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Echinoderms belong to the phylum Echinodermata (from the Ancient Greek words
“echinos” (hedgehog) and “derma” (skin)). They possess radial symmetry, and have a
unique water vascular (ambulacral) system. The phylum includes the classes Ophiuroidea
(brittle stars), Asteroidea (starfish), Crinoidea (sea lilies or feather stars), Echinoidea (sea
urchins) and Holothuroidea (sea cucumbers). All of them have a calcareous skeleton,
which is reduced to ossicles in the sea cucumbers. Echinoderms inhabit all ocean depths
and include more than 7000 living species. Echinoderms are a unique source of different
metabolites that have a wide spectrum of biological activities. The representatives of
Echinodermata have evolutionary acquired the exceptional mechanism of decreasing the
level of free 5,6-unsaturated sterols in their cell membranes by sulfation of food sterols.
Moreover, the starfish and holothurians are able to transform these 5,6-unsaturated sterols
to stanols or 7,8-unsaturated sterols. This ability has arisen in parallel to the capacity of
the representatives of these classes to synthesize and keep their own 5,6-sterol-dependent
membranolytic toxins. Such toxins include triterpene oligoglycosides for the sea cucum-
bers and steroid oligoglycosides for the starfish. These metabolites have protective and
ecological significance for the producers. Starfish and brittle stars biosynthesize numerous
polyhydroxysteroids and their derivatives as food emulgators, which give them unique
food plasticity. The echinoderms contain naphthoquinone pigments and carotenoids. The
naphthoquinone derivatives are specifically characteristic of the sea urchins. The lipids of
echinoderms are also uncommon, including cerebrosides and gangliosides characteristic
of other Deuterostomia, namely, Chordata and Hemichordata. Echinoderms also contain
lectins, glycan-specific glycoproteins that have immunity functions for the producers, gly-
cosaminoglycans and fucoidans. Hence, plenty of unusual biologically active metabolites
originated from the echinoderms [1].

This Special Issue begins from the articles dedicated to the sea cucumber triterpene
glycosides. The first one by Silchenko et al. concerns the isolation, structural elucida-
tion, cytotoxic activities and biogenesis of nine new non-holostane (having no lactone)
triterpene glycosides from the Far Eastern sea cucumber Thyonidium (=Duasmodactyla)
kurilensis (Levin), namely, kurilosides A3, Dy, G, H, L, Ij, ], K and K;. In addition to the
native compounds, two desulfated derivatives, DS-kurilosides L and M, with interesting
structural features were obtained from inseparable glycoside fraction. DS-kuriloside L
has a trisaccharide branched chain, and DS-kuriloside M is characterized by a new hexa-
nor-lanostane aglycone with a 7(8)-double bond instead of the 9(11)-double bond that is
inherent for all other glycosidic aglycones from this sea cucumber. Their structures were
elucidated by 2D NMR and HR-ESI-MS procedures. Five new carbohydrate chains and two
new aglycones (having a 16,20(S)-dihydroxy fragment and a 163-acetoxy,20(S)-hydroxy
fragment) were discovered in these glycosides. The analysis of the structural features of
the aglycones and the carbohydrate chains of all the glycosides of T. kurilensis allows the
creation of the schemes of their biosynthetic network. The cytotoxic activities of these
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compounds against mouse neuroblastoma Neuro-2a and normal epithelial JB-6 cells, as
well as hemolysis against mouse erythrocytes, were investigated. The glycosides that
have free hydroxyl groups in the aglycones were not active, whereas the other ones have
moderate activities [2].

The second article by Silchenko et al. concerns chemical structures and cytotoxicity of
triterpene glycosides from the Far Eastern sea cucumber Psolus chitonoides. The authors iso-
lated four new triterpene disulfated glycosides: chitonoidosides E;, F, G and H. Two of them
(chitonoidosides E; and G) are hexaosides, differing from each other by the terminal (sixth)
sugar residue, one is a pentaoside (chitonoidoside H) and one is a tetraoside (chitonoidoside
F). The structures were elucidated using 2D NMR and HR-ESI-MS procedures. The most
interesting structural feature of chitonoidoside G is the aglycone of a recently discovered
new type, with an 18(20)-ether bond instead of a corresponding lactone. Rarely found
terminal 3-O-methylxylose residue was a part of the carbohydrate chain of chitonoidoside
E;. The sulfate group in the uncommon position 4 of terminal 3-O-methylglucose is a
distinctive feature of chitonoidosides F and H. The hemolytic activities of all the studied
glycosides, including previously isolated chitonoidoside E against human erythrocytes
and cytotoxicity against several human cancer cell lines, such as adenocarcinoma HeLa,
colorectal adenocarcinoma DLD-1 and monocytes THP-1, were also studied [3].

The third article by Zelepuga et al. concerning sea cucumber metabolites describes
the structure-activity relationships (SARs) for a broad series of sea cucumber glycosides in
relation to different tumor cell lines and erythrocytes. The results showed a very compli-
cated character of the SARs for this class of compounds depending both on the structures
of aglycones and carbohydrate chains and their combinations, including positions and
number of sulfate groups. The most interesting part of the article is devoted to in silico
modulation of the interaction of several glycosides from Eupentacta fraudatrix with model
erythrocyte membranes by simulations of full-atom molecular dynamics (MD). The model-
ing revealed that the glycosides bound to the membrane through hydrophobic interactions
and hydrogen bonds. The mode of such interactions may be very different and depends on
the aglycone structure, especially the side chain structural peculiarities. Different mecha-
nisms of glycoside/membrane interactions were found. The first one was realized through
the pore formation (by cucumariosides A; and Ag), which was preceded by the bonding
of the glycosides with the membrane cholesterol, sphingomyelin and phospholipids. The
carbohydrate chain serves as an anchor bonding to the polar heads of phospholipids.
Later-occurring noncovalent intermolecular interactions inside multimolecular membrane
complexes and their stoichiometry differed for these glycosides because they were mainly
dependent from the aglycone structures. Cucumarioside A; had holostane aglycone with
a 24(25)-unsaturated side chain penetrated to the outer membrane leaflet, which caused
the formation of a “pore-like” assemblage. Cucumarioside Ag has hydroxy-groups at C-18
and C-20 instead of 18(20)-lactone, which promoted the initial stage of its integration to
the membrane that was followed by the deepening of the aglycone to the outer membrane
leaflet, causing the subsequent rearranging of the inner leaflet. Noticeably, powerful inter-
actions between glycoside molecules inside the pore-like complex and phospholipids were
observed for cucumarioside Ag. The second mechanism was realized by cucumarioside A,
having a 24-OAc group through the formation of phospholipid and cholesterol clusters in
the outer and inner membrane leaflets, correspondingly. The glycoside/phospholipid inter-
actions were also more preferable than the glycoside/cholesterol interactions. However,
the glycoside interaction agglomerated the cholesterol molecules from the inner membrane
leaflet. The modulation of the interaction of cucumarioside Ay, having the 24-hydroxyl
group, with the model membrane revealed only weak bonding with phospholipid polar
heads and the full absence of glycoside/cholesterol interactions. All the results correlated
well with the experimental in vitro hemolytic activity of these substances. The obtained
data open wide the possibility for understanding plenty of the experimental information
concerning the membranolytic activities of the sea cucumber glycosides [4].
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The next article by Kicha et al. concerns the isolation and structural elucidation of four
new and one known steroid disulfates, including (20R)-7-ox0-24-methylcholesta-5,24(28)-
diene-3f3,21-di-O-sodium sulfate, (20R)-7-ox0-24-methyl-5x-cholest-24(28)-ene-33,21-di-
O-sodium sulfate, (20R)-24-methyl-73-hydroxy-5a-cholest-24(28)-ene-3,21-di-O-sodium
sulfate, (20S)-cholesta-5,24-diene-3[3,22-di-O-sodium sulfate, and (20R)-24-methylcholesta-
5,24(28)-diene-3,21-di-O-sodium sulfate from the starfish Pteraster marsippus [5]. The 2D
NMR and HR-ESI-MS procedures were used for the structural elucidations. It is known that
characteristics of the secondary metabolites of ophiuroids are mainly steroidal disulfated
diols, triols, and rarely, tetraols that differ from other sulfated compounds of echinoderms in
the positions of sulfoxy groups at 3a- and 21 in 53-, A’-, and very rarely, 5a-cholestane cores.
The common sulfated compounds from starfish have hydroxyl or sulfoxy groups occupying
five or more positions [6]. It is of interest that similar ophiuroid-type polyxydroxysteroids,
containing sulfoxy groups at 3c- (or 33-) and 21 positions in 5a- or AS-cholestane nuclei
were found in some species belonging to the family Pterasteridae (Velatida, Asteroidea),
whereas the polyhydroxylated steroids and asterosaponins, common in other starfish, were
absent in the starfish of this family. The currently obtained results correlate well with this
trend. The cytotoxicities of a series of the isolated compounds were studied on models of
2D and 3D colonies of cancer cells, but the activities were weak or moderate [5].

The article by Malyarenko et al. is a review concerning the structure and biological
activities of sphingolipids from starfish and sea cucumbers, namely, ceramides, cerebrosides
and gangliosides. The gangliosides are the most complex sphingolipids characteristic of
vertebrates, but have been found in the echinoderms also, which reflects a common origin
of the Deuterostomia. The review comprehensively summarizes the data on sphingolipids
of the sea cucumbers and starfish, which are the most studied among all the echinoderms,
from the past twenty years. The structures, properties and peculiarities of biogenesis of
ceramides, cerebrosides and gangliosides are discussed. The review makes obvious a
great structural diversity and the presence of some unique structural features in these
classes of starfish and sea cucumber lipids. It was shown that starfish and sea cucumber
cerebrosides are perspective candidates for practical application in the human diet and
in the composition of food supplements. Noticeably, the authors use in a non-traditional
sense the term “molecular species” as an inseparable fraction of a certain class of lipids
(really a sub-class) instead of the more common understanding of the term as a synonym
for an individual substance characterized by a specific composition and the allocation of
fatty acids in sphingolipids or the length of aliphatic chains in a sphingosine base. As a
result, the phrases similar to, “Generally, about one hundred individual cerebrosides and
their molecular species have been isolated from these animals”, are very characteristic of
the review [7].

The article by Canadian researchers concerns characterization of unusual ether lipids
and branched fatty acids from the viscera of commercially harvested North Atlantic sea
cucumber Cucumaria frondosa and its seasonal variation [8]. The purpose of this investiga-
tion is to expand the nutraceutical use of the lipids from the viscera of this sea cucumber,
but not the proteins, and different biologically active substances from the body walls and
muscular bands only. The authors found that the highest total lipid content is in the winter
season and diacylglycerols are predominant components. The triacylglycerols dominate in
the summer season. The branched 12-methyltetradecanoic acid is a major component in
diacylglycerols, and as a result, its total content seems to be maximal in the winter period
also. The authors concluded that these observations should be taken into account during
the harvesting of the sea cucumber. The authors used HPLC for the isolation of different
classes of lipids and applied NMR spectroscopy for their characterization. They carried out
the hydrolysis followed by derivatization of fatty acids and their analysis used traditional
capillary GLC/MS. Such methodology seems to be quite adequate for the goals of the
investigation.

The next review by Popov et al. concerns the application of MS-based metabolomics
in the analysis of starfish and sea cucumber bioactive compounds [9]. It considers the
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use of metabolomic approaches for the study of polar steroids, triterpene glycosides and
polar lipids. The authors note that elucidating the structure of starfish and sea cucumber
metabolites is a very difficult task, comprising the isolation of individual compounds and
followed by the application of modern MS and NMR techniques. They stressed that the
use of an MS-based metabolomic method provides a possibility to study very complicated
mixtures of echinoderm metabolites without the isolation of individual compounds. The
authors describe the most characteristic features of MS-based approaches including sample
preparation and MS analysis steps. Concluding the results of the MS-based metabolomic
studies of secondary metabolites of starfish and sea cucumbers, the authors showed that
the method makes it easy to carry out the detection and identification of polar steroids,
triterpene glycosides and lipids in the organism-producer and to propose their preliminary
structures. It allows the search for new biologically active molecules effectively and allows
the authors to conclude their taxonomic distribution, biogenesis, and even biological
functions. The MS-based metabolomic approach can be used successfully for comparing
metabolomic profiles of different echinoderm species and populations for ecological, dietary,
biosynthesis and chemotaxonomic studies [9]. It is necessary to note that the effectiveness
of the discussed approach is highly dependent on the availability of the database containing
the established structures of related compounds. Since the unambiguous identification
and characterization of the compounds is a challenge for metabolomic research, it can be
effectively applied only in combination with the isolation of individual substances and the
elucidation of their structures.

The article by Ustyuzhanina et al. concerns the structural characteristics and blood an-
ticoagulated activity of a series of fucose-rich sulfated polysaccharides from two Indo-West
Pacific sea cucumbers Bohadschia argus and Holothuria spinifera collected from Vietnamese
shallow waters [10], including fucosylated chondroitin sulfates FCS-BA and FCS-HS, along
with fucan sulfates FS-BA-AT and FS-HS-AT. Extensive NMR analysis was used for the
structural characterization of the polysaccharides. The authors showed that the fucosylated
chondroitin sulfates contain a chondroitin core [—3)-3-D-GalNAc-(1—4)-3-D-GlcA-(1—]n
bearing sulfated fucosyl branches at O-3 of every GlcA residue. These fucosyl residues
were different in the pattern of sulfation. It was found that fucan sulfate FS-BA-AT is a
regular linear polymer of 4-linked «-L-fucopyranose 3-sulfate. Because of the considerable
sulfate content, FS-BA-AT is not active as an anticoagulant. The structure of fucan sulfate
FS-HS-AT is a mixture of chains identical to FS-BA-AT and the other chains are built up of
randomly sulfated alternating 4- and 3-linked residues of x-L-fucopyranose [10].

Thus, the articles published in the Special Issue largely reflect the structural diversity
of echinoderm metabolites including triterpene glycosides and fucosylated chondroitin
sulfates, as well as branched fatty acids, di- and triacylglycerols and other lipid classes from
the sea cucumbers, polyhydroxysteroids from starfish and different classes of sphingolipids
from sea cucumbers and starfish. Finally, the MS-based metabolomic approach, which is
very helpful for the estimation of such diversity, is discussed. The materials from the Special
Issue also illustrate the biomedical potential of the presented metabolites as cytotoxins
and anticoagulants. The in silico approach broadens the possibilities to investigate the
mechanisms of the action of membranolytic compounds.
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Abstract: The sea cucumber, Cucumaria frondosa, is harvested primarily for its muscular bands and
body wall. Development of a nutraceutical product based on lipid recovered from its viscera would
give commercial value to the entire organism; however, such development requires knowledge of
the lipid and fatty acid (FA) profiles of the viscera. Here, we describe the lipid and FA composition
of viscera recovered from C. frondosa harvested in coastal waters in the northwest Atlantic, taking
into account variation due to harvest season. We found highest lipid content at ~29% in winter, with
diacylglyceryl ethers (DAGE) comprising ~55% of the total lipid mass and triacylglycerols (TAG),
phospholipids (PL) and monoacylglycerol ethers (MAGE) at 5-25% each. The branched chain FA,
12-methyltetradecanoic acid (12-MTA), represented 42% of total FA mass in DAGE. In summer, lipid
content was lower at 24% and TAG was the dominate lipid, with proportions more than double
that found in winter (45% vs. 20%); DAGE in summer dropped to ~30% of total lipids. In TAG,
12-MTA was much lower than found in DAGE in winter, at only 10% but eicosapentaenoic acid (EPA)
content was ~20%, which brought the total EPA% to 28% of total FA—the highest among all three
seasons. There was little effect of season on MAGE or PL proportions. These data can help harvesters
maximize catch efforts in terms of lipid yield and profile.
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1. Introduction

The sea cucumber, Cucumaria frondosa, is widely distributed in the cold waters off the
coast of the United States and Canada. Along Nova Scotia and New Brunswick, Canada,
C. frondosa is harvested as a by-catch [1] and, presently, only the muscular bands and body
wall have commercial value; the viscera, representing 50% of the sea cucumber biomass,
is discarded [2]. In 2018 the sea cucumber fisheries in Newfoundland reported landings
of 5500 tons that were estimated to have a $6,000,000 value to the fishery [3]. The lipid
extracted from the viscera has recently been identified as a potential source of marine lipids
for nutraceutical applications [4]. However, little is known about the lipid and fatty acid
(FA) composition of sea cucumber viscera.

Freeze-dried powders of C. frondosa harvested off the coast of Newfoundland [4] were
reported to contain up to nine lipid classes including hydrocarbons, steryl esters, ethyl
ketones, triacylglycerols (TAG), free fatty acids (FFA), alcohols, sterols, and phospholipids
(PL). However, other studies of related species in the Holothurian class of sea cucumber,
including C. japonica, C. okhotensis, C. fraudatrix and Stichopus japonicas, have identified
ether lipids, specifically 1-O-alkylglyceryl ethers [5,6]. Diacylglyceryl ethers (DAGE) and
monoacylglyceryl ethers (MAGE) have been reported in several marine animals, such as
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in the livers of dogfish and shark [7] and deep-sea squids (Berryteuthis magister) [8]. In
the last two decades, ether lipids have attracted the interest of researchers due to their
health promoting effects in humans, specifically for their potential in cancer therapy but
also because they have been used to improve the bioavailability of other lipid molecules
such as butyric acid or omega-3 FA [9-12].

A branched chain FA, 12-methyltetradecanoic acid (12-MTA), has also been reported
in C. frondosa. For instance, in fresh and rehydrated powders of C. frondosa consisting
of body walls and internal organs, 12-MTA was present at 4-9% of total FA mass [13].
However, neither Vaidya and Cheema [2] nor Mamelona et al. [4] identified this FA in their
evaluation of C. frondosa. All three studies did quantify eicosapentaenoic acid (EPA) at
proportions ranging from 17 to 52%, with the wide variation due to the type of sample
evaluated; the lowest EPA proportion was found in the sample consisting of only viscera.
As an omega-3 FA, EPA is well-known for its role in prevention of cardiovascular dis-
ease [14], while 12-MTA has been shown to have anti-inflammatory, anti-cancer and wound
healing activity [15]. Thus, C. frondosa viscera lipids may contain a number of important
bioactive components.

Our main objective was to characterize the lipid content and composition of C. frondosa.
Since most marine animals show seasonal variation in those parameters due to both envi-
ronmental factors and reproduction cycles [16], we also aimed to determine the differences
in major lipid classes and FA profiles. Specifically, we describe here the variation in lipid
classes and their lipid-specific FA proportions across three harvesting seasons in a single
year with a goal of providing critical information in the development and marketing of sea
cucumber viscera and lipids derived from it.

