].

FAs with an odd number of carbon atoms were typ-
ical for FE (9.2% of the total FE), PS (24.6% of the
total PS), and PI (16.5% of the total PI) (Fig. 1¢). FA
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Table 2. Intestinal lipid fatty acid composition Eupentacta
Sfraudatrix

. Content, % of total FA

Fatty acid and DMA
14:0 3.17£0.25
ai-15:0 6.17 £ 0.89
16:0 1.77 £ 0.96
16:1n-7 8.30 £ 1.25
ai-17:0 347 +0.74
16:4n-1 3.51 £0.51
18:0 6.80 +£0.44
18:1n-7 3.71 £ 0.56
18:4n-3 2.06 £ 0.25
20:0 1.60 = 0.36
20:1n-9 1.58 £ 0.21
20:2(5,11) 0.46 = 0.09
20:4n-6 0.92+0.13
20:4n-3 3.42 £ 0.88
20:5n-3 20.32 +2.21
22:1n-9 1.31 £0.27
21:5n-3 1.54 £ 0.14
23:1n-9 1.50 + 0.66
22:5n-3 1.67 £0.74
22:6n-3 6.76 = 0.87
Other 23.47 £ 2.14
Branched + odd 18.79 + 2.01
SFA 29.09 + 3.12
MUFA 21.90 + 3.21
PUFA 47.98 £ 2.85
18:0-DMA 1.03 = 0.08

Data are presented as mean values = SD (n = 5); ai — fatty acids
methylated at the third carbon from the end of the chain.

19:1 was present in PE, long-chain acids 23:0 and 23:1
were found only in PS and PI.

The highest concentration of odd FAs was found in
PS (Fig. 1c¢). The presence of residues 21:0 and 23:0
indicates a possible lengthening of FAs of bacterial
origin (15:0, 17:0, and 19:0) in the tissues of marine
organisms for further biosynthesis of their own lipids
[20]. Acid 23:1n-9, characteristic of sea cucumbers,
was found only in PS and PI. It is assumed that this FA
is formed as a result of o-oxidation of 24:1n-9 [21].
Earlier marker for soft corals tetracosapolyenoic FAs
(24:5n-6 and 24:6n-3) were also found mainly in PI
and PS [22, 23]. The relationship of the biosynthetic
pathways of PS and PI with marker FAs requires addi-
tional research.

Composition and content of the main classes of
lipids in sea cucumbers E. fraudatrix does not differ

No.2 2022



356

ERMOLENKO et al.

Table 3. Composition of molecular species of intestinal triacylglycerols (TGs) of Fupentacta fraudatrix

. Lipid content
No. Eﬁ::?gﬁg Molecular type of triacylglycerol % of the TG % of lipid
amount extract