2. Results

The total lipid content of the viscera ranged from ~21-29% dwb (dry weight basis)
with the winter harvest showing significantly higher levels (ANOVA; p < 0.05) than that
observed for spring and summer (Table 1). Moisture content was lowest in winter at ~75%.
Spring and summer samples were equivalent in terms of lipid and moisture content. EPA
was the major PUFA and ranged from ~25-28%, with highest proportions in summer. In
total lipids, PUFA varied between 27-30% of total FA mass with highest levels observed
in the summer harvest (Table 1). The FA 12-MTA varied in a similar fashion with almost
twice the proportion in winter. Total branched chain FA showed greater variation, with
levels from 18-31% and largest amounts in winter.

Table 1. Seasonal variation in total lipid and moisture content of viscera of C. frondosa (n = 3;
mean =+ (SD)). Total lipid and moisture are expressed relative to total mass. Fatty acid (FA) content is
mass % of total FA in the lipid extract. Values in the same row with different letters are significantly
different (p < 0.05).

Component Winter Spring Summer
Total lipid (wwb *) 7.36 (021)2 4.93 (0.34)® 5.30 (0.29)®
Total lipid (dwb *) 28.87 (1.92) 2 20.81 (122)® 23.83 (1.46)®

Moisture content (%) 74.47 (1.09) b 76.29 (0.08)2 77.75 (0.37)2
Total EPA (%) 24.74 (0.68) P 25.38 (0.18) 28.23 (0.40) 2
Total PUFA (%) 27.31 0.62) © 28.03 (0.27)° 29.72 (0.42)2
12-MTA (%) 21.27 (0.77)2 19.17 (0.93)° 11.79 (0.78)
Total Branched FA (%)  31.13 (0.75)2 27.84 (0.94)® 18.21 (0.87) ¢

*wwb = wet weight basis; dwb = dry weight basis.

HPLC analysis indicated that viscera lipids consisted predominantly of TAG and DAGE,
with their identities confirmed through elution of authentic standards (Supplementary Figure S1).
Undifferentiated PL were prominent peaks and eluted with the most polar mobile phase.
Minor peaks coincided with retention times of FFA, DAG and MAG standards. TLC anal-
ysis largely confirmed the identities of peaks a, b, ¢ and f in the HPLC chromatogram
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(Supplementary Figure S1), with the presence of four TLC bands corresponding to TAG,
DAGE, FFA, and PL. MAG eluted with PL in the TLC analysis. A fifth band, eluting
between FFA and PL, could not be conclusively identified as its R¢ did not match that of any
available lipid standards. Based on the presence of DAGE, it was assumed to be MAGE.
This also suggested that the ‘DAG peak’ (peak d in Supplementary Figure S1) identified by
HPLC was in fact MAGE; however, without a MAGE standard, the identity could not be
confirmed, and, thus, NMR and GC-MS analysis were pursued.

The main lipid class in viscera of sea cucumber harvested in the winter and spring was
DAGE which represented ~55% and ~40% of total recovered lipids, respectively (Figure 1),
while TAG was the main lipid class found in the summer and represented ~45% of total
recovered lipids. For both DAGE and TAG, lipid contents varied by season (ANOVA;
Tukey’s test; p < 0.05). There was significantly more MAGE in the spring season than the
other two (ANOVA; Tukey’s test; p < 0.05); PL concentrations were lowest in summer.
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Figure 1. The approximate mass percentage of each lipid class in C. frondosa viscera extract relative to
total lipids recovered from TLC plates (mean =+ SD, n = 3). Values with different letters within a lipid
class are significantly different (ANOVA; p < 0.05). The percentage of FFA was below detection limits.
The PL proportion included a small contribution from MAG.

NMR analysis of the tentatively identified MAGE band contained peaks between
70-75 ppm in 13C NMR spectra (Supplementary Figure S2a) and at ~3.5 ppm in the H
NMR (Supplementary Figure S2b) spectra which supported the presence of compounds
containing ether bonds [17]. The identity of the MAGE bands was further confirmed using
GC-MS analysis of the saponified and acetylated MAGE and DAGE bands and the DAGE
standard. Analysis by EI of both of the saponified, acetylated bands yielded TIC with peaks
that had similar spectra to the saponified and acetylated 1-O-hexadecyl-2,3-hexadecanoyl
glycerol standard, indicating that ether structures were likely present. The saponified,
acetylated DAGE standard analyzed by CI contained a single component with base peak at
m/z 341, representing a [M — 59] * fragment. Based on this fragment, masses and tentative
identities were assigned to the other peaks in the two bands. The major alkyl structures
were 16:0 and 18:0, with 18:0 dominating in MAGE and roughly equivalent amounts of
both in DAGE (Figure 2). Proportions of all other alkyl groups were similar in the two
lipids. Seasonality was not evaluated in DAGE and MAGE.
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Figure 2. Approximate proportions of major alkyl structures in DAGE and MAGE in viscera lipids of
C. frondosa.

FA composition varied by lipid class and season. The major FA identified in DAGE was
12-MTA, with highest proportions in winter/spring at 41-42% (Table 2). Other prominent
branched chain FA included 4,8,12-Me-13:0, 8,12-Me-14:0, and 12-Me-15:0, with levels
varying from 2-8% and generally following the same pattern as 12-MTA with lowest
amounts in summer. Monounsaturated 16:1n-7 was present in second greatest amounts at
~20% with slightly lower levels in summer. The only prominent polyunsaturated FA was
EPA with highest levels of ~9% in summer. In contrast, EPA was the major FA in MAGE
in winter/spring at ~62% while 12-MTA was present at only ~5% in all seasons. In total,
branched chain FA were present at 8-12% of total FA. In both lipid classes, EPA, branched
chain FA, and 16:1n-7 accounted for ~78-85% of the total FA identified, showing very little
diversity in structure in the ether lipids.

Table 2. Proportions of FA (mass% total FA identified) in ether lipids isolated from C. frondosa viscera
(n = 3; mean =+ (SD)). Values with different letters (e.g., * for MAGE; "8 for DAGE) within a FA and
lipid class are significantly different (ANOVA, Tukey’s test; p < 0.05).

MAGE DAGE

Winter

Spring Summer Winter Spring Summer

4,8,12-Me-13:0

042 (0.00) 0.38 (0.02) 0.57  (0.05)* 3.65 (0.05 ¢ 3.32 0.19) f 251  (0.34)8

Me-14:0()* 010  (0.000® 0.9  (0.00)® 011 (0.01)* 085 (0.03)¢ 084 (0.04)¢ 080 (0.01)¢
Me-14:0(b)* 017  (0.03)® 017 (0.02)P 039 (0.0 075 (0.01)¢ 075 (0.02)¢ 074 (0.04)°
Me-14:0()* 008  (0.00)® 006  (0.00)¢ 011 (0.000® 067 (0.03)¢ 057 (0.02)f 045 (0.04)8
12-MTA 481  (0.19)® 495 (028)* 579 (0.32)* 4221 (0.61)¢ 4109 (0.81)¢ 3712 (0.01)f
8,12-Me-14:0 044  (0.03)* 030 (0.03)> 052 (0.02)® 333 (045° 214 (029)f 274 (0.14)8
12-Me-15:0 209 (038)b 231 (0.24)> 398 (02002 706 (0.22)¢ 684  (048)¢ 519  (0.02)f
812-Me-15:0  0.13  (0.04)3> 011  (0.01)P 019 (0.0 048 (001)° 044 (007 031 (0.01)f
ai-17:0 011 (0on® 009 (ond 013 (0002 056 (002)f 057 (003)f 077 (0.02)°
14:0 016  (0.01) 017 (002)b 056 (0.052 053 (003)f 061 (0.01)f 140 (0.16)¢
15:0 0.03 (0.01)® 013 (0.0)® 000 (000> 023 (0.02)f 137 (022)¢ 0.00 (0.00)8
16:0 076  (0.05)> 075 (008)b 315 (0.17)* 068 (005 f 072 (0.07)f 199 (0.14)¢
18:0 0.99  (0.02)> 092 (0.11)® 243 (0.08)* 050 (0.07)f 049 (0.07)f 114 (047)°
20:0 003  (0.onP 005 (0.04° 019 (006)* 004 (0o1f 008 (002)¢ 003 (0.02)f
22:0 009 (0.06)P 014 (012 024 (0.00* 010 (004f 012 (02 016 (0.02)°
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Table 2. Cont.

MAGE DAGE

Winter

Spring Summer Winter Spring Summer

16:1n-9
16:1n-7
18:1n-9
18:1n-7
20:1n-11
20:1n-9
20:1n-7
22:1n-9
22:1n-7
24:1

119 (045> 139 (02992 090 (006)P 015 (003)f 017  (003)f 027 (0.02)°¢
1116 (0.32)> 1120 (0.32)® 13.00 (047)® 2065 (0.51)¢ 2085 (0.30)¢ 1954 (0.82)f
048  (0.03)® 044 (0.05P 1.02 (0.01)* 086 (0.04)f 096 (014)f 216 (0.12)¢
2.50 (0.14)> 241 0.29) b 311 (0.08)2 274 (0.06)¢ 284 (0.17) ¢ 277  (0.11)°¢
021 (0027 022 (0.02)% 019 (001> 020 (0.01)8 026 (003)f 032 (0.01)¢
0.44  (0.01)* 043 (0.05* 053 (0.02)* 029 (0.000& 0.40 0.04)f 053  (0.03)¢
0.08  (0.01)b 001 0.01)¢ 037 (0.01)2 007 (001)f 004 (00008 142 (0.51)¢
014 (0052 012 (003 019 (0.00)* 0.09 (0.02)f 014 (0.03)f 026 (0.03)¢
011 (0042 010 (0022 015 (0002 013 (02)f 015 (02 019 (0.01)°
129  (0.08) 132 (0482 106 (0.02)2 062 (0.04¢ 065 (0.07)¢ 062 (0.07)°

EPA

6179 (032)@ 6226 (022)* 5317 (0.71)P 527 (028)%8 629 (0.85f 910 (0.22)¢

DHA

106 (0022 112 (0.060* 108 (005" 030 (02)f 039 (0.08)¢ 043 (0.01)¢

Others

7.81 (0.43) @ 707  (044)® 491 (069 P 536 (0.15°¢ 532 (022)¢ 522 (0.37)°

Sum

100

100 100 100 100 100

* Me-14:0a, b and c are branched isomers; positions of the methyl branches were not determined. Note: 20:4n-6
was not reported because it could not be accurately quantified due to co-elution with an unidentified peak; total
mass percent of the two co-eluting peaks was <2% in all lipid classes.

Prominent FA in TAG were similar to those of DAGE with 12-MTA present at 10-20%
with highest levels in winter/spring and total branched chain FA at 17-31%, also with the
highest amount in winter /spring (Table 3). Both 16:1n-7 (24-28%) and EPA (14-20%) had
greatest levels in summer. Proportions of FA in PL were different than the other three lipid
classes. Branched chains FA were only present at 1-5% with 12-MTA < 1%. Instead, straight
chain saturates, 16:0, 18:0 and 20:0, became much more important with total saturated FA
at 11-19% with highest levels in winter. For the monounsaturates, 18, 20, 22 and 24 carbon
FA were present at 1-4% each so that the total for the group ranged from 16-20% (highest
in summer); 16:1n-7 only represented < 3% total FA. EPA was the dominant FA at 43-55%
with a maximum in winter/spring and DHA was present at highest proportions in all lipid
classes at ~1.5%, also with a high in winter/spring.

Table 3. Proportions of FA (mass% total FA identified) in PL and TAG isolated from C. frondosa viscera
(n = 3; mean =+ (SD)). Values with different letters (e.g., * for PL; ©"8 for TAG) within a FA and lipid
class are significantly different (ANOVA, Tukey’s test; p < 0.05). The PL proportion included a small
contribution from MAG.

PL TAG

Winter

Spring Summer Winter Spring Summer

4,8,12-Me-13:0
Me-14:0(a) *
Me-14:0(b) *
Me-14:0(c)
12-MTA
8,12-Me-14:0
12-Me-15:0
8,12-Me-15:0
ai-17:0

008 (0.01)2 006 (0.01)* 010 (0.04* 398 (021)¢ 411  (0.53)¢ 287 (037)f
0.00 (0.00)® 000 (0.000> 044 (0.03)* 057 (0.04)¢ 061 (0.03)¢ 029 (0.03)f
014  (0.01)* 014 (0.01)® 0.06 (0.04)P 052 (0.02)¢ 055 (0.02)¢ 042 (0.13)¢
0.02 (0.01)2 000 (00008 0.03 (0.01)* 030 (0.02)¢ 028 (0.05¢ 012 (0.02)f
046  (0.03)2 032 (0.04> 045 (014> 1915 (0.81)¢ 19.87 (0.92)¢  9.99  (0.74)f
004 (002 002 (0onP 017 (0.06)* 175 (025° 127 (0.12)f 104 (0.08)8
021  (0.03)® 239 (0.88)7 358 (03007 256 (029)¢ 251  (0.30)¢ 133 (0.01)f
0.00 (0.00)®> 004 (0.0)® 003 (0.00)% 018 (0.04)¢ 017 (0.04)¢ 006 (0.02)f
044  (0.09) 038 (0.00)® 043 (021)® 125 (0.07)8 131  (0.01)¢ 091 (0.02)f

11



Mar. Drugs 2022, 20, 435

Table 3. Cont.

PL TAG
Winter Spring Summer Winter Spring Summer
14:0 025 (011D 016 (.02 028 (Oil) 343 (0.07)8 382  (0.10)f 5% (025°¢
al
15:0 0.03 (0022 0.04 (0.01)® 000 (0.00)> 045 (024)f 091 (028)¢  0.00 (0.00)8
16:0 506  (024)® 209 (031)¢ 518 (1.0 311 (0.07)8 343 (0.13)f 435 (032)°
18:0 1214 (0652 643 (013> 799 (LI1DP 300 (0.06)f 297 (0.10)f 371 (0.44)¢
20:0 103 (0092 121 (0.022 023 (0.07)b 026 (0.02)f 036 (0.01)¢ 026 (0.02)f
22:0 096 (005> 1.08 (0.04)> 165 (024 031 (©one 035 (0.09¢ 025 (0.02)f
16:1n-9 027  (0.08)¢ 296 (085 193 (026)® 014 (0o1f 015 (o1 017 (0.00)°
16:1n-7 185  (024)® 151  (0.06)¢ 3.08 (0.07)* 2373 (041)f 2415 (031)f 2761 (0.62)°
18:1n-9 117 (0042 131  (0.06)* 177 (0.62)* 199 (0058 218 (0.07)f 275 (0.17)°
18:1n-7 421 (042)% 416 (0252 338 (024)° 250 (004 279 (0.14)¢ 234 (027)f
20:1n-11 230 (0.08)® 274 (0060 190 (047)® 065 (0.05f 085 (0.04)° 038 (0.04)8
20:1n-9 1.03  (0.1002 1.2 (0.04* 177 (0.58)* 0.60 (0.01)¢ 070 (0.04)¢ 063 (0.08)°
20:1n-7 118 (0.18)2 060 (0.13)> 098 (033)P 020 (008 f 012 (0o1)f 106 (0.23)¢
22:1n-9 120 (0352 120 (0.04* 116 (037)* 047 (0.03)f 057 (0.03)¢ 048 (0.01)f
22:1n-7 138  (0.17)® 146 (0.04P 207 (0060 050 (0.03)f 056 (0.03)¢ 038 (0.02)8
24:1 180 (0152 150  (0.12)¢ 209 (0.04)b> 090 (0.07)¢ 096 (0.05¢ 062 (0.19)f
EPA 51.79 (2.82)2 5520 (0.72)@ 4345 (043)® 1671 (020)f 1406 (0.82)5 2006 (0.41)°
DHA 1.66  (0.24)* 173  (0.11)@ 138 (033)P 092 (0.07)¢ 086 (0.03)¢ 079 (0.02)f
Others 804 (057)2  9.01 (068)* 1157 (072)* 576 (0.16)f 573  (0.14)f 622 (0.29)°¢
Sum 100 100 100 100 100 100

* Me-14:0a, b and c are branched isomers; positions of the methyl branches were not determined. Note: 20:4n-6
was not reported because it could not be accurately quantified due to co-elution with an unidentified peak; total
mass percent of the two co-eluting peaks was <2% in all lipid classes.

3. Discussion

The presence of ether lipids in C. frondosa viscera was expected as alkyl structures
including saturated (branched and unbranched) and monounsaturated alkyl chains associ-
ated with an ether bond in glycerol ethers have been previously identified in Holothuri-
ans [5,6,18]. High levels of «-glyceryl ethers have been reported in lipid extracts of Stichopus
japonicas (18%), C. fraudatrix (9.3%), and C. japonica and C. okhotensis (25-27%) [5,6]. The
presence of DAGE ether lipids in other marine species including, for example, dogfish,
shark, deep-sea squids, elasmobranch fish, oysters, sponges, snails and corals [7,8,19-24]
suggests that they are ubiquitous in marine animals and therefore their presence in sea
cucumber species such as C. frondosa is not surprising; however, total DAGE and MAGE
detected here in winter was >55%, exceeding even that reported in some species of shark
liver oil [25] and representing a valuable source of non-polar ether lipids. Notably, the total
ether lipid level is likely even higher than we have reported since we did not attempt to
quantify polar ether lipids.

Analysis of the components of glyceryl ethers derived from both DAGE and MAGE
revealed unique alkyl chain structures that were characteristically rich in 16:0 and 18:0
(Figure 2). Other studies have found a similar dominance of 16 and 18 carbon O-alkyl
chains in DAGE and MAGE of C. japonica, C. okhotensis and Oneirophanta mutabilis [5,18].
This narrow range of alkyl structures indicates a high specificity for particular substrates in
the pathways responsible for the biosynthesis of alkylglycerols [26]. Rybin et al. [5] and
Santos et al. [18] had suggested that the specificity might be due to two acyl-CoA reductase
isoenzymes (FAR1 and FAR2) [27,28]. Both reductase isoenzymes select fatty acyl-CoA of
16 and 18 carbon chains; FAR2 is specific for palmityl-and stearyl-CoA substrates, while
FARI1 targets monounsaturated palmitoleyl- and oleyl-CoA and polyunsaturated linoleyl-
CoA [29]. The specificity of these enzymes was first identified in mammalian cells, but our
data suggest that they likely exist in sea cucumbers as well.