1 9.23 20:5/16:4/20:5 2.68 +0.84 0.45+0.29
2 9.38 20:5/16:0/16:4; 18:3/14:0/16:4 2.07 £ 0.57 0.37 £ 0.23
3 10.00 20:5/16:1/16:4 3.23 £+ 1.68 0.61 £0.48
4 11.07 20:5/16:3/20:5; 18:4/14:1/18:3 1.57 £ 0.54 0.24 +£0.08
5 13.35 16:1/16:2/16:3; 20:5/16:3/16:1; 20:5/18:4/20:5 4.50 +£0.29 0.74 £ 0.29
6 12.30 20:5/16:1/16:3 1.92 £ 0.92 0.35+0.28
7 13.62 20:5/20:5/20:5; 14:0/20:5/20:5 4.62 + 1.89 0.86 = 0.57
8 14.38 20:5/16:0/20:5; 16:1/16:1/16:3 3.01 £0.75 0.49+£0.23
9 14.97 20:5/16:2/16:1 1.81 £ 1.50 0.36 = 0.37
10 15.18 20:5/14:0/22:6; 20:5/20:4/20:5; 20:5/15:0/20:5 8.28 + 1.63 1.41 £ 0.69
11 16.37 20:5/16:0/16:1; 20:5/15:0/16:0 4.79 + 1.56 0.86 + 0.57
12 16.88 16:1/16:2/16:1; 22:6/16:2/16:1; 18:3/16:2/16:1 3.72+0.77 0.59 £ 0.17
13 17.27 20:5/16:1/16:1; 20:5/15:0/16:1; 20:4/16:1/16:1 8.14 + 1.97 1.43+£0.79
14 17.69 18:4/16:0/20:5 4.22 +0.58 0.68 +£0.22
15 20.23 16:1/16:1/16:1; 16:1/15:0/16:1; 20:5/16:1/20:5 9.61 £4.86 1.39 £ 0.46
16 21.20 20:5/18:1/20:5; 18:3/16:0/20:5 2.87 £ 0.57 0.45+0.14
17 21.96 20:5/18:1/16:0; 20:5/18:0/16:3 1.25 +0.22 0.22 £0.12
18 22.26 20:5/16:0/16:1; 20:5/16:0/15:0; 16:1/16:0/16:1; 16:1/15:0/16:0 1.90 £ 0.36 0.30 £ 0.10
19 22.86 20:5/18:1/16:1; 22:6/16:0/16:1; 20:5/18:1/15:0 2.00 *+ 1.40 0.33+0.30
20 23.49 20:5/18:0/18:4 2.95 £+ 1.07 0.50 £ 0.34
21 24.64 22:6/16:0/16:1; 16:1/15:0/16:0 1.42 £ 0.32 0.25+0.13
22 25.76 16:1/18:1/16:1 1.60 = 0.39 0.27 £ 0.16
23 26.97 20:5/18:0/20:5 515+ 3.42 0.71 £0.38
24 28.12 20:5/18:0/16:0; 18:3/18:0/20:5 0.96 +0.19 0.17 £ 0.09
25 30.17 20:5/18:0/16:1; 20:5/18:0/15:0 4.61 £ 1.55 0.79 £ 0.46
26 34.86 16:1/18:0/16:1; 22:6/18:0/16:1 1.14 £ 0.75 0.16 £ 0.04
27 38.14 20:5/18:0/16:0 1.12 £ 0.66 0.19 £ 0.15
Other 8.85+4.57 1.50 £ 1.16

Lipid content is presented as mean = SD (n = 5). Molecular species of triacylglycerols containing branched fatty acid are highlighted in

bold.

significantly from lipids of other sea cucumber species
[8, 13]. Molecular species of PE and PC contain
mainly eicosapentaenoic acid (20:5n-3), which is con-
sistent with the previously obtained data for six edible
goluturia [13]. Long-chain FAs (>21 carbon atoms)
with both even and odd numbers of carbon atoms were
found mainly in PS and PI, which was confirmed ear-
lier [13]. A feature of the intestinal lipids of sea cucum-
bers of E. fraudatrix is the high content of PUFA in the
composition of PE and PC (97.2% of the total PE and
99.6% of the total PC).

Holothuria E. fraudatrix is used to study the path-
ways of regeneration [4] and as a source of biologically
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active compounds [7]. Intestinal storage and struc-
tural lipids of E. fraudatrix were first analyzed by vari-
ous methods of chromatography and mass spectrome-
try. Previously, it was suggested that phospholipids are
a relatively conserved part of the lipidome, much less
influenced by food sources than nonpolar reserve lipid
classes [24]. We have shown that fatty acids from food
and bacteria living in the intestine are part of the
reserve class of lipids, the triacylglycerols. PL biosyn-
thesis included elongation of fatty acids from food.
The study of the lipidome of marine organisms can
help in the establishment of biosynthetic pathways and
the distribution of trophic markers in lipids.
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Fig. 1. (a) The content of the main molecular species (% of the

phospholipid class) of phosphatidylethanolamines (PE), phos-

phatidylcholines (PC), phosphatidylserines (PS) and phosphatidylinositols (PI) in the intestine of Fupentacta fraudatrix. On the
sn-1and sn-2 axes, alkyl and acyl groups are located at positions sn-1 and sn-2, respectively, of the molecules of the corresponding
class of phospholipids. Alkyl (X:Yalk) and acyl groups (X:Y) contain X carbon atoms and Y double bonds; (b) the distribution of
alkyl/acyl and diacyl molecular species in each class of phospholipids; (c) the distribution of odd and even acyl fragments in each

class of phospholipids.