12
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The FA profile for DAGE and MAGE were characterized by the presence of high
concentrations of 12-MTA and EPA, respectively (Table 2). The patterns between the
alkyl groups and FA associated with DAGE and MAGE were therefore quite different.
In the biosynthesis of ether lipids, 1-O-alkyl-sn-glycero-3-phosphate has been reported
to be a glycerol-based intermediate found mostly in mammalian cells [30]. Esterifica-
tion of this intermediate with acyl-CoA at the sn-2 position in the presence of alkyl-acyl-
glycero-3-phosphate acyltransferase results in the formation of 1-O-alkyl, 2-acyl-sn-glycero-
3-phosphate. Removal of the phosphate group from the sn-3 position of that structure by
phosphohydrolase results in the formation of 1-O-alkyl-2-acyl-sn-glycerol (MAGE). DAGE
is then synthesized when 1-O-alkyl-2-acyl-sn-glycerol is esterified with a long-chain acyl-
CoA ester by an acyltransferase. Thus, the high concentration of EPA in MAGE is likely due
to a high specificity of alkyl-acyl-glycero-3-phosphate acyltransferase in positioning long
chain FA (EPA) at sn-2 position. Since an elevated level of EPA is not observed in DAGE,
that lipid cannot be derived from simple acylation of MAGE; another mechanism must be
involved and responsible for the hydrolysis of EPA in MAGE and replacement with 12-MTA
in DAGE. It may be that the MAGE we found represent a deacylation product of DAGE,
rather than an intermediate in DAGE synthesis. In that scenario, the prominence of EPA
would suggest that DAGE containing EPA in the sn-2 position are the primary substrates
for diacylation at the sn-3 position. Given the similarly high levels of EPA in the PL, it
could also be that MAGE containing EPA in the sn-2 position are destined for PL synthesis
while those species without are preferentially converted to DAGE. Regrettably, we did not
carry out a detailed analysis of the PL composition to evaluate its ether lipid structures.

The high EPA levels we found in MAGE could also be due to contamination of the
MAGE bands with another lipid class, such as DAG, since a peak with the same retention
time as DAG was found in HPLC analysis; however, given the similarity in retention
time of DAGE and TAG, it is possible that the peak with the same retention time as DAG
was MAGE. The TLC analysis supported this, indicating that DAG was not present in
our sample, since its R¢ did not coincide with any bands, including MAGE. We are also
confident that the MAGE band recovered from the TLC plate did contain glyceryl ethers
since we identified alkyl structures within it. Thus, we believe that we have isolated a
relatively pure MAGE band that did not contain contribution from DAG.

Different species of branched chain FA were identified in both DAGE and MAGE lipid
classes. Iso- and anteiso branched chain FA were the most abundant monomethyl branched
chain FA. Zhong et al. [13] quantified 4i-15:0 in fresh and dried C. frondosa harvested
near Newfoundland but no other branched chain FA were identified. Iso- and anteiso-
branched FA with carbon numbers from 14-18 have been reported in small amounts in
lipids extracted from many types of marine fish [31,32]; 4,8,12-Me-13:0, generally assumed
to be derived from phytanic acid sourced from phytoplankton, has also been reported in
many marine organisms [33]. However, a number of other single- and multi-methylated
branched FA, such as 12-Me-15:0, 8,12-Me-14:0, and 8,12-Me-15:0, have not been commonly
reported in lipid extracts of marine species in general, and have never been identified in sea
cucumber. While 4,8,12-Me-13:0 can be derived from phytol, a product of photosynthesis,
the presence of the other FA with methyl branches in the same position on different carbon
numbered backbones suggests that it and the other branched chain FA are products of de
novo synthesis.

The synthesis of branched chain FA in mammals has been recently described [34]
and it was found to follow similar pathways as used by bacteria [35]. For instance, iso-
and anteiso-branched FA can be produced biosynthetically through regular mechanisms
for the synthesis of saturated FA (including involvement of acyl carrier protein) with the
substitution of different primer molecules (2-methylpropanyl-CoA, 3-methylbutyryl-CoA,
and 2-methylbutyryl-CoA) for acetyl-CoA with activation by the same enzyme (FA syn-
thase) [35]. For example, the initial step for the syntheses of 12-MTA (anteiso-branched
FA) would involve the use of one 2-methylbutyryl-CoA and 5 acetyl-CoA additions. Sim-
ilarly, 4,8,12-Me-13:0 branched chain FA (an iso-branched FA) would involve the use of
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2-methylpropanyl-CoA as a primer molecule followed by a combination of two successive
2-methylbutyryl-CoA and one acetyl-CoA additions. Branched chain FA and specifically
12-MTA have been shown to exhibit promising health benefits including anti-inflammatory,
anti-cancer activity and wound healing activity [15]. Thus, their de novo synthesis in
C. frondosa could represent an underutilized source of 12-MTA for applications in medi-
cal treatments.

Viscera lipid and FA composition varied with collection season, as commonly found
with many other fish and invertebrate species [36,37], likely due to variation in diet. With
the seasonal data presented here, it becomes possible to target specific harvests to maximize
the yield of particular lipids or FA. For instance, the overall yield of EPA was higher in
viscera in sea cucumbers harvested in summer, likely because TAG was the dominate
lipid class in that season and contained ~20% EPA, so that if an omega-3 product was
desired, viscera from summer harvest would be a better source. However, the more
novel characteristics of the viscera are the ether lipids and 12-MTA. Those would be better
targeted with a winter harvest when overall lipid yields are highest and DAGE comprising
some 55% of total lipids. It is also the viscera from winter harvest that has highest 12-MTA,
so its recovery would also be maximized at that time. In the production of nutraceutical
oils, PL are often removed through degumming as part of the refining process [38]. By
considering the FA composition within lipid classes, it is also possible to predict the effect
of degumming on final lipid composition. One would anticipate, for example, that PL
removal would result in an oil that would be lower overall in EPA content, but 12-MTA and
ether lipids would comprise a greater proportion of the final product, with this effect being
greatest in winter harvested animals. Thus, the data presented here can aid in production
of both crude lipid from sea cucumber viscera with preferred lipid characteristics and the
final purified product.

4. Materials and Methods

Sea cucumber viscera were donated by Ocean Pride Fisheries Limited (Lower Wedge-
port, NS, Canada) from harvests conducted in January 2015 (winter; latitude 4439 /longitude
6041), March 2015 (spring; latitude 4439 longitude 6040) and July 2015 (summer; latitude
4439 /longitude 6041) from the Sable Island Banks off Nova Scotia, Canada. Fall harvests
were not carried out. Viscera was stored frozen at —30 °C prior to evaluation.

4.1. Moisture and Lipid Content

Portions of frozen C. frondosa viscera were homogenized using a food processor. The
moisture content was determined by drying ~25 g of homogenized viscera at 100 °C [39]
to a constant mass. Lipids were determined gravimetrically after extraction following the
Bligh and Dyer method [40] with slight modification. Briefly, 200 g of ground viscera were
blended with 200 mL of chloroform and 400 mL of methanol. The mixture was filtered and
the residual material was placed in a blender, re-extracted with 200 mL chloroform and
filtered again. The combined chloroform/methanol extracts were then mixed with 200 mL
of aqueous 0.88% potassium chloride and allowed to separate in a separatory funnel. The
lower organic layer was filtered through a bed of anhydrous sodium sulfate to remove the
residual water in the lipid. The solvent was removed using a rotator evaporator at 40 °C.

4.2. Lipid Class Analysis

Samples for lipid class profiling using HPLC were prepared by dissolving 30-35 mg
of lipids in 1.0 mL of dichloromethane. A 1.0 uL aliquot of the lipid (30 mg mL~!
dichlormethane) was injected into an Agilent 1100 HPLC equipped with an YMC PAK-
PVA-SIL-NP column (250 x 4.6 mm I.D.; 5 um) and an ESA Corona Charged Aerosol
Detector (CAD). The column was eluted with a gradient containing 0.2% v/v ethyl acetate
in isooctane (solvent A), 0.02% v/v acetic acid in 2:1 acetone: ethyl acetate (solvent B)
and 0.1% acetic acid in 3:3:1 v/v/v isopropyl alcohol: methanol: water (solvent C), at a
flow rate of 1.5 mL min~! over a run time of 77 min with a post-run time of 12 min (see
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Supplementary Table S1 for full details). Lipid standards (free fatty acid (FFA), monoacyl-
glycerol (MAG), diacylglycerol (DAG), triacylglycerol (TAG), diacylglyceryl ether (DAGE),
phospholipids (PL); see Supplementary Materials for identities) prepared at a concentration
1 mg mL~! in dichloromethane were injected to determine retention times of each lipid
component.

4.3. Isolation of Lipid Classes by TLC

Lipids (100 uL at 250 mg mL 1) were streaked using capillary tubes onto a pre-coated
silica gel TLC plate (20 x 20 cm, layer thickness 0.25 mm) which had been previously
developed in ethyl acetate and activated in an oven for one hour at 100 °C. The streaked
plate was developed in hexane: diethyl ether: acetic acid (80:20:1 by volume) and sprayed
with 0.2% methanolic 2,7-dichloroflourescein for visualization of the bands upon exposure
to ultraviolet light (360 nm). Lipid standards (wax ester (WE), DAGE, TAG, DAG, MAG,
FFA, Phosphatidyl choline and cholesterol) were used to tentatively identify the lipid
present by comparison of R¢ values. Non-polar lipid (DAGE, TAG, FFA) bands were
scraped off the plate and extracted three times with 3 mL of 1:1 (v/v) hexane: chloroform.
Polar lipids (MAGE, PL) were recovered similarly using 2:1 methanol: chloroform (v/v).
The solvent was evaporated using a stream of nitrogen and the weight of lipid in each band
was determined. Recovered simple lipids (MAGE, DAGE, TAG and FFA) were dissolved
in hexane, while PL was dissolved in methanol.

4.4. TH NMR and 3C NMR Analysis

The NMR spectra of lipid classes identified as DAGE and MAGE using TLC were
recorded on a Bruker Avance 500 MHz spectrometer. The recovered bands were dissolved
in deuterated chloroform (CDCl3) at 16 mg mL~! for 'H NMR, and 73 mg mL~! for 13C
NMR analysis before being transferred to NMR tubes (5 mm diameter, 8 in. in length,
Wilmad-LabGlass, Vineland, NJ, USA). The solvent residual signal in the CDCl3 was used
as a reference for chemical shift assignments. Its 'H NMR shift was 7.2-7.3 ppm and 13C
NMR shift is ~77 ppm. The "H NMR acquisition parameters were modified from a previous
study [41]: spectral width, 10,080 Hz; relaxation delay, 3 s; number of scans, 32; acquisition
time, 3.25 s; total acquisition time of 6.9 min. The '3C NMR acquisition parameters were as
follows: spectral width, 33,333 Hz; number of scans, 512; acquisition time, 0.81 s; with a
total acquisition time of 16.07 min.

4.5. Ether Lipid Identification Using GC-MS

DAGE and MAGE bands were saponified to yield glyceryl ether diols according to
Christie [42] with slight modifications. The lipid was suspended in 5 mL of 2 M ethanolic
potassium hydroxide and the mixture was flushed with nitrogen, sealed and heated at
100 °C for one hour. It was then cooled to room temperature, and 16 mL water and 8 mL
of 1:1 hexane: diethyl ether were added to the test tube. The mixture was vortexed and,
after separation of layers, the top organic layer containing unsaponifiable material was
recovered. The isolated organic layer was washed with 8 mL RO water and evaporated
under a stream of nitrogen. The resulting diols were then acetylated by adding 0.5 mL
of acetic anhydride and pyridine (5:1) and allowing the mixture to sit overnight at room
temperature [43]. The solvent was then evaporated, the remaining acetylated material was
dissolved in hexane. The DAGE standard was similarly saponified and acetylated.

Saponified and acetylated recovered MAGE and DAGE were analyzed using a GC
Ultra gas chromatograph coupled with a PolarisQ mass spectrometer (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA). The analysis was performed using electron ionization
(EI) and chemical ionization (CI) modes with split-injection (1/100) at 250 °C. The sep-
aration was performed on a ZB-35 capillary column (35%-phenyl)-methyl polysiloxane;
30m x 0.25mm i.d x 0.25 um film thickness) with helium as the carrier gas at 1.2 mL
min~!. The initial temperature for the program was held at 180 °C for 1 min, then increased
to 350 °C at 5 °C min~! and held for 3 min. The ionization energy used was 70 eV, with a
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multiplier voltage of 1643 V, source temperature at 200 °C, and transfer line temperature of
350 °C. Spectral data were acquired over a mass range of n/z 60-600 in both modes and
the emission current was 250 pA. In CI mode, methane was used as the reagent gas at a
flow rate of 1.5 mL min~!. Alkyl groups associated with an ether bond in both DAGE and
MAGE lipid classes were identified by ion spectra obtained for peaks occurring at unique
retention times and after subtracting 59 (acetoxy group) from the total molecular mass of
DAGE and MAGE.

4.6. GC-FID Analysis of FAME

Acid catalyzed transesterification with 0.5 N HySO4 in methanol was used to pro-
duce FAME of recovered lipid classes [44]. FAME were determined using a GC (Bruker,
SCION 436-GC) fitted with a DB-23 column ((50%-cyanopropyl)-methylpolysiloxane)
(B0m x 0.25m x 0.25 pm film thickness, Agilent Technologies, Santa Clara, CA, USA)
and a flame ionization detector (FID). Splitless injection was used with an injector tempera-
ture of 250 °C. FAME samples were separated using the following temperature program:
the initial temperature was held at 60 °C for 1 min, then increased to 153 °C at 45 °C min?,
held for 2 min, then increased to 174 °C at 2.3 °C min ! and held for 0.2 min, increased to
205 °C at 2.5 °C min~! and held for 2.5 min for a total run time of 41 min.

4.7. Analysis of 3-Ppyridylcarbinol Ester Derivatives

Direct transesterification can be used to prepare 3-pyridylcarbinol ester derivatives
from lipid samples [45,46]. Potassium tert-butoxide in tetrahydrofuran (0.1 mL, 1.0 M) was
first mixed with 3-pyridylcarbinol (0.2 mL), and the mixture was added to 10 mg of lipid in
1 mL dry dichloromethane. After mixing, the sample was incubated at 40 °C for 30 min
and then allowed to cool. Water (2 mL) and hexane (4 mL) were added, and the contents of
the tube were mixed. The upper organic layer was collected, dried over anhydrous sodium
sulfate, and evaporated to dryness using a flow of nitrogen. The resulting 3-pyridylcarbinol
esters were dissolved in hexane (0.4 mg mL~!) and analyzed by GCMS on a DB-1 DB-
1ms capillary column (100% dimethylpolysiloxane, 30 m x 0.25 mmi.d. x 0.25 um film
thickness) using the same system as described above. Helium was the carrier gas at a
flow rate of 1 mL/min with splitless injection (280 °C). The initial oven temperature was
held at 60 °C for 2 min, then increased to 235 °C at 20 °C min~!, followed by increasing
to 280 °C at 2 °C min~! and holding for 10 min. The ionization energy was 70 eV, with
multiplier voltage of 1643 V, source temperature at 200 °C, and transfer line at 280 °C.
Spectral data were acquired over a mass range of m/z 60-500. The molecular weight of a
3-pyridylcarbinol ester derivative was determined by the molecular ion, while a 28 amu
gap in the EI spectra indicated the location of the methyl branch.

4.8. Statistical Analysis

All samples were run in triplicate and all data were analyzed using one-way analysis
of variance (ANOVA) with an « level of 0.05 (Minitab 17). Tukey’s multiple comparison
test was used when ANOVA indicated there were significant differences in the means of
the three harvests (« level of 0.05).

5. Conclusions

Five lipid species were identified in C. frondosa using HPLC and TLC with structural
identification by GCMS when necessary, and included DAGE, TAG, FFA, MAGE and PL.
All except FFA were present in sufficient quantities to characterize their acyl and alkyl
structures. In winter, DAGE dominated, contributing ~55% of total mass of the lipid extract;
12-MTA comprised 42% of total FA within DAGE. In summer, TAG was present in the
greatest amounts at 44% with lower 12-MTA amounts but EPA was more abundant (20% of
total FA). Proportions of PL and MAGE showed little variation by season, in comparison to
DAGE and TAG. These results will aide in the production and marketing of nutraceutical
products based on C. frondosa viscera lipids.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md20070435/s1, Standards for HPLC and TLC; Table S1: Gradient
elution system for lipid class profiling; Figure S1: Lipid class profiling of C. frondosa lipids by HPLC:
(a) DAGE; (b) TAG; (c) FFA; (d) DAG; (e) MAG; and (f) PL. Figure S2: 13C-NMR (A) and "H NMR
(B) of recovered the MAGE band from C. frondosa viscera in CDCl3.
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Abstract: Fucosylated chondroitin sulfates (FCSs) FCS-BA and FCS-HS, as well as fucan sul-
fates (FSs) FS-BA-AT and FS-HS-AT were isolated from the sea cucumbers Bohadschia argus and
Holothuria (Theelothuria) spinifera, respectively. Purification of the polysaccharides was carried out by
anion-exchange chromatography on DEAE-Sephacel column. Structural characterization of polysac-
charides was performed in terms of monosaccharide and sulfate content, as well as using a series
of non-destructive NMR spectroscopic methods. Both FCSs were shown to contain a chondroitin
core [—3)-B-D-GalNAc-(1—4)-B-D-GlcA-(1—], bearing sulfated fucosyl branches at O-3 of every
GIcA residue in the chain. These fucosyl residues were different in pattern of sulfation: FCS-BA
contained Fuc254S, Fuc354S and Fuc4S at a ratio of 1:8:2, while FCS-HS contained these residues
at a ratio of 2:2:1. Polysaccharides differed also in content of GaINAc456S and GalNAc4S units, the
ratios being 14:1 for FCS-BA and 4:1 for FCS-HS. Both FCSs demonstrated significant anticoagulant
activity in clotting time assay and potentiated inhibition of thrombin, but not of factor Xa. FS-BA-AT
was shown to be a regular linear polymer of 4-linked «-L-fucopyranose 3-sulfate, the structure being
confirmed by NMR spectra of desulfated polysaccharide. In spite of considerable sulfate content,
FS-BA-AT was practically devoid of anticoagulant activity. FS-HS-AT cannot be purified completely
from contamination of some FCS. Its structure was tentatively represented as a mixture of chains
identical with FS-BA-AT and other chains built up of randomly sulfated alternating 4- and 3-linked
a-L-fucopyranose residues.

Keywords: sea cucumber; Bohadschia argus; Holothuria (Theelothuria) spinifera; fucosylated chondroitin
sulfates; fucan sulfates; anticoagulant activity

1. Introduction

Two types of fucose-rich sulfated polysaccharides are known as components of marine
invertebrates belonging to the class Holothuroidea (sea cucumbers). Unique fucosylated
chondroitin sulfates (FCSs) have been found exclusively in the body walls of sea cucumbers.
Molecules of these biopolymers have been shown to contain a linear core [—3)-3-D-GalNAc-
(1—4)-B-D-GlcA-(1—], identical to the backbone of vertebrate chondroitin sulfates [1,2].
This chondroitin core usually contains x-L-fucosyl branches attached to O-3 of GIcA.
Depending on the species of sea cucumber, FCSs may contain four types of GalNAc units

Mar. Drugs 2022, 20, 380. https://doi.org/10.3390/md20060380 19

https:/ /www.mdpi.com/journal/ marinedrugs



Mar. Drugs 2022, 20, 380

(non-sulfated and sulfated at O-4, at O-6, or both at O-4 and O-6) [3], as well as GlcA,
not only fucosylated at O-3, but also sulfated at O-3 or both at O-2 and O-3 [4,5]. In
addition, disaccharide branches attached to O-3 of GlcA were found side by side with
monofucosyl branches in several FCSs. Thus, FCS from Holothuria (Ludwigothuria) grisea
was shown to contain the branch «-L-Fuc-(1—2)-a-L-Fuc3S-(1— [6]. It should be noted
that this structure was suggested after reinvestigation and correction of data described
previously [7,8]. Similar difucoside branches were detected in other FCSs, examples
are «-L-Fuc-(1—2)-x-L-Fuc3545-(1— in FCS from Eupentacta fraudatrix [5], «-L-Fuc2S4S-
(1—-3)-a-L-Fuc4S-(1— in FCS from Stichopus japonicas [3] and «-L-Fuc-(1—3)-«-L-Fuc4S-
(1— in FCS from Holothuria lentiginosa [9]. Recently more complex branches containing
galactose or galactosamine residues have been found in several FCSs, examples are a-D-
Gal4S(6S)-(1—2)-a-L-Fuc3S-(1— in FCS from Thelenota ananas [10], a-D-GalNAc-(1—2)-
a-L-Fuc354S-(1— in FCS from Acaudina molpadioides [11] and a-D-GalNAcS-(1—2)-o-L-
Fuc3S-(1— in FCS from Holothuria nobilis [12]. There is some evidence that branches may
be attached not only to O-3 of GlcA, but also to O-4 or O-6 of GalNAc residues of the
backbone [13-15]. These examples demonstrate high structural diversity of FCSs. Since
investigation of FCSs is connected with their promising biological activities [16-19], it is
clear that different biological properties of FCS should depend on their fine structural
characteristics, such as degree and position of sulfation, nature and position of branches
and molecular mass distribution.

Another type of fucose-rich sulfated polysaccharides of sea cucumbers is represented
by fucan sulfates (FSs), which are similar in many respects to FSs of sea urchins, but dif-
fer considerably from much more complex fucoidans of brown algae [20]. The simplest
structures are polymers of 3- or 4-linked monosulfated «-L-fucose residues, examples be-
ing highly regular polysaccharides [-3)-o-L-Fuc2S-(1-], from Stichopus horrens [21,22] and
Stichopus herrmanni [23]. Similar 3-linked FS, with a non-regular distribution of sulfate
groups, was isolated from Acaudina leicoprocta [24], whereas 4-linked FSs, namely, [-4)-o-L-
Fuc3S-(1-], and [-4)-a-L-Fuc2S-(1-],, were found in Holothuria fuscopunctata and
Thelenota ananas, respectively [22]. Structures of linear FSs are often represented as regular
molecules built up of differently sulfated tetrasaccharide repeating units. Such polysac-
charides, containing 3-linked backbone, were isolated from Isostichopus badionotus [25],
Acaudina molpadioides  [26], Thelenota ananas [27], Pearsonothuria — graeffei  [28],
Holothuria tubulosa [29], Holothuria polii [30] and Holothuria hilla [31]. The structure of FS
from Holothuria albiventer was shown to have a sulfated hexasaccharide repeating units [32],
whereas sulfation pattern in FS from Holothuria floridana deviates considerably from the
norm [33]. More complicated FSs contain other interfucoside linkages and/or branched
carbohydrate chains. Thus, polysaccharides from Holothuria edulis and Ludwigothurea grisea
contain backbones of 3-linked tetrafucosides connected by 1-2-linkages, where 2-substituted
residues are additionally fucosylated (partially, as in Ludwigothurea grisea, or completely,
as in Holothuria edulis) at position 4 [34]. Branched FS from Apostichopus japonicus con-
tains a backbone of 3-linked «-L-Fuc2S, where every trisaccharide carries a non-sulfated
3-linked difucoside branch at-O-4 [35]. Recently some evidence has appeared on the pos-
sible presence of several structurally different FS in the same holothurian species. Thus,
Holothuria fuscopunctata contains, in addition to 4-linked polymer of x-L-fucose 3-sulfate,
another FS with tetrasaccharide repeating units -3)-a-L-Fuc2S,45-(1-4)-a-L-Fuc-(1-3)-«-L-
Fuc2S-(1-4)-«-L-Fuc-(1- with alternating 1-3 and 1-4 interfucoside linkages [36]. A new
branched FS was isolated from Pattalus mollis. The polysaccharide contained a backbone
of 4-linked «-L-Fuc2S, where every third residue was glycosylated at O-3 by a-L-Fuc4S or
a-L-Fuc3S [37]. Further investigation of the same species made it possible to find, in addi-
tion to branched FS, the simultaneous presence of linear components, namely, randomly
sulfated 3-linked fucan together with two differently sulfated 4-linked FS [38].

Natural fucose-enriched sulfated polysaccharides exerted excellent anticoagulant,
antithrombotic, antivirus and anticancer activity together with many other biological ac-
tions [15-19]. Holothurian FCSs and FSs are isolated and characterized in order to find new
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biopolymers of practical importance and to establish distinct structure—activity correlations
in these unique biologically active biopolymers. The Vietnamese coastal waters may be
regarded as a rich source of marine invertebrates, including sea cucumbers, which contain
both FCSs and FSs. For example, a novel FS with anticancer activity has been isolated
from the Vietnamese sea cucumber Stichopus variegatus [39]. In the present communication
we describe the isolation and structural characterization of sulfated polysaccharides from
two Vietnamese holothurian species, Bohadschia argus and Holothuria spinifera (Figure S1).
Some preliminary data on anticoagulant activity of these polysaccharides were obtained
as well. It should be noted that FCS from Bohadschia argus has been carefully investigated
previously [40], whereas accompanying FS and both FCS and FS of Holothuria spinifera have
not been described in the literature. FCS isolated from H. spinifera was structurally similar
to the corresponding FCS of B. argus. Both polysaccharides demonstrated anticoagulant ac-
tivity in vitro, comparable with that of LMWH (enoxaparin). Surprisingly FS, isolated from
H. spinifera, was practically inactive in these tests, in spite of its rather high sulfate content.

2. Results and Discussion

Crude extracts of sulfated polysaccharides were obtained from the body walls of sea
cucumbers Bohadschia argus and Holothuria spinifera (Figure S2) by conventional solubiliza-
tion of biomass in the presence of papain [8] followed by treatment of the extract with
hexadecyltrimethylammonium bromide to precipitate the sulfated components, which
were then transformed into water-soluble sodium salts by dissolving in 2 M NaCl and
precipitation with ethanol, giving rise to crude sulfated polysaccharides SP-BA and SP-HS,
respectively. Both crude extracts were subjected to anion-exchange chromatography on
DEAE-Sephacel column. The fractions obtained as the result of chromatographic resolution
are listed in Table 1.

Table 1. Characteristics of crude polysaccharide preparations SP-BA and SP-HS and the fractions ob-
tained by their chromatography on DEAE-Sephacel and then used for structural analysis (composition
in molar ratios relative to fucose).

Sample Fuc Gal  GIcNAc  GalNAc  UA,Nasalt  SO3;Na “:g:c(‘l‘)lirp‘lec‘f;‘:

SP-BA 1.00 0.14 0.07 0.30 0.30 2.05

FCS-BA 1.00 0.09 nd. 0.78 0.83 404 32 (1.55)
FS-BA-AT 1.00 0.09 0.04 0.06 0.04 1.28 55 (1.35)

SP-HS 1.00 012 0.08 03 021 244

FCS-HS 1.00 012 0.04 0.74 1.10 344 30 (1.62)
FS-HS-AT 1.00 0.09 0.04 0.18 0.18 1.69

Isolation of FCS from Bohadschia argus has been described previously, and the polysac-
charide was used to obtain oligosaccharides acting as anticoagulants by intrinsic factor
Xase complex inhibition [40]. According primarily to NMR spectral data, this polysaccha-
ride had a typical FCS structure that was wholly 3-O-fucosylated GlcA and 4,6-disulfated
GalNAc in the core with Fuc354S (~95%) and Fuc254S (~5%) as branches. In our work
three fractions appeared (FCS-BA1, FCS-BA2, and FCS-BA3) by elution with water, 0.75 M
and 1.0 M NaCl, respectively. These preparations were obtained in comparable yields of
about 10% and contained GlcA, GalNAc, Fuc and sulfate in ratios near to the majority
of known holothurian FCSs. Detection of minor Gal and GlcN in hydrolysates may be
explained by the possible presence of small amounts of other GAGs, which could not
be eliminated by anion-exchange chromatography. Appearance of a part of FCS eluted
with water, and hence not absorbed on anion-exchanger, may probably be explained by
the high molecular weight of FCS-BA1 (cf. [38]), whereas FCS-BA2 and FCS-BA3, having
similar NMR spectra, were eluted separately, probably due to slightly different position
of sulfation. All three FCS fractions had similar behavior in agarose gel electrophoresis
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FCS-BA

FCS-HS

(Figure S3). Fraction eluted with 1.0 M NaCl and designated as FCS-BA (Table 1) was used
further for structural analysis.

The structure of FCS-BA was characterized using 1D and 2D NMR spectroscopy
(Figures 1, 2, and S4, Table S1). The presence of Fuc, GalNAc and GIcA units in both
polysaccharides was confirmed by the characteristic values of chemical shifts of C-6 for Fuc
(517.2 ppm) and GlcA (6 176.0 ppm), as well as of C-2 for GalNAc (8 52.7 ppm) in 13C NMR
spectrum (Figure 1). The anomeric region in 'H NMR spectrum contained several low-field
signals indicating the presence of different fucosyl branches (Figure 2). These spectra gave
no doubts that FCS-BA belongs to the well-known class of holothurian FCSs [1,2,41,42].
It should be emphasized that very small intensity of C-6 signal in 13C NMR spectrum (5
62.3 ppm, Figure 1) means that practically all the GalNAc residues are 4,6-disulfated. The
ratio between residues B and C (Figure 3) was found to be 14:1. According to intensities
of anomeric signals of sulfated Fuc residues it is possible to conclude that Fuc3S,4S (E, 5
5.34 ppm) predominates considerably over the two other branches (D, 6 5.68 ppm, and E, 6
5.40 ppm) in the polysaccharide molecule (Figure 3, the calculated ratio D:E:F = 1:8:2).

Chromatography of SP-HS gave rise to FCS-HS, which was eluted, as expected, with
1.0 M NaCl. Its electrophoretic mobility in agarose gel was identical to FCS-BA (Figure S3).
According to NMR spectra (Figures 1 and 2), which are very similar to those of FCS-
BA, the polysaccharide undoubtedly belongs to FCSs. There are some minor structural
differences between these two samples. Thus, the more intense signal at 5 62.3 ppm
(Figure 1) corresponds to more substantial content of GalNAc residues non-sulfated at C-6
(the ratio between residues B and C, Figure 3, was found to be 4:1), whereas signals at 5
5.68 ppm and & 5.34 ppm, having practically equal intensities (Figure 2), show the more
substantial content of Fuc25,4S in FCS-HS. The molar ratio between differently sulfated
fucose residues D:E:F (Figure 3) was calculated as 2:2:1.
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Figure 1. The '3C NMR spectra of fucosylated chondroitin sulfates FCS-BA and FCS-HS.
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Figure 2. Fragments of 'H NMR spectra of fucosylated chondroitin sulfates FCS-BA and FCS-HS.
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Figure 3. Repeating blocks of fucosylated chondroitin sulfates FCS-BA and FCS-HS. Unit A bears
Fuc254S (D), whereas unit A’ bears Fuc354S (E) or Fuc4S (F).

A rather unusual property of SP-BA is its incomplete solubility in water. The non-
soluble gel-like fraction separated by centrifugation was treated with dilute acid in very
mild conditions, giving rise to precipitate, which was shown to be mainly a protein. Neu-
tralization of mother liquor followed by gel chromatography afforded FS-BA-AT (Table 1).
Application of 1D and 2D NMR experiments (COSY, HSQC, and ROESY) led to assigning all
the signals in NMR spectra (Figures 4, 5, and S5, Table S2) and to establish the structure of
FS-BA-AT as a regular linear polymer of 4-linked fucose 3-sulfate (Figure 6). As mentioned
above, similar polysaccharide was isolated previously from Holothuria fuscopunctata [22].
The signal assignments presented in [22] and our data are given in Table S2 for comparison.
The systematic differences up to 2 ppm in carbon chemical shifts between spectra of two
polymers probably arise due to alternative conditions of signal registration used in these
two works. The structure of linear backbone built up of 4-linked o-L-fucopyranose in
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FS-BA-AT was confirmed by NMR spectra of its desulfated preparation FS-BA-AT-DS
(Table S2).

FS-BA

Jos e Jl

FS-HS

T T T T T T T T T T T T T T T T T T T T T T T T
125 120 115 110 105 100 95 90 85 80 75 70 65 60 S5 S0 45 40 35 30 25 20 15 10
f1 (ppm)

Figure 4. The '3C NMR spectra of sulfated fucans FS-BA and FS-HS.
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S 3.0
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Figure 5. The 'H NMR spectra of sulfated fucans FS-BA and FS-HS.

24



Mar. Drugs 2022, 20, 380

FS-BA-AT FS-HS-AT1 FS-HS-AT2
LTV VTV, Vol AN WWVWN
H,s R'=8S0,;,R2=H
H3C (0] 1 2S 3
H:C707 on H:C7207 on OR2 OR"  HyR'=H,R?=505"
0S05" 0S0y oy H'3;s R'=H, R?2=S0;
G o G
o Hy,C" 720/ OR®

g Jus R* =S50, R3=H
R*0 Jzsss R®=R* =505

Figure 6. Repeating blocks of fucans FS-BA-AT and FS-HS-AT.

Preparation SP-HS was also partially soluble in water, but in this case a rather small
insoluble fraction (12%) was not investigated further. Anion-exchange chromatography
afforded the main fraction FS-HS, not absorbed on the column and eluted with water. To im-
prove the resolution of spectral signals, this fraction was treated with dilute acid, as above,
to give FS-HS-AT. The NMR spectra of FS-HS-AT were shown to be rather complicated for
detailed analysis due to overlapping of many important signals (Figures 4, 5, and S6). This
complexity may be explained by the random distribution of sulfates along the polymeric
chains, since sulfation at every position causes a change in chemical shifts not only in
its own residue, but also in both neighboring glycosylated and glycosylating residues.
Nevertheless, the assignment of many signals and the corresponding correlations in the
anomeric region of the spectra has been suggested (Table S3) based on the assumption
about the simultaneous presence of two types of polymers containing randomly sulfated
repeating units shown in Figure 6. Further attempts to resolve the complex preparation
FS-HS-AT are now in progress.

Since FCSs and FSs are known to demonstrate anticoagulant and antithrombotic
activities [16,43], we have studied three isolated samples FCS-BA, FCS-HS and FS-BA-AT
as anticoagulant agents in vitro. Low molecular weight heparin (enoxaparin) was used as
standard (Figure 7). In the clotting time assay (APTT-test) the effects of branched FCS-BA
and FCS-HS were higher than that of enoxaparin, while linear FS-BA-AT was almost
inactive at the same concentrations (Figure 7A). The values of 2APTT (the concentrations
that led to two-time increasing of clot formation) were 2.6 & 0.1 ug/mL for FCS-HS,
3.1+ 0.1 ug/mL for FCS-BA, and 3.8 & 0.2 ug/mL for enoxaparin. The active samples
FCS-BA and FCS-HS were studied further in the experiments with purified proteins
thrombin and factor Xa (Figure 7B,C). It was shown that in the presence of anti-thrombin
IIT (ATIII) FCS-BA and FCS-HS potentiate the inhibition of thrombin, although their effect
was slightly lower than that of enoxaparin (Figure 7B). This activity may be explained by
specific formation of the ternary complex between thrombin, antithrombin III and FCS. The
possibility of such complexation was demonstrated by computer docking studies in one
of our previous works [44]. At the same time both samples had very low activity against
factor Xa (Figure 7C).
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Figure 7. Anticoagulant activity of polysaccharides FCS-BA (blue), FCS-HS (red), FS-BA-AT (green)
and enoxaparin (dotted line). (A) APTT assay, (B) Anti-Ila-activity in the presence of ATIII, (C) Anti-
Xa-activity in the presence of ATIIL 1 =4, p < 0.05.
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3. Materials and Methods
3.1. General Methods

Procedures for determination of neutral monosaccharides, amino sugars, uronic acids
and sulfate content of polysaccharides have been described previously [45-47]. Solvolytic
desulfation [45] was used to prepare FS-HS-AT-DS from FS-HS-AT. Molecular weights
of polysaccharides were evaluated by chromatographic comparison with standard pullu-
lans [48].