EXPERIMENTAL

Materials. Hexane, benzene, chloroform, metha-
nol and 28% NH,OH solution analytical grade were
used for lipid extraction and thin layer chromatogra-
phy (TLC); for HPLC, hexane, 2-propanol,
HCOOH, and triethylamine (Sigma-Aldrich, United
States). Triacylglycerol and Phospholipid Standards
were acquired from Avanti Polar Lipids Inc. (United
States), tridecyl palmitate (analytical grade) from
KNPO Diagnosticum (Russia).

Animals. Adults of sea cucumbers FE. fraudatrix
were collected in the Gulf of Peter the Great, Sea of
Japan and contained in tanks with a volume of 3 m?
with running aerated seawater at 16°C for one week.
Intestinal tissue was taken from five specimens
(through an incision in the body wall of the sea

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 48

cucumber). The intestines were rinsed with sterile sea-
water to remove food debris.

Lipid analysis. Extracts of total lipids were obtained
according to the Folch method [25] with some modi-
fications. The content of phosphorus-containing total
lipids was measured on a UV-1800 spectrophotometer
(Shimadzu, Japan), based on the amount of inorganic
phosphorus during oxidation in HCIO, as previously
published [12].

Fatty acid methyl esters (FAME) from intestinal
lipids of E. fraudatrix were obtained in accordance
with the method Carreau and Dubacq [26]. FAMEs
were analyzed by gas chromatography on a GC-2010
chromatograph (Shimadzu, Japan) with a flame ioniza-
tion detector and a capillary column 30 m X 0.25 mm
(id) Supelcowax 10 (United States). The analysis was

No.2 2022



358

carried out under the following conditions: column
temperature 205°C, injector and detector temperature
250°C. Helium was used as a carrier gas. FAME peaks
were identified by comparing the retention times of
individual fatty acid esters and equivalent chain
lengths with standards (PUFA-3 mixture from Men-
haden oil, Supelco, Bellefonte, United States). The
FAME concentration (% of the total FA) was deter-
mined from the areas of the chromatographic peaks of
the corresponding compounds, while the total area of
the FAME peaks was taken as 100%, and the percent-
age concentration of individual FAs was calculated in
relation to their total content.

The content and structure of molecular species of
PL were determined on an LC-20A Prominence chro-
matograph (Shimadzu, Japan) with an LCMS-IT-TOF
high-resolution tandem mass spectrometer (Shi-
madzu, Japan) according to the previously described
conditions [23]. Determination of the content and
identification of molecular species was carried out as
described earlier [27, 28].

The composition and amount of TGs in total lipids
were determined using supercritical fluid chromatog-
raphy (Nexera UC (Shimadzu, Japan)) with an ELSD
LT II light scattering detector (Shimadzu, Japan) and
a low-resolution mass spectrometer LCMS-8060
(Shimadzu, Japan) in the chemical ionization mode at
atmospheric pressure and registration of positive ions
[23]. For the quantitative determination of TG, an
internal standard 16:0/16:0/18:1 TG (Avanti Polar
Lipids Inc., United States) was used.

Data are presented as mean values = standard devi-
ation, fivefold replication. The data were processed
using MS Excel.

CONCLUSIONS

For the first time, molecular species of storage and
structural lipids of the intestine of E. fraudatrix were
identified by gas—liquid and liquid chromatography
using mass spectrometric, flame ionization and light-
scattering detectors. It has been shown that fatty acids
coming from food and bacteria living in the intestine
are part of the reserve class of lipids, the triacylglycer-
ols. After elongation, dietary fatty acids are used for
the biosynthesis of phospholipids. The study of the
lipidome of marine organisms can help to establish
biosynthetic pathways and the distribution of marker
fatty acids in lipids.
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