3.2. Isolation of Polysaccharides

Wild sea cucumbers Holothuria (Theelothuria) spinifera (Theel, 1886) and Bohadschia argus
(Jaeger, 1833) with size range of 20-30 cm in length and 300-500 g in weight were collected
in October 2020 at the coast-line of Nhatrang Bay, Vietnam. The samples were stored in sea
water and transported to the laboratory in a day. After removing the viscera and washing,
the fresh sea cucumber body walls were treated with 96% ethanol for 3 to 5 days, followed
by soaking in acetone overnight at room temperature. Finally, the defatted samples were
chopped and air-dried. Sulfated polysaccharides were isolated from the body wall of
the sea cucumber using a method of Pham Duc Thinh et al., 2018 [39] (Figure 2). The
defatted residue (50 g) was incubated with papain (10 g) in 1 L of 0.1 M sodium acetate
buffer (pH 6) containing 5 mM EDTA and 5 mM cysteine at 60 °C for 24 h. The obtained
mixture was heated at 100 °C for 20 min to inactivate the enzyme and to remove a small
precipitate. The supernatant was treated with aqueous 10% hexadecyltrimethylammonium
bromide solution (Cetavlon) up to complete precipitation of sulfated polysaccharides and
left overnight at 4 °C. The resulting precipitate was centrifuged, washed with distilled
water, dissolved in a mixture of 2 M NaCl and EtOH (4:1), precipitated with 3 volumes
of 96% ethanol, and left at 4 °C for 24 h. The precipitate was centrifuged, washed with
ethanol, dissolved in water, dialyzed, concentrated under a vacuum, and lyophilized to
obtain crude sulfated polysaccharide SP-HS from Holothuria spinifera (yield 3,63%) and
SP-BA from Bohadschia argus (yield 3,57%). Composition of crude polysaccharides is given
in Table 1.

A suspension of 400 mg of SP-BA in 90 mL of water was stirred at room temperature
for several hours and centrifuged at 6.000 rpm for 30 min. The gel-like precipitate was
washed several times with water and lyophilized to give FS-BA-ins. The supernatant
was placed on a column (3 x 10 cm) with DEAE-Sephacel (Saint Louis, MO, USA) in
Cl™-form and eluted with water followed by NaCl solution of increasing concentration
(0.5,0.75, 1.0 and 1.5 M), each time up to the absence of a positive reaction of eluate for
carbohydrates [49]. Fractions were desalted on Sephadex G-15 (Saint Louis, MO, USA)
column and lyophilized. Fractions eluted with water, 0.75 M NaCl and 1.0 M NaCl with the
yields of 7.3, 11.8 and 11.8%, respectively, had similar composition and NMR spectra. The
latter fraction was designated as FCS-BA and used further for structural analysis. Similar
treatment of SP-HS gave rise to a rather small water-insoluble fraction (yield 12%), which
was not investigated further. Chromatography of the water-soluble part of a sample on
DEAE-Sephacel afforded the main fraction FS-HS eluted with water (yield 34.7%) and the
second considerable fraction FCS-HS eluted with 1.0 M NaCl (yield 24.5%, Table 1).

3.3. Dilute Acid Treatment of Samples

A suspension of 170 mg of FS-BA-ins in 20 mL of 0.1 M HCl was stirred at 50 °C for
3 h, the insoluble material was centrifuged, washed and lyophilized to give a preparation
(35.3%) containing 77.6% of protein and no carbohydrates. A viscous supernatant was
neutralized by NaHCOj3, desalted on Sephadex G-15 and chromatographed on DEAE-
Sephacel, as above. The main polysaccharide fraction eluted with 1 M NaCl was desalted
and lyophilized to afford FS-BA-AT (Table 1). Preparation FS-HS-AT was obtained after
similar mild acid treatment of FS-HS (Table 1).
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3.4. Agarose Gel Electrophoresis (PAGE)

Polysaccharides, heparin and enoxaparin (Clexan, Sanofi, Paris, France) (15 ug) were
applied to 0.6% agarose gel prepared in 60 mM 1,3 diaminopropan-acetate buffer pH 9.0.
Electrophoresis was run at 100 V in 60 mM 1,3 diaminopropan-acetate buffer pH 9.0 for
120 min. After migration gel was soaked in 0.1% cetyltrimethylammonium bromide for
30 min, dried, stained with 0.003% Stains-all in formamide-isopropanol-water (5:25:70)
overnight in the dark and destained with water.

3.5. NMR Spectroscopy

The NMR spectra were recorded using the facilities of Zelinsky Institute Shared Center.
Sample preparation and the conditions of experiments were described previously [50].

3.6. Anticoagulant Activity Measured in Clotting Time Test

The activated partial thromboplastin time assay for samples FCS-BA, FCS-HS, FS-
BA and enoxaparin (Clexane®, Sanofi, Paris, France) was performed using Coatron®M2
coagulation analyzer (TECO, Munich, Germany) as described previously [4,51]. Briefly,
a solution (10 pL) with concentration of 75 ug/mL, 37.5 ng/mL or 19.0 ug/mL of a
polysaccharide sample (FCS-BA, FCS-HS, FS-BA, or enoxaparin) in purified water was
added to 50 pL of normal plasma (Cormay, Poland). The mixture was incubated for 2 min
at 37 °C, then 50 uL of APTT reagent (Cormay, Poland) was added, and the mixture was
incubated again for 3 min at 37 °C. Then 50 pL of CaCl, solution (0.025M) was added, and
the time of clot formation was recorded. Purified water instead of a saccharide solution
was used as a control.

3.7. Effect of Polysaccharides on Thrombin or Factor Xa Inactivation by Antithrombin 111

Both experiments were carried out for samples FCS-BA, FCS-HS, and enoxaparin
(Clexane®, Sanofi) at 37 °C in a 96-well plate using MultiscanGo (Thermo, Stockholm,
Sweden) as described previously [15]. Briefly, a solution of polysaccharide sample (FCS-
BA, FCS-HS, or enoxaparin) (20 pL) with concentrations of 500, 50, 5, 0.5, 0.05 pg/mL in
Tris-HCl buffer (0.15 uM, pH 8.4) was added to 50 uL of a solution of ATIII (0.2 U/mL,
Renam, Moscow, Russia) in Tris-HCl buffer. After 3 min incubation an aqueous solution of
thrombin (50 puL, 20 U/mL, Renam, Russia) was added, and the mixture was incubated for
2 min. Then a chromogenic substrate (50 puL, 2 mM, Renam, Russia) was added, and the
mixture was kept for 2 min. Absorbance of p-nitroaniline (405 nm) was measured.

To 50 pL of a solution of ATIII (0.5 U/mL) in Tris-HCI buffer a solution of a polysac-
charide sample (FCS-BA, FCS-HS or enoxaparin) (20 uL) with concentrations of 500, 50, 5,
0.5, 0.05 ug/mL in Tris-HCl buffer was added. After 3 min incubation an aqueous solution
of factor Xa (50 pL, 2 U/mL, Renam, Russia) was added, and the mixture was incubated
for 2 min. Then a chromogenic substrate (50 puL, 2 mM, Renam, Russia) was added, and the
mixture was kept for 2 min. Absorbance of p-nitroaniline (405 nm) was measured.

3.8. Statistical Analysis

All biological experiments were performed in quadruplicate (n = 4). The results are
presented as Mean + SD. Statistical significance was determined with Student’s ¢ test. The
p values less than 0.05 were considered as significant.

4. Conclusions

Fucosylated chondroitin sulfate FCS-BA and fucan sulfate FS-BA were isolated from
the sea cucumber Bohadschia argus. Similar preparations FCS-HS and FS-HS were obtained
from Holothuria (Theelothuria) spinifera. The main components of both FCSs were GlcA,
GalNAc, Fuc and sulfate. Based on the data of NMR spectroscopy, both polysaccharides
were shown to contain chondroitin core [—3)-p-D-GalNAc-(1—4)-p-D-GlcA-(1—], bearing
sulfated fucosyl branches at O-3 of every GIcA residue in the chain. These fucosyl residues
were different in pattern of sulfation: FCS-BA contained Fuc254S, Fuc354S and Fuc4S in
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a ratio of 1:8:2, while FCS-HS included Fuc254S, Fuc354S and Fuc4S in a ratio of 2:2:1.
Moreover, the polysaccharides differ also in GaINAc4S6S and GalNAc4S units content,
the ratios being 14:1 for FCS-BA and 4:1 for FCS-HS. Both polysaccharides demonstrated
significant anticoagulant activity in clotting time assay. This activity is probably connected
with the ability of these FCSs to potentiate inhibition of thrombin by formation of ternary
complex with thrombin and antithrombin III. Such complexation was confirmed previ-
ously by computer docking experiments [44]. At the same time activity of these FCSs
as inhibitors of Xa was rather low. Fucan sulfate FS-BA was shown to be a linear poly-
mer of 4-linked a-L-fucopyranose 3-sulfate, structure being confirmed by NMR spectra
of the native polysaccharide and its desulfated derivative. It is interesting to mention
that FS-BA, despite its rather substantial sulfate content, was practically devoid of anti-
coagulant activity. FS-HS had much more complex NMR spectra, and its structure was
tentatively represented as a polysaccharide containing fragments which coincide with
FS-BA, together with other fragments built up of randomly sulfated alternating 4- and
3-linked a-L-fucopyranose residues.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md20060380/s1, Figure S1: Sea cucumbers (A) Bohadschia argus (Jaeger, 1833) and (B)
Holothuria (Theelothuria) spinifera (Theel, 1886). Figure S2: Agarose gel electrophoresis of polysac-
charides. Figure S3. The HSQC NMR spectrum of FCS-BA. Table S1. The data of the 1H and 13C
NMR spectra (chemical shifts, ppm) of fucosylated chondroitin sulfates. Figure S4. The HSQC NMR
spectrum of FS-BA-AT. Table S2. The data of 1H and 13C NMR spectra (chemical shifts, ppm) of
sulfated fucan FS-BA-AT and its desulfated derivative FS-BA-AT-DS. Figure S5. The HSQC NMR
spectrum of FS-HS-AT. Table S3. '3C and 'H chemical shifts (J, ppm) of anomeric atoms in the NMR
spectra of fucan sulfate FS-HS-AT (see Figure 6).
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Abstract: New steroidal 3f3,21-disulfates (2-4), steroidal 3f,22-disulfate (5), and the previously
known related steroidal 33,21-disulfate (1) were isolated from the ethanolic extract of the Far Eastern
starfish Pteraster marsippus, collected off Urup Island in the Sea of Okhotsk. The structures of these
compounds were determined by intensive NMR and HRESIMS techniques as well as by chemical
transformations. Steroids 2 and 3 have an oxo-group in the tetracyclic nucleus at position C-7 and
differ from each other by the presence of the 5(6)-double bond. The A?-22-sulfoxycholestane side
chain of the steroid 5 has not been found previously in the starfish or ophiuroid steroids. The
cytotoxic activities of 1, 4, 5, and the mixture of 2 and 3 were determined on the models of 2D and 3D
cultures of human epithelial kidney cells (HEK293), melanoma cells (SK-MEL-28), small intestine
carcinoma cells (HuTu80), and breast carcinoma cells (ZR-75-1). The mixture of 2 and 3 revealed a
significant inhibitory effect on the cell viability of human breast carcinoma ZR-75-1 cells, but other
tested compounds were less effective.

Keywords: disulfated steroids; NMR spectra; starfish; Pteraster marsippus; cytotoxic activity; 3D culture

1. Introduction

Marine sulfated steroids are often found in representatives of two classes of marine
echinoderms, namely ophiuroids and particularly starfish (the phylum Echinodermata),
and in sponges (the phylum Porifera) [1,2]. These compounds have been reported to exhibit
various biological activities, including anticancer, antimicrobial, cardiovascular, and an-
tifouling properties [3]. Steroidal monosulfates, encountered in different species of starfish,
are represented by sterol sulfates and polyhydroxysteroids, containing from four to nine hy-
droxy groups and a sulfate group at different positions of the tetracyclic core and side chains.
In that position, the polyhydroxysteroids were found in both free and glycosylated forms
with one to three monosaccharide units and also were found in sulfated form. Moreover,
the most common steroidal oligoglycosides of starfish are known as classical asterosaponins
and contain an oligosaccharide chain, attached to C-6 and including five or six monosaccha-
ride residues and a sulfate group at C-3 [4-10]. On the other hand, characteristic secondary
metabolites of ophiuroids are mainly steroidal disulfates that differ from other sulfated com-
pounds of echinoderms in some structural peculiarities, namely in the presence of sulfoxy
groups at 3« and 21 positions in 53-, or A%-, and very rarely 5a-cholestane cores. It is of
interest, that similar steroidal disulfates, containing sulfoxy groups at 33 (or 3x) and 21 posi-
tions in 5a-, or AS-cholestane nuclei were found in some species of the Pterasteridae family
belonging to the Asteroidea class. From six species of starfish belonging to the Pterasteri-
dae family, in particular Euretaster insignis [11], Pteraster sp. and Pteraster tessellatus [12,13],
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Diplopteraster multipes [14], Pteraster pulvillus [15], and Pteraster obscurus [16], nine new
disulfated steroidal compounds and six compounds studied as desulfated derivatives, ob-
tained after solvolytic desulfation have been structurally described. At the same time,
the polyhydroxylated steroids and asterosaponins, common in starfish, were absent in
the studied starfish species belonging to the family Pterasteridae. Based on the structural
similarity of steroidal disulfates isolated from this family of starfish and from different
ophiuroids, it was assumed that there is a closer phylogenetic relationship between the
Asteroidea and Ophiuroidea classes than other classes of Echinodermata [13].

At the present time, structural studies on steroidal disulfates from starfish and ophi-
uroids are somewhat ahead of the investigation of their biological activities. Nevertheless,
the steroidal metabolites of ophiuroids were reported to inhibit the protein tyrosine kinase
(PTK) [17], to show antiviral activity against HIV-1 and HIV-2 [18], and to be potent antag-
onists of farnesoid-X-receptor (FXR), a ligand-regulated transcription factor involved in
the supporting of the lipid and glucose homeostasis in mammals [19]. These compounds
enhanced oxygen-dependent metabolism, increased adhesive and phagocytic properties,
induced the expression of pro-inflammatory cytokines TNF-« and IL-8 in neutrophils, and
enhanced the production of antibody-forming cells in the mouse spleen [20]. Biological
activities of steroidal disulfates from Pterasteridae starfish were less studied, but hemolytic
activity on mouse erythrocytes was reported [15]. Thereby, the investigation of the biologi-
cal activities of steroidal disulfates of starfish and ophiuroids requires further continuation.

In the present article, we describe the results of our study on the fraction of sulfated
steroids from the ethanolic extract of the Far Eastern starfish Pteraster marsippus Fisher, 1910
(order Velatida, family Pterasteridae) collected by trawling at a depth of 84-88 m in the
Sea of Okhotsk near Urup Island. We have isolated and structurally elucidated four new
disulfated steroids 2-5 along with one previously known related compound 1. Additionally,
the cytotoxic activities of 1, 4, 5, and the mixture of 2 and 3 on the models of 2D and 3D
cancer cell cultures have been determined.

2. Results
2.1. The Isolation and Structure Elucidation of Compounds 1-5 from P. marsippus

The ethanol extract of the starfish P. marsippus was separated by column chromatog-
raphy on Polychrome 1, Si gel, and Florisil followed by reversed-phase HPLC on semi-
preparative Discovery C18 and analytical YMC-Pack Pro C18 columns to give four new
disulfated steroids 2-5 along with one previously known related compound 1 (Figure 1).

0SOyNa* |28

217, 26

3 R=SO0yNa*
3aR=H

Figure 1. Structures of compounds 1-5 isolated from P. marsippus.
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The molecular formula of steroid 1 was established to be CygHy4Nay;OgS, from the
[M — Na]~ and [M — 2Na]*~ ion peaks at m/z 595.2388 and 286.1253 in the (—)HRESIMS,
respectively, and from the [M + Na]* sodium adduct ion peak at m/z 641.2154 in the
(+)HRESIMS (Figure S1). The presence of sulfate groups in 1 is confirmed by HRESIMS as
well as by the presence in the (—)HRESIMS/MS spectrum of [M—2N a]?~ ion of fragment
ions atm/z96.9610 [HSO4] ~, 136.9917 [C3H504S] ~,391.1958 [M — Na — NaHSO4 — C¢Hia] ™,
459.2584 [M — Na — NaHSO, — CHy4]~, and 475.2898 [M — Na — NaHSO4] . The 'H-
and '3C-NMR spectroscopic data attributable to the tetracyclic nucleus of 1 revealed the
proton and carbon chemical shifts of two angular methyl groups CH3-18 (033 0.75 s, ¢ 12.5)
and CH3-19 (01 1.03 s, dc 19.7), an oxygenated methine CH-3 (d 4.13 m, d¢ 79.9), and
the 5(6) double bond (dy; 5.38 m; d¢ 141.7, 123.2). The proton and carbon resonances of
CHj3-18, CH3-19, CH-3, C-5, CH-6 and the broad multiplet of H-3 (AW = 39.3 Hz) indicated
a A5—3[5—sulfoxy steroidal nucleus in 1 [11].

The proton and carbon signals belonging to the side chain of 1 showed the presence
of two secondary methyls CH3-26 [6y 1.02 d (] = 6.8); dc 22.4] and CH3-27 [dy 1.03 d
(J = 6.8); dc 22.5], an distinctive oxygenated methylene CH,-21 [dy 421 dd (J = 9.8, 3.7),
3.94dd (J =9.8, 6.4); 6c 69.3], and the 24(28) double bond [0y 4.71 br's, 4.68 br d (] = 1.3);
¢ 157.9,106.9]. These data testified about the A?*?8)-21-sulfoxy-24-methylcholestane side
chain in 1 [11,16]. An analysis of the COSY, HSQC, HMBC, and ROESY spectra supported
the proposed structure of tetracyclic and side-chain moieties and allowed us to define
all the proton and carbon signals in 1 (Tables 1 and 2, Figures S2-57). The COSY and
HSQC experiments showed a spin coupling system of the protons at C-1 to C-4, C-6 to C-12
through C-11, C-14 to C-17, C-17 to C-21 through C-20, C-20 to C-23, and at C-25 to C-26 and
C-27 (Figures 54 and S5). The overall steroid structure of 1 was confirmed by the key HMBC
correlations Hz-18/C-12, C-13, C-14, C-17; H3-19/C-1, C-5, C-9, C-10; H,-21/C-17, C-20;
H-25/C-26, C-27; H3-26/C-24; and H,-28/C-25, C-26 (Figure S6). The presence of the key
ROESY cross-peaks Ha-4/H-6; H-9/Ha-1, Ha-7; Hx-16/H-17; Hp-16/H-20; H3-18/H-8,
Hp-12, HB-15, HR-16; Hz-19/Hp-1, HB-2, HE-4; H-28/H,-22, Hp-23; and H'-28/H-25,
H3-26, H3-27 exhibited the A%>?*?8)_24-methylcholestane skeleton in 1 (Figure S7). The
20R configuration was determined based on the ROESY correlations of H3-12/H-20, H3-
18/H-20, Hp-21 [21] and the coupling constants and chemical shifts of the methylene group
CH,-21, which were close to similar values in the 'H- and '*C-NMR spectra of related
previously studied (20R)-21-sulfoxysteroids from starfish and ophiuroids [11,13-16,22].
Thus, the structure (20R)-24-methylcholesta-5,24(28)-diene-33,21-diyl disulfate disodium
salt was assigned for 1. Compound 1 was previously found in the mixture of disulfated
3p,21-dihydroxysteroids from the starfish Euretaster insignis [11]. Its structure was proposed
on the basis of the structure definition of the desulfated derivative, (20R)-24-methylcholesta-
5,24(28)-diene-3,21-diol, obtained by solvolysis of the steroid mixture followed by HPLC
separation. The 'H- and '*C-NMR spectroscopic data of 1 itself are presented here for the
first time.

An attempt to separate compounds 2 and 3 using repeated reversed-phase HPLC were
failed. However, structures of 2 and 3 were established in the mixture by the thorough anal-
ysis of the 1D and 2D NMR spectra, including 'H- and '*C-NMR, 1D TOCSY, COSY, HSQC,
HMBC, and ROESY experiments (Figures S8-513). The molecular formula of steroid 2 was
determined to be CogHyrNayO9S; from the [M — Na]~ and [M — 2Na]?~ ion peaks atm/z
609.2177 and 293.1148 in the (—)HRESIMS, respectively, and from the [M + Na]* sodium
adduct ion peak at m/z 655.1943 in the (+)HRESIMS (Figure S14). The presence of sulfate
groups in 2 is confirmed by HRESIMS as well as by the presence in the (—)HRESIMS/MS
spectrum of [M—2Nal]?~ of fragment ions at m/z 96.9612 [HSO4] ~, 136.9917 [C3H504S] ~,
405.1745 [M — Na — NaHSO4 — CgHjo]™ and 489.2682 [M — Na — NaHSO,4] ™. The molec-
ular formula of steroid 3 was established to be CogHy4Nay;OgS, from the [M — Na]~ and
[M — 2Na]?~ ion peaks at m/z 611.2299 and 294.1222 in the (—)HRESIMS, respectively,
and from the [M + Na]* sodium adduct ion peak at n/z 657.2077 in the (+)HRESIMS
(Figure S14). The presence of sulfate groups in 3 is confirmed by HRESIMS as well as
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by the presence in the (—)HRESIMS/MS spectrum of [M — 2Na]>~ of fragment ions
atm/z96.9612 [HSO4]~, 136.9917 [C3H504S] ~, 407.1891 [M — Na — NaHSO4 — C¢Hyp] ™,
and 491.2825 [M — Na — NaHSO4] ™. The detailed comparison of the H- and 3C-NMR,
mass spectra of 1, and the mixture of 2 and 3 clearly indicated that these compounds have
the same A24(28)-21-sulfoxy-24—methylcholestane side chain, and steroids 2 and 3 differ
from 1 by the existence of an additional oxo-group in tetracyclic pattern (Tables 1 and 2).
Moreover, it followed from the chemical shifts and intensities of the proton signals in
the 'H-NMR spectrum that 2 unlike 3 has a supplementary double bond in the steroidal
nucleus, which agreed with the molecular mass difference of 2 amu between 2 and 3 in
the mass-spectra.

The proton and carbon resonances of two angular methyl groups CH3-18 (dy; 0.75 s,
6c 12.7) and CH3-19 (0 1.24 s, ¢ 17.6), an oxygenated methine CH-3 (dy 4.26 m, d¢c 78.0),
a 5(6) double bond [y 5.68 br d (J = 1.6); éc 168.3, 126.8], and a 7-oxo group (6c 204.4)
attributable to the tetracyclic moiety of 2 were observed in the 'H- and 3C-NMR spectra.
These values of chemical shifts allowed us to suppose a A%-7-oxo-3p-sulfoxy steroidal
nucleus in 2. The COSY and HSQC experiments led to the identification of the proton
sequences at C-1 to C-4, C-8 to C-12 through C-11, C-8 to C-17 through C-14, C-17 to C-21
through C-20, C-20 to C-23, and at C-25 to C-26 and C-27 (Figure 2). Since it is difficult to
identify some proton signals in the 'H-NMR spectrum of a mixture of two compounds only
using 2D NMR experiments, the irradiation of protons Hx-2, Hp3-4, H-6, and H-8 of 2 in the
1D TOCSY experiments was additionally performed, which gave enhancing signals of the
neighboring protons H-1, HB-2, H-3, and Hj-4; Hp-1, Hy-2, H-3, and Hx-4; H-3 and Hy-4;
and H-9, H-11, H-14, and Hf-15, respectively. The key HMBC correlations H-4/C-5, C-6;
H-8/C-7,C-9; H-17/C-20, C-21, C-22; H3-18/C-12, C-13, C-14, C-17; H3-19/C-1, C-5, C-9,
C-10; and H3-26/C-24, C-25, C-28; and the key ROESY correlations Ha-1/H-9; Hx-4/H-6;
Hp-12/H,-21; H-14/H«-16; H3-18/H-8, HB-11, H-20, H,-21; H3-19/HpB-1, HB-2, HB-4,
H-8, HB-11; H-28/H,-22, Hy-23; and H'-28 /H-25, H3-26, H3-27 exhibited a 3f,21-disulfoxy-
7-oxo pattern in the A5’24(28)—24—methylcholestane skeleton in 2 (Figures 2 and 3). Based on
the above-mentioned data, the structure of 2 was defined as (20R)-7-oxo0-24-methylcholesta-
5,24(28)-diene-33,21-diyl disulfate disodium salt.

*Na'0;80 OH *Na'0;80

Figure 2. COSY and key HMBC correlations of compounds 2-5.
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Table 1. 'H-NMR (700.13 MHz) chemical shifts of compounds 1-5 in CD30D, with ¢ in ppm and
J values in Hz “.

Position 1 2 3 4 5
1B 1.89 dt (13.8,3.7) 2.02 dt (13.9,3.7) 1.81dt (13.9,3.5) 1.76 dt (13.8,3.7) 1.89 dt (13.5, 3.5)
« 1.11m 1.26 td (13.9, 3.5) 1.07 td (13.9,3.7) 0.98 td (13.8, 3.8) 1.11m
2x 2.05m 2.15m 2.06 m 2.02m 2.05m
B 1.63 m 1.76 m 1.60 m 1.53 m 1.62m
3 4.13 m (AW =39.3 Hz) 426 m 425m 424 m 413 m
4o 2.53ddd (13.2,4.8,2.2)  2.79ddd (14.0,5.0, 2.3) 1.86 m 1.81m 2.53ddd (13.4,4.8,22)
B 2.34td (13.2,2.0) 2.54 ddd (14.0,11.8, 1.9) 1.57 m 143 m 2.33m
5 - - 1.52m 1.22m -
63 246t (12.3) 1.33t(12.8)
o 538 m 5.68 br d (1.6) 194 dd (123, 3.2) 155m 5.38 m
7B 1.97 m B _ 1.96 m
« 1.56 m 3.25 td (10.6, 5.2) 1.54 m
8 148 m 2.31dd (12.6, 10.7) 247 m 1.40 m 147 m
0.97 td (11.7, 4.6) 1.53 m 1.09 m 0.71m 0.96 m
10 - - - - -
11e 1.57 m 163 m 1.62m 1.58 m 1.54 m
B 1.04 m ' 1.55m 1.35m 1.05 m
126 2.04m 2.07 m 2.02m 1.99 m 2.01 dt (12.8,3.5)
« 1.25 td (13.0,4.2) 1.22m 1.16 m 1.19 m 1.23 td (12.8,4.2)
13 - - - - -
14 1.06 m 1.35m 147 m 1.19m 1.09 m
15« 1.64 m 240 m 220m 1.90 m 1.61 m
B 1.13 m 1.28 m 1.02 m 148 m 1.09 m
16a 1.87 m 1.90 m 1.88 m 1.83m 222m
B 1.37 m 1.39 m 1.35m 1.34 m 1.16 m
17 148 m 148 m 1.48 m 143 m 1.63 m
18 0.75s 0.75s 0.72s 0.73 s 0.70's
19 1.03s 1.24s 1.12s 0.86s 1.02s
20 1.72m 1.69 m 1.69 m 1.68 m 1.58 m
o 4.21dd (9.8,3.7) 4.18 dd (9.6, 4.0) 417 dd (9.6,4.1) 4.18dd (9.7,3.8) 0.96d (6.7)
3.94dd (9.8, 6.4) 3.99.dd (9.6,5.7) 3.96 dd (9.6,5.7) 3.94dd (9.7, 6.2) ’ '
1.64 m 1.64 m 1.64 m 1.64 m
2 148 m 149 m 149 m 148 m 4.36dd (106, 4.5)
23 2.17 ddd (15.0, 11.1, 4.6) 219 m 219 m 217 m 2.66 m
2.04m 2.02m 2.02m 2.03m 2.34m
24 - - - - 5.05t(7.7)
25 2.25 quin (6.7) 225m 225m 2.25 quin -
26 1.02d (6.8) 1.02 d (6.8) 1.02d (6.8) 1.02d (6.8) 1.69s
27 1.03d (6.8) 1.03 d (6.8) 1.03d (6.8) 1.03d (6.8) 1.65s
28 471brs 471brd (1.2) 471brd (1.2) 471brs

4.68 brd (1.3)

469brd(12)

4.69brd (1.2)

4.68 br d (1.5)

® Assignments from 700.13 MHz COSY, HSQC, HMBC (8 Hz), and ROESY (250 msec) data; s, singlet; d, doublet;
t, triplet; m, multiplet; br s, broad singlet; br d, broad doublet; dd, doublet of doublets; ddd, doublet of doublet of
doublets; dt, doublet of triplets; quin, quintet.
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Table 2. 3C-NMR (176.04 MHz) chemical shifts of compounds 1-5 in CD;OD.

Position 1 2 3 4 5

1 38.5 374 37.1 38.1 38.4
2 30.0 29.6 294 29.7 30.0
3 79.9 78.0 78.8 79.4 79.9
4 40.4 40.1 36.2 35.9 40.4
5 141.7 168.3 482 43.6 141.6
6 123.2 126.8 46.9 39.9 123.3
7 33.0 204.4 214.3 75.7 33.0
8 33.3 46.6 51.1 441 33.3
9 51.7 514 56.7 54.0 51.6
10 37.7 39.7 37.0 36.0 37.7
11 22.1 22.2 229 22.6 22.1
12 40.2 39.1 39.2 40.5 41.0
13 434 442 43.6 445 43.3
14 58.0 51.3 50.4 57.3 58.0
15 25.2 27.3 25.9 279 254
16 28.7 28.9 28.8 29.0 29.2
17 51.8 50.7 50.7 51.2 53.2
18 125 12.7 12.6 12.9 12.1
19 19.7 17.6 12.0 12.7 19.7
20 411 41.0 41.0 41.0 39.4
21 69.3 69.2 69.2 69.4 12.8
22 29.7 29.8 29.8 29.7 82.6
23 31.6 31.8 31.8 31.8 31.7
24 157.9 157.8 157.8 157.9 121.2
25 34.9 34.8 34.8 34.9 134.8
26 22.4 22.3 224 22.3 26.0
27 22.5 22.5 22.5 22.5 18.1
28 106.9 107.0 107.8 106.9

The 'H- and 3C-NMR spectroscopic data belonging to the steroidal nucleus of 3 dis-
played the proton and carbon resonances of two angular methyl groups CH3-18 (J1; 0.72 s,
oc 12.6) and CH3-19 (0 1.12 s, é¢ 12.0), an oxygenated methine CH-3 (dy 4.25 m, dc 78.8),
and a 7-oxo group (¢ 214.3). These chemical resonances and the absence of a 5(6) double
bond corresponded to a 7-oxo-33-sulfoxy tetracyclic pattern in 3 (Tables 1 and 2). The
COSY and HSQC experiments revealed a spin coupling system of the protons at C-1 to
C-6, C-8 to C-12 through C-11, C-8 to C-17 through C-14, C-17 to C-21 through C-20, C-20
to C-23, and at C-25 to C-26 and C-27 (Figure 2). In addition, the irradiation of protons
Hp-1 and Hx-6 of 3 in the 1D TOCSY experiments gave the chemical shifts of neighboring
protons: Ha-1, Ha-2, H-3, Hx-4, and Hy-6; Hy-1, Ha-2, H-3, Hx-4, and Hf3-6, respectively.
In the HMBC spectrum the correlations H-4/C-3, C-5; H-6/C-5, C-7, C-8, C-10; H-8/C-9,
C-14; H3-18/C-12, C-13, C-14, C-17; H3-19/C-1, C-5, C-9, C-10; and H3-26/C-24, C-25,
C-28, and, in the ROESY spectrum, the cross-peaks Hf3-12/H,-21; HB-17/H-20; H3-18/H-8,
HB-11, H-20, Hy-21; H3-19/HB-1, HR-2, HB-4, H-8; H-28/H,-22, H,-23; and H'-28/H-25,
H3-26, H3-27 indicated a 33,21-disulfoxy-7-oxo substitution in the A24(28>-24-methyl-5cx-
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cholestane skeleton in 3 (Figures 2 and 3). Thus, the structure of 3 was determined as
(20R)-7-0x0-24-methyl-5x-cholest-24(28)-ene-33,21-diyl disulfate disodium salt. Evaluation
of the intensities of the CH3-18 and CHj3-19 signals in the H- and ">*C-NMR spectra showed
a ratio 2 and 3 in the mixture of approximately 1:1 for with a slight advantage of 2.

Figure 3. Key ROESY correlations for compounds 2-5. Colors reveal the atoms of hydrogen (blue),
oxygen (red), sulfur (yellow), and carbon (grey) and their bonds.
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Solvolysis of the mixture of 2 and 3 in dioxane/pyridine afforded the mixture of
desulfated derivatives 2a and 3a, which were separated by HPLC on YMC-Pack-Pro C18
column to give individual compounds. The molecular formula of desulfated steroid 2a
was established to be CysHy4O3 from the [M — H]™ ion peak at m/z 427.3215 in the
(—)HRESIMS and from the [M + Na]* sodium adduct ion peak at m/z 451.3175 in the
(+)HRESIMS, respectively (Figure S15). Along with mass spectra, the presence of the
proton and carbon signals characteristic of two angular methyl groups CH3-18 (dy 0.73 s,
6c 12.7) and CH3-19 (0y1 1.23 s, 6c 17.8), an oxygenated methine CH-3 (g 3.54 m, é¢c 71.2),
a 5(6) double bond [y 5.65 m; d¢c 169.1, 126.3], a 7-oxo group (dc 204.6), an oxygenated
methylene CH,-21 [éy 3.69 dd (] = 10.7, 4.2), 3.54 dd (] = 10.7, 5.5); dc 63.2], and a 24(28)
double bond [0y; 4.73 br's, 4.69 br d (] = 1.4); 6c 157.8, 106.9], two secondary methyls CH3-26
[01 1.03 d (J = 6.8); 6c 22.5] and CH3-27 [0y 1.03 d (J = 6.8); dc 22.3] in the 'H- and "*C-NMR
spectra revealed the structure of 2a as (20R)-7-oxo0-24-methylcholesta-5,24(28)-diene-33,21-
diol. The molecular formula of desulfated steroid 3a was established to be CpgHy603 from
the [M — H]~ ion peak at /2 429.3376 in the (—)HRESIMS and from the [M + Na]* sodium
adduct ion peak at /7 453.3333 in the (+)HRESIMS, respectively (Figure S16). The H- and
I3C-NMR spectra of 3a contained signals for two angular methyl groups CH3-18 (311 0.70's,
6c 12.8) and CH3-19 (0 1.11s, ¢ 12.1), an oxygenated methine CH-3 (65 3.52 m, ¢ 71.3), a
7-oxo group (dc 214.4), an oxygenated methylene CH,-21 [dy 3.68 dd (J = 10.9, 3.8), 3.53 dd
(] =10.9, 5.6); 6¢c 63.2], and a 24(28) double bond [éyy 4.72 brs, 4.68 br d (] = 1.4); 6c 157.5,
106.9], two secondary methyls CH3-26 [dy 1.03 d (J = 6.7); ¢ 22.5] and CH3-27 [d1; 1.03 d
(] = 6.7); dc 22.3] that matched structure 3a as (20R)-7-ox0-24-methyl-5x-cholest-24(28)-ene-
33,21-diol. All the proton and carbon signals belonging to 2a and 3a were derived from
COSY, HSQC, HMBC, and ROESY experiments (Table 3, Figures 517-529). The isolation
of individual desulfated derivatives 2a and 3a additionally confirmed the structures of
steroids 2 and 3.

The molecular formula of steroid 4 was established to be CygHygNayOgS, from
the [M — Na]~ and [M — 2Na]?~ ion peaks at m/z 613.2483 and m/z 295.1304 in the
(—)HRESIMS, respectively, and from the [M + Na]* sodium adduct ion peak at m/z
659.2243 in the (+)HRESIMS (Figure S30). The presence of sulfate groups in 4 is confirmed
by HRESIMS as well as by the presence in the (—)HRESIMS/MS spectrum of [M — 2Nal?~
of fragment ions at m/z 96.9604 [HSO4]~, 136.9909 [C3H504S]~, 191.0380 [C7H11O04S]
409.2047 [M — Na — NaHSO,; — C¢Hyy], and 493.2987 [M — Na — NaHSOy4] . The de-
tailed comparison of the 'H- and > C-NMR spectroscopic data of compounds 4 and 3
revealed that the proton and carbon resonances belonging to the steroidal A, C, and D
rings and side chains of 4 are close to those of 3, indicating the 33-hydroxy substitution
in tetracyclic nucleus and A?*?%)-21-sulfoxy-24-methyl-cholestane side chain in 4, while
the proton and carbon signals of the steroid B ring of 4 substantially differed from those of
3 (Tables 1 and 2, Figures S31 and S32). The absence of a carbon signal of the oxo group
in the '3C-NMR spectrum of 4 in comparison with the 3 C-NMR spectrum of 3 and the
appearance of a triplet of doublets at dg5 3.25 (] = 10.6, 5.2) in the 'H-NMR spectrum of 4 in
comparison with the 'H-NMR spectrum of 3 indicated the presence of a hydroxyl function
in the ring B. The attachment of the hydroxyl group at C-7 was deduced from proton and
carbon correlations in the COSY, HSQC, and HMBC spectra (Figure 2 and Figures S33-535).
The key ROESY cross-peaks Hx-1/H-3, H-5, H-9; H-7/H-9; Hp3-12/H,-21; Hx-16/H-17;
H;-18/H-8, HR-11, HB-15, H-20, H,-21; and Hy-19/Hp-1, HR-2, Hp-4, HB-6; broad signal
of H-3 and coupling constant | = 10.6 Hz of the triplet of doublets of axial proton H-7
confirmed the 33,7 relative configurations of the oxygenated carbons in the A?4(8)-24-
methyl-5x-cholestane skeleton in 4 (Figure 3 and Figure S36). As a result, the structure of 4
was established as (20R)-24-methyl-73-hydroxy-5x-cholest-24(28)-ene-33,21-diyl disulfate
disodium salt.
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Table 3. "H-(700.13 MHz) and '3C-(176.04 MHz) NMR chemical shifts of compounds 2a and 3a in
CD30D, with ¢ in ppm and ] values in Hz *.

Position 2a 3a
on e on e
18 198 m 177m
e 1.22m 37.6 1.03m 37.3
2 1.89 m 1.80 m
B 161 m 319 146 m 318
3 354m 712 352m 713
4o 2.48 ddd (135, 4.6,2.1) 156m
B 2.39 ddd (135, 11.5, 2.0) 428 144m 484
5 - 169.1 148 m 169.1
245t (13.0)
6 5.65m 1263 L9240 (130, 52) 470
7 - 2046 - 2144
8 2.31dd (12.8, 10.8) 466 247 £ (12.1) 511
9 151 m 516 108 m 57.0
10 - 39.7 - 372
162m
11 1.64m 23 Lom 29
128 197 m 192m
o 119m 393 114m 39.4
13 - 442 - 536
14 132m 513 140m 50.4
150 239m 219m
B 128m 273 1.0l m 259
160t 1.87m 1.86 m
B 139m 284 137m 284
17 145m 50.6 145m 50.9
18 073s 127 070s 128
19 1235 17.8 111s 121
20 151 m 432 150 m 432
3.69dd (107, 4.2) 3.68dd (109, 3.8)
21 354dd (107, 5.5) 63:2 353dd (109, 5.6) 63.2
1.63 m 1.61m
» Lo 294 Lo 293
2.15m 213 m
3 S am 323 2 23
24 - 157.8 - 1575
25 2.25 quin 349 2.25 quin 349
2% 1.03d (68) 25 1.03d (67) 25
27 1.03d (68) 23 1.03d (67) 23
4.73brs 4.72br s
28 469brd (1.4) 1069 468brd (1.4) 1069

* Assignments from 700.13 MHz COSY, HSQC, HMBC (8 Hz), and ROESY (250 msec) data.

The molecular formula of steroid 5 was established to be Cy;HyyNay;OgS, from
the [M — Na]~ and [M — 2Na]?*~ ion peaks at m/z 581.2216 and m/z 279.1171 in the
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(—)HRESIMS, respectively, and from the [M + Na]* sodium adduct ion peak at /2 627.1993
in the (+)HRESIMS (Figure S37). The presence of sulfate groups in 5 is confirmed by HRES-
IMS as well as by the presence in the (—)HRESIMS/MS spectrum of [M — 2Na]?>~ of
fragment ions at m/z 96.9601 [HSO4]~, 409.2041 [M — Na — NaHSO4 — CsHg] ™, and
461.2722 [M — Na — NaHSO,]~. The examination of the 1H-, 13C-, and 2D NMR spectra of
5 and 1 revealed that both compounds have the identical A>®)-33-sulfoxy tetracyclic moiety,
but the proton and carbon resonances of the steroid side chain of 5 differed from those of 1
(Tables 1 and 2, Figures $38-543). The proton and carbon signals in the 'H- and *C-NMR
spectra belonging to the side chain of 1 showed the presence of three methyls CH3-21
[01 0.96 d (J = 6.7); ¢ 12.8], CH3-26 (61 1.69 s; d¢c 26.0), and CH3-27 (5 1.65 s; o¢ 18.1),
an oxygenated methine CH-22 [0y 4.36 dd (J = 10.6, 4.5); dc 82.6], and the 24-double
bond [y 5.05 t (J = 7.7); ¢ 121.2, 134.8]. The proton connectivities from C-21 through
C-20 to C-24 in the side chain were ascertained using the COSY and HSQC experiments.
The attachment of the sulfoxy group at C-22 and a 24-double bond were supported from
the HMBC cross-peaks H3-21/C-17, C-20, C-22; H-22/C-17, C-20, C-24; H-23/C-24, C-25;
H3-26/C-24, C-25; and H3-27/C-24, C-25 (Figure 2). The 20S configuration was elucidated
by the ROESY correlations of HB-12/H-20, H-17/H3-21, and H3-18/H-20, H3-21, and the
downfield chemical shift of H3-21 at dy; 0.96 [21,23-25]. Based on the 20S configuration,
we suggested the 22R configuration because the ROESY correlations of H-22/H,-16 were
observed (Figure 3). Similar correlations were observed in the NOEs spectrum of a natural
steroid with a (20S,22R)-22-hydroxycholestane side chain [23]. Accordingly, the structure
of 5 was elucidated as (20S)-cholesta-5,24-diene-33,22-diyl disulfate disodium salt. The
A*-22-sulfoxycholestane side chain of the compound 5 has not been known earlier in
other starfish or ophiuroid steroids. It’s interesting that the desulfated derivative (20S,22R)-
cholesta-5,24-diene-3f3,22-diol or 22R-hydroxydesmosterol, related to compound 5, is a
derivative of desmosterol, a biosynthetic precursor of cholesterol. 22R-Hydroxydesmosterol
was earlier obtained by stereospecific synthesis and shown to have a cytotoxic effect on
tumor and hepatoma cells [26,27].

Previously reported feeding experiments labeled with deuterium precursors have
shown that polyhydroxysteroids and related steroidal glycosides of starfish are biosyn-
thesized from dietary cholesterol and cholesterol sulfate [28]. Obviously, the precursors
of the biosynthesis of steroidal disulfates 1-5 are presumably cholesterol or cholesterol
sulfate. The biosynthesis of these compounds takes place with the participation of enzy-
matic systems such as oxygenases, NAD and NADP-dependent dehydrogenases, SAM-
methyltransferase, etc. The following hypothetical pathways for the biosynthesis of com-
pounds 2—4 are proposed. Compound 1 undergoes changes only in the steroidal side
chain in comparison with cholesterol sulfate by oxidation at CH3-21 followed by sulfation
and introduction of a methylene group by SAM-methyltransferase at C-24 with loss of
a proton. The introduction of a hydroxyl group at C-7 of ring B of the steroidal nucleus
of 1 gives an intermediate. Oxidation of the hydroxyl group at C-7 in the intermediate
leads to the formation of steroid disulfate 2, and reduction of the 5(6)-double bond leads
to the formation of 4. The end product, obviously, is the steroid disulfate 3, which can be
obtained from both compounds 2 and 4 (by oxidation or reduction). In compound 5, as
well as in 1, there are no changes in the steroid nucleus, and only the side chain is modified
by oxidation with the following sulfation at the C-22 position.

2.2. In Vitro Anticancer Activity of Compounds 1-5

Currently, the main cellular model of cell biology is a two-dimensional (2D) monolayer.
However, the cell growth in a monolayer does not reflect the true picture of tumor growth
in a living organism by many parameters, where interactions not only between the cells of
the tumor but also with the surrounding extracellular matrix are of great importance in its
progression. The three-dimensional (3D cell culture) model is represented by spheroids,
and proved to be the most effective system that is as close as possible in properties and
organization to a natural tumor, which is used for screening the potential anticancer
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drugs [29]. So, the cytotoxic activity of 1, 4, and 5 and the mixture of 2 and 3 was determined
on the models of 2D and 3D cultures of human epithelial kidney cells (HEK293), melanoma
cells (SK-MEL-28), small intestine carcinoma cells (HuTu80), and breast carcinoma cells
(ZR-75-1) using the MTS method.

The investigated compounds 1-5 were determined to possess moderate cytotoxic
activity against normal and cancer cells with the greater impact of the mixture of 2 and
3. It was found that this mixture inhibited the cell viability of 2D HEK293, SK-MEL-28,
HuTu80, and ZR-75-1 by 28, 33, 34, and 55%, respectively, at a concentration of 100 uM
after 24 h of treatment (Figure 4A-D). The concentration of the mixture of 2 and 3, which
caused inhibition of 50% cell viability (ICsp) was established against more sensitive breast
carcinoma cells ZR-75-1 as 90.4 uM (Figure 4D). The ICs, of doxorubicin (Doxo), used as a
positive control, was 35.7,40.0, 11.2, and 19.2 uM against 2D HEK293, SK-MEL-28, HuTu80,
and ZR-75-1, respectively (Figure 4A-D).
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Figure 4. The cytotoxic effect of compounds 1-5 on the model of 2D (A) HEK293, (B) SK-MEL-28,
(C) HuTu80, and (D) ZR-75-1 cells. Cells monolayer was treated with Doxo at concentrations of 5,
25, 50, and 100 uM or 1, 4, and 5 and the mixture of 2 and 3 at concentrations of 10, 50, and 100
uM and incubated for 24 h. Cell viability was assessed using the MTS test. Data are presented as
means =+ standard deviation, as determined in three experiments.

The investigated compounds insignificantly affect the size of the spheroids but inhibit
their viability to varying degrees (Figure 5A-C). It was determined that the mixture of 2
and 3 inhibited viability of SK-MEL-28, HuTu80, and ZR-75-1 spheroids by 16, 36, and 51%,
respectively, at 100 uM after 24 h of treatment. As in the case of 2D culture cells, ZR-75-1
spheroids were the most sensitive to the cytotoxic action of the mixture of 2 and 3. ICs( of
Doxo was 30.9 uM and 21.9 uM against HuTu80 and ZR-75-1, respectively.

It should be noted that 3D cell cultures were more resistant to the action of com-
pounds than 2D cultures, which can be explained by dynamic cellular interactions between
neighboring cells in spheroids. Moreover, the increased resistance of 3D spheroids may be
associated with limited diffusion of the tested substances into the spheroid and hypoxia of
cells within the spheroid, which leads to the activation of genes involved in cell survival
and the formation of drug resistance [30].

In summary, the results of the present study described the significant inhibiting effect
of the mixture of compounds 2 and 3 on the cell viability of human breast carcinoma
cells ZR-75-1 in 2D and 3D cell culture models and may contribute to the development of
effective chemotherapeutic methods for cancer treatment.
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Figure 5. The cytotoxic effect of compounds 1-5 on the model of 3D (A) SK-MEL-28, (B) HuTu80,
and (C) ZR-75-1 cells. Spheroids were treated with Doxo at concentrations of 5, 25, 50, and 100 uM
or 1, 4, and 5 and the mixture of 2 and 3 at concentrations of 10, 50, and 100 uM and incubated
for 24 h. Cell viability was assessed using the MTS test. Data are presented as means =+ standard
deviation, as determined in three experiments. Photographs (n = 6 for controls or cells treated with
polysaccharides or derivatives, where n = number of photographs) of each spheroid were taken with
the ZOE ™ Fluorescent Cell Imager. Spheroids were analyzed using Image] software.

3. Materials and Methods
3.1. General Procedures

Optical rotations were determined on a Perkin-Elmer 343 polarimeter (PerkinElmer,
Waltham, MA, USA). The 'H- and *C-NMR spectra were recorded on a Bruker Avance
III 700 spectrometer (Bruker BioSpin, Bremen, Germany) at 700.13 and 176.04 MHz, re-
spectively. Chemical shifts (ppm) were internally referenced to the corresponding residual
solvent signals at o1 3.30/J¢ 49.0 for CD30OD. HRESIMS mass spectra were recorded on
a Bruker Impact II Q-TOF mass spectrometer (Bruker, Bremen, Germany); the samples
were dissolved in MeOH (c 0.001 mg/mL). HPLC separations were carried out on an Agi-
lent 1100 Series chromatograph (Agilent Technologies, Santa Clara, CA, USA), equipped
with a differential refractometer; Discovery C18 (5 um, 250 x 10 mm, Supelco, Bellefonte,
PA, USA) and YMC-Pack Pro C18 (5 um, 250 x 4.6 mm, YMC CO., LTD., Kyoto, Japan)
columns were used. Low-pressure column liquid chromatography was performed us-
ing Polychrom 1 (powdered Teflon, 0.25-0.50 mm; Biolar, Olaine, Latvia) and silica gel
KSK (50-160 um, Sorbpolimer, Krasnodar, Russia). Sorbfil silica gel plates (4.5 x 6.0 cm,
5-17 um, Sorbpolimer, Krasnodar, Russia) were used for thin-layer chromatography.

3.2. Animal Material

Specimens of Pteraster marsippus Fisher, 1910 (order Velatida, family Pterasteridae)
were collected at a depth of 84-88 m using a small trawl off Urup Island in the Sea of
Okhotsk (45.5280 N, 149.4230 E) during the research vessel Akademik Oparin 51th scientific
cruise in May 2017. Species identification was carried out by Mr. B.B. Grebnev (G.B.
Elyakov Pacific Institute of Bioorganic Chemistry of the FEB RAS, Vladivostok, Russia). A
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voucher specimen [no. 051-039] is on deposit at the marine specimen collection of the G.B.
Elyakov Pacific Institute of Bioorganic Chemistry of the FEB RAS, Vladivostok, Russia.

3.3. Extraction and Isolation

Freshly collected specimens of P. marsippus were frozen and stored at —21 °C until
used. The frozen animals (2.1 kg) were cut into small pieces and extracted twice with
EtOH at room temperature (2.0 L/kg). The extract was evaporated and the residue (150 g)
was dissolved in HyO (1.0 L). The H,O-soluble fraction was passed through a Polychrom
1 column (8 x 62 cm) and eluted with distilled H,O until a negative chloride ion reaction
was obtained, followed by elution with 50% aq. EtOH. The combined aq. EtOH eluate was
evaporated to give a brownish residue (6.0 g). This fraction was chromatographed over a
Si gel column (6.5 x 15 cm) using CHCl3 /EtOH (stepwise gradient, 4:1 to 1:2, v/v), EtOH,
and EtOH/H,O (9:1, v/v) and rechromatographed over a Florisil column (7 x 15 cm) using
CHCl3/EtOH (stepwise gradient, 2:1 to 1:1, v/v) to yield eleven main fractions (1-11) that
were analyzed by TLC on Si gel plates in the eluent systems toluene/EtOH (9:5, v/v) and
n-BuOH/EtOH/H,O (4:1:2, v/v/v). Fractions 5 and 7 contained the mixtures of disulfated
steroids. HPLC separation of fraction 5 (194 mg) on a Discovery C18 column with 54% aq.
EtOH (2.0 mL/min) as an eluent system followed by the further separation on the same
column with 62% aq. MeOH (2.0 mL/min) as an eluent system yielded pure 1 (1.1 mg,
tr 18.8 min). HPLC separation of fraction 7 (297 mg) on a Discovery C18 column with
60% aq. MeOH (2.0 mL/min) as an eluent system followed by the further separation on a
YMC-Pack Pro C18 column with 60% aq. MeOH (0.6 mL/min) as an eluent system gave
the mixture of 2 and 3 (16.1 mg, tg 12.8 min), pure 4 (2.3 mg, fg 8.5 min) and 5 (1.5 mg,
tr 16.5 min).

3.4. Compound Characterization Data

(20R)-24-Methylcholesta-5,24(28)-diene-33,21-diyl disulfate disodium salt (1): Color-
less amorphous powder; [o]p?®: —14.5(c0.11, MeOH); (—)HRESIMS /2 595.2388 [M — Na]~
(caled for CogHygNaOgS,, 595.2381); (—)HRESIMS m/z 286.1253 [M — 2Na]~ (calcd for
CagHuaOgSs, 286.1244); (+)HRESIMS 11/z 641.2154 [M + Na]* (caled for CogHagNazOsSs,
641.2165); HRESIMS/MS of the [M — 2Na]?~ ion at n1/z 286.1253: 475.2898 [M — Na —
NaHSOy4]~,459.2584 [M — Na — NaHSO, — CHy]~,391.1958 [M — Na — NaHSO, — C¢H1p] ™,
136.9917 [C3H5045]~, 96.9610 [HSO4]~; TH-NMR data (see Table 1); 13C-NMR data (see
Table 2).

(20R)-7-Ox0-24-methylcholesta-5,24(28)-diene-33,21-diyl disulfate disodium salt (2);
Colorless amorphous powder; the mixture of 2 and 3 [a]p?: —28.8 (c 0.82, MeOH);
(—)HRESIMS m/z 609.2177 [M — Na]~ (caled for Co3H4,NaOgS,, 609.2173); (—)HRESIMS
m/z 293.1148 [M — 2Na]?>~ (calcd for CpgHyO9Sy, 293.1141); (+)HRESIMS m1/z
655.1943 [M + Na]* (calcd for CosHarNazOeSy, 655.1958); HRESIMS/MS of the [M — 2Na]?~
ion atm/z293.1148: 489.2682 [M — Na — NaHSO,]~, 405.1745 [M — Na — NaHSO, — C¢Hyz] -,
136.9917 [C3H5045]~, 96.9612 [HSO4]~; TH-NMR data (see Table 1); 13C-NMR data (see
Table 2).

(20R)-7-Ox0-24-methyl-5x-cholest-24(28)-ene-33,21-diyl disulfate disodium salt (3);
Colorless amorphous powder; the mixture of 2 and 3 [«]p®: —28.8 (c 0.82, MeOH);
(—=)HRESIMS m/z 611.2299 [M — Na]~ (calcd for CpgHy4NaOyS,, 611.2330); (—)HRESIMS
m/z 294. 1222 [M — 2Na]?>~ (caled for CogHusO0S,, 294.1219); (+)HRESIMS 1m1/z 657.2077
[M + NaJ* (caled for CogHg4NazOoS,, 657.2114); HRESIMS /MS of the [M — 2Na]?~ ion at
m/z 294.1222: 491.2825 [M — Na — NaHSO,]~, 407.1891 [M — Na — NaHSO, — C¢His] ™,
136.9917 [C3H5045]~, 96.9612 [HSO4]~; TH-NMR data (see Table 1); 13C-NMR data (see
Table 2).

(20R)-24-Methyl-73-hydroxy-5x-cholest-24(28)-ene-33,21-diyl disulfate disodium salt
(4); Colorless amorphous powder; [edp®: +9.6 (c 0.23, MeOH); (—)HRESIMS 1/z 613.2483
[M — Na]~ (calcd for CosHyeNaOoS,, 613.2486); (—)HRESIMS m1/z 295.1304 [M — 2Na]>~
(caled for CpgHyeO9S,, 295.1297); (+)HRESIMS m/z 659.2243 [M + Nal* (calcd for
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CagHi6Naz09S,, 659.2271); HRESIMS/MS of the [M — 2Na]?~ ion at m/z 295.1304: 493.2987
[M — Na — NaHSO4]*, 409.2047 [M — Na — NaHSO4 — C5H12], 191.0380 [C7H1104S]7,
136.9909 [C3H504S], 96.9604 [HSO,]~; "H-NMR data (see Table 1); 13C-NMR data (see
Table 2).

(20S)-Cholesta-5,24-diene-33,22-diyl disulfate disodium salt (5); Colorless amorphous
powder; [a]p?: —14.0 (c 0.15, MeOH); (—)HRESIMS m1/z 581.2216 [M — Na]~ (calcd for
Cy7H4NaOgS,, 581.2224); (—)HRESIMS m/z 279.1171 [M — 2Na]?~ (caled for CpH 085Sy,
279.1166); (+)HRESIMS m/z 627.1993 [M + Na]* (caled for CoyHypNazOgS,, 627.2009);
HRESIMS/MS of the [M — 2Na]?~ ion at n1/z 279.1171: 461.2722 [M — Na — NaHSO,] ",
409.2041 [M — Na — NaHSO,; — Cs5Hg] ™, 96.9601 [HSO4]~. 'H-NMR data (see Table 1);
13C-NMR data (see Table 2).

3.5. Solvolysis of the Mixture of 2 and 3

A solution of the mixture of 2 and 3 (5.0 mg) in 2 mL of dioxane/pyridine (1:1) was
heated at 100 °C for 4 h. The reaction mixture was evaporated under reduced pressure and
separated by HPLC on a YMC-Pack Pro C18 column with 80% aq. MeOH (0.7 mL/min)
as an eluent system to give pure desulfated derivatives 2a (0.5 mg, tg 40.6 min) and 3a
(0.4 mg, tg 39.6 min).

(20R)-7-Ox0-24-methylcholesta-5,24(28)-diene-3f3,21-diol (2a); Colorless amorphous
powder; [a]p?®: —38.0 (c 0.05, MeOH); (—)HRESIMS m1/z 427.3215 [M — H]~ (caled
for CpsHy303, 427.3218); (+)HRESIMS 1m/z 451.3175 [M + Nal* (caled for CogHuuNaOs,
451.3183); 'H- and *C-NMR data (see Table 3).

(20R)-7-Ox0-24-methyl-5«x-cholest-24(28)-ene-33,21-diol (3a); Colorless amorphous
powder; [a]p®: —5.0 (c 0.04, MeOH); (—)HRESIMS m/z 429.3376 [M — H]~ (calcd
for CysHy503, 429.3374); (+)HRESIMS m/z 453.3333 [M + Na]* (calcd for CosHysNaOs,
453.3339); 'H- and 13C-NMR data (see Table 3).

3.6. Bioactivity Assay
3.6.1. Cell Lines

American Type Culture Collection (Manassas, VA, USA) provided human epithelial
kidney cells HEK293 (ATCC® no. CRL-1573™) and melanoma cells SK-MEL-28 (ATCC®
no. HTB-72™). Human small intestine carcinoma cells HuTu80 and breast carcinoma cells
ZR-75-1 were obtained from the Shared Research Facility’s Vertebrate cell culture collection
(Saint-Petersburg, Russia).

3.6.2. Cell Culture Conditions

HEK293 and SK-MEL-28 cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM), HuTu80 cells were maintained in Minimum Essential Medium (MEM), and
ZR-75-1 cells were cultured in Roswell Park Memorial Institute Medium (RPMI-1640)
in a humidified 5% CO, incubator. The culture medium was supplemented with 10%
of fetal bovine albumin (FBS), 100 mg/mL streptomycin, and 100 U/mL penicillin. At
90% confluence, cells were rinsed with PBS, detached from the tissue culture flask by
0.25% trypsin/0.5 mM EDTA, and 10-20% of the harvested cells were transferred to a new
flask containing fresh complete appropriate medium. The passage number was carefully
controlled and the mycoplasma contamination was monitored on a regular basis.

3.6.3. Preparation of Compounds for the Determination of Cytotoxic Activity

Compounds 1, 4, and 5 and the mixture of 2 and 3 were dissolved in sterile dimethyl
sulfoxide (DMSO) to prepare stock concentrations of 20 mM. Cells were treated with serially
diluted 1-5 (10, 50, 100 M) (culture medium used as diluent) (final concentration of DMSO
was less than 0.5%).

Doxorubicin (Doxo) (Teva Pharmaceutical Industries, Ltd., Petah Tikva, Israel) was
dissolved in sterile PBS to prepare stock concentrations of 10 mM. Cells were treated with
serially diluted Doxo (5, 25, 50, 100 uM) (culture medium used as diluent).
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The vehicle control is the cells treated with the equivalent volume of DMSO (final
concentration was less than 0.5%) for all of the presented experiments.

3.6.4. Formation of 3D Spheroids by Liquid Overlay Technique (LOT)

SK-ME-28, HuTu80, and ZR-75-1 spheroids were formed by the liquid overlay tech-
nique (LOT) method with slight modifications. Briefly, to create non-adherent surfaces
for the efficient spheroids’ formation, 50 uL of preheated (60 °C) agarose (1.5%) was over-
laid the bottom of 96-well plates and left to solidify for 1 h at room temperature under
sterile conditions.

SK-MEL-28 cells (5.0 x 103), HuTu80 (3.0 x 10%), and ZR-75-1 (3.0 x 10%) were inocu-
lated in an agarose layer and cultured in 200 uL of a complete appropriate culture medium
for 96 h at 37 °C in a 5% CO,; incubator. An image of each spheroid was made with a
ZOE™ Fluorescent Cell Imager (Bio Rad, Hercules, CA, USA). Image] software bundled
with 64-bit Java 1.8.0_112 (NIH, Bethesda, MD, USA) was used to measure the spheroid
integrity, diameter, and volume.

3.6.5. Cytotoxic Activity Assay (MTS)
2D Cell Culture (Monolayer)

HEK293 (0.8 x 103/200 L), SK-MEL-28 (0.8 x 103/200 uL), HuTu80 (1.0 x 103/200 uL),
and ZR-75-1 (1.2 x 10%/200 uL) cells were seeded into 96-well plates (Jet Biofil, Guangzhou,
China) for 24 h at 37 °C in a 5% CO, incubator. Then cell monolayer was treated ei-
ther with DMSO (control), Doxo (positive control) (5, 25, 50, 100 uM) or various con-
centrations of compounds 1, 4, and 5 and the mixture of 2 and 3 (10, 50, 100 uM) in
fresh appropriate culture medium for 24 h. Subsequently, the cells were incubated with
15 pL of 3-(4,5-dimethylthiazol-2-yl1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS reagent) (Promega, Madison, WI, USA) for 3 h, and the absorbance of
each well was measured at 490/630 nm using Power Wave XS microplate reader (BioTek,
Wynusky, VT, USA). The concentration at which the compounds exert half of its maxi-
mal inhibitory effect on cell viability (ICsy) was calculated by the AAT-Bioquest® online
calculator [31].

3D Cell Culture (Spheroids)

The spheroids were treated by replacing 100 uL of supernatant with a complete
medium containing DMSO (control), Doxo (positive control) at 5, 25, 50, 100 uM or
compounds 1, 4, and 5 and the mixture of 2 and 3 at 10, 50, 100 uM for 24 h. Then,
15 uL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) reagent (Promega, Madison, WI, USA) was added to each well with
spheroids and incubated for 3 h at 37 °C in a 5% CO; incubator. The absorbance of each
well was measured at 490/630 nm using Power Wave XS microplate reader. A photo of
the 3D spheroids (40 x 200 um scale) was made with the aid of a microscope Motic AE 20
(XiangAn, Xiamen 361101, China) and the Image] software.

3.6.6. Statistical Analysis

All of the assays were performed in at least three independent experiments. Results
are expressed as the mean =+ standard deviation (SD). The Student’s t-test was used to
evaluate the data with the following significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Conclusions

Three new 33,21-disulfated steroids and one new 3(,22-disulfated steroid, along
with a previously known related compound, were isolated from the Far Eastern starfish
P. marsippus, and their chemical structures were established. Two steroids have an oxo-
group at position C-7 in steroid nucleus; moreover, one of them additionally includes the
conjugated 5,6-double bond. The A?*-22-sulfoxycholestane side chain, indicated in another
new steroid, has not been earlier found in starfish and ophiuroid steroidal compounds.
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Thus, in one more species of starfish, P. marsippus, belonging to the Pterasteridae family,
like the previously studied six species of starfish of the same family, disulfated steroids of
«the ophiuroid type» were found. It should be noted that the polyhydroxylated compounds
and asterosaponins common in starfish were absent in the P. marsippus as well as in the
previously studied species of this family. This fact once again confirms the assumption
about a closer phylogenetic relationship between Asteroidea and Ophiuroidea classes
compared to other classes of Echinodermata. The mixture of two steroids, having an oxo-
group at position C-7 in steroid nucleus, was found to possess the highest cytotoxic activity
against 2D and 3D human breast carcinoma cells ZR-75-1 among other investigated by us
compounds and can be a candidate for further examination of the molecular mechanism of
its anticancer action.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/md20030164/s1, Copies HRESIMS (Figures S1, S14-5S18, S31 and S38), 1H-NMR (Figures S2,
S8, S19, 525, 532, and S39), 13C-NMR (Figures S3, S9, S20, S26, S33, and S40), COSY (Figures S4, S10,
521, S27, 534, and S41), HSQC (Figures S5, S11, S22, 528, 520, S35, and S42), HMBC (Figures S6, S12,
523, 529, S36, and 543), and ROESY (Figures S7, S13, 524, S30, S37, and 544) spectra of compounds 1,
the mixture of 2 and 3, 2a, 3a, 4, and 5, respectively. COSY, key HMBC, and key ROESY correlations
of compounds 2a and 3a (Figure S18).
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Abstract: Four new triterpene disulfated glycosides, chitonoidosides E; (1), F (2), G (3), and H (4),
were isolated from the Far-Eastern sea cucumber Psolus chitonoides and collected near Bering Island
(Commander Islands) at depths of 100-150 m. Among them there are two hexaosides (1 and
3), differing from each other by the terminal (sixth) sugar residue, one pentaoside (4) and one
tetraoside (2), characterized by a glycoside architecture of oligosaccharide chains with shortened
bottom semi-chains, which is uncommon for sea cucumbers. Some additional distinctive structural
features inherent in 1-4 were also found: the aglycone of a recently discovered new type, with
18(20)-ether bond and lacking a lactone in chitonoidoside G (3), glycoside 3-O-methylxylose residue
in chitonoidoside E; (1), which is rarely detected in sea cucumbers, and sulfated by uncommon
position 4 terminal 3-O-methylglucose in chitonoidosides F (2) and H (4). The hemolytic activities
of compounds 1-4 and chitonoidoside E against human erythrocytes and their cytotoxic action
against the human cancer cell lines, adenocarcinoma HeLa, colorectal adenocarcinoma DLD-1, and
monocytes THP-1, were studied. The glycoside with hexasaccharide chains (1, 3 and chitonoidoside
E) were the most active against erythrocytes. A similar tendency was observed for the cytotoxicity
against adenocarcinoma HeLa cells, but the demonstrated effects were moderate. The monocyte
THP-1 cell line and erythrocytes were comparably sensitive to the action of the glycosides, but the
activity of chitonoidosides E and E; (1) significantly differed from that of 3 in relation to THP-1
cells. A tetraoside with a shortened bottom semi-chain, chitonoidoside F (2), displayed the weakest
membranolytic effect in the series.

Keywords: Psolus chitonoides; triterpene glycosides; chitonoidosides; sea cucumber; cytotoxic activity

1. Introduction

Triterpene glycosides are characteristic secondary metabolites of the sea cucumbers.
Extensive studies on glycosides provide significant information on the exploration of
chemical diversity, properties and biological activity of a huge collection of natural products,
which are a valuable and promising resource of new drugs and medicines [1-8]. The interest
in these compounds is also driven by their taxonomic specificity [9-11] as well as the
possibility of reconstructing the sequences of the biosynthetic transformations of aglycones
and carbohydrate chains during biosynthesis [12,13] and of defining the peculiarities of
«structure-activity relationships» based on knowledge about their structural diversity [14].
All this indicates the relevance of searching for new glycosides. The Far Eastern sea
cucumber Psolus chitonoides is the fourth chemically studied representative of the genus
Psolus. The animals of this species contain a complicated multicomponent mixture of
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triterpene glycosides. Therefore, their separation and purification are difficult and time-
consuming. Recently, we published a paper concerning the isolation, structural elucidation,
and biologic activity of a series of the glycosides, named chitonoidosides A-E, isolated
from P. chitonoides [15]. These compounds feature some interesting structural features, such
as a new, non-holostane aglycone lacking a lactone and featuring an 18(20)-epoxy cycle,
3-O-methylxylose residue in the carbohydrate chains of three of them, the sulfation of 3-O-
methylxylose by C-4, and, finally, a rather rare architecture of tetrasaccharide carbohydrate
chain branched by C-4 Xyll. As a continuation of our research on the glycosides from this
species, four new chitonoidosides, E; (1), F (2), G (3), and H (4), are reported. The chemical
structures of 1-4 were established through the analyses of the 1H, I5C NMR, 1D TOCSY,
and 2D NMR (IH, 'H-COSY, HMBC, HSQC, and ROESY) spectra as well as HR-ESI mass
spectra. All the original spectra are presented in Figures S1-S33 in the Supplementary Data
section. The hemolytic activity against human erythrocytes and cytotoxic activities against
human adenocarcinoma HeLa, colorectal adenocarcinoma DLD-1, and monocyte THP-1
cells were examined.

2. Results and Discussion
2.1. Structural Elucidation of the Glycosides

The concentrated ethanolic extract of the sea cucumber Psolus chitonoides was sub-
mitted to hydrophobic chromatography on a Polychrom-1 column (powdered Teflon,
Biolar, Latvia). The glycosides were eluted after washing with water as a mobile phase to
eliminate salts and inorganic impurities with 50% EtOH. The obtained glycoside fraction
was separated by the chromatography on Si gel columns with the stepped gradient of
eluents CHCI3/EtOH/H20 (100:75:10), (100:100:17), and (100:125:25) to give the fractions
(I-IV). The individual compounds 1-4 (Figure 1) were isolated by HPLC of the fractions
III and IV on a silica-based column, Supelcosil LC-Si (4.6 x 150 mm) and reversed-phase
semipreparative column Supelco Ascentis RP-Amide (10 x 250 mm).

OH,

1
Ho o | /m/ # 2.R=0;R=R;=SO;Na; Ry = CH,0H
Ho%m
o
oH } HO 44R 0; Ry = R, = SO;Na; Ry = CH,OH

|
|
[

Figure 1. Chemical structures of glycosides isolated from Psolus chitonoides: 1—chitonoidoside E;; 2—chitonoidoside F;
3——chitonoidoside G; 4—chitonoidoside H.

The configurations of the monosaccharide residues in glycosides 1-4 were assigned as
D based on their biogenetic analogies with all other known sea cucumber triterpene glycosides.

It was found that chitonoidosides E; (1), F (2) and H (4) are characterized by holo-
toxinogenin as aglycone, which was first found in Apostichopus japonicus and is broadly
distributed in sea cucumber glycosides [16]. This was deduced from the analyses of their
1H and 13C NMR spectra (Tables S1-S3, Figures S1-56, 59-514 and 525-S31), which coin-
cided with each other as well as with those of the aglycones of chitonoidosides A, C, and
D isolated earlier from the same species—P. chitonoides [9].
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The molecular formula of chitonoidoside E; (1) was determined to be Cg5H1090O36S2Nay
from the [Mpn,—Na] ™~ ion peak at m/z 1543.5315 (calc. 1543.5339) and [Maona—2Nal?~ at
m/z 760.2734 (calc. 760.2723) in the (—)HR-ESI-MS (Figure S8). The 'H and *C NMR
spectra of the carbohydrate chain of chitonoidoside E; (1) (Table 1, Figures S1-S7) were
coincident with those for chitonoidoside E, isolated recently [15] and demonstrated six
characteristic doublets of anomeric protons at 5y 4.67-5.11 (J = 7.1-8.0 Hz) and six signals
of anomeric carbons at §c 102.3-105.2. The analysis of the 1H,'H-COSY, 1D TOCSY, HSQC
and ROESY spectra of 1 resulted in the assignment of the signals of two xylose residues,
one quinovose, one glucose and 3-O-methylglucose, as well as 3-O-methylxylose residues.
The positions of the sulfate groups were determined based on the deshielding, due to
a-shifting effect, of the sulfate group’s doubled signal at 5c 67.1, which is characteristic of
glucopyranose units sulfated by C-6 (C-6 signals of non-sulfated glucopyranose residues
are usually observed at ~5¢ 61.2). The signals of C-5 MeGlc4 and C-5 Glc5 were shielded
due to the B-effect of the sulfate groups to d¢c 75.3 and 75.5, respectively. These data indicate
the presence of a hexasaccharide chain with two sulfate groups attached to C-6 MeGlc4
and to C-6 Glc5, and 3-O-methylxylose residue as the sixth sugar unit in chitonoidoside
E; (1). The sequence of monosaccharides and the positions of the glycosidic bonds were
confirmed by the correlations H-1 Xyl1/H-3 (C-3) of the aglycone, H-1 Qui2/H-2 (C-2)
Xyll, H-1 Xy13/H-4 (C-4) Qui2, H-1 MeGlc4/H-3 (C-3) Xyl3, H-1 Glc5/H-4 (C-4) Xyl1, and
H-1 MeXyl6/H-3 (C-3) Glc5 in the ROESY and HMBC spectra of 1, respectively (Table 1,
Figures S5-57).

Table 1. '*C and "H NMR chemical shifts, HMBC and ROESY correlations of carbohydrate moiety of chitonoidoside E; (1).

Atom 5c Mult. ¢ S Mult. (J in Hz) 4 HMBC ROESY
Xyll (1—C-3)
1 104.8 CH 4.67d (7.1) C:3 H-3; H-3, 5 Xyl1
2 82.2 CH 3.96 m C:1Qui2 H-1 Qui2
3 75.1 CH 416 m H-1, 5 Xyl1
4 77.9 CH 416m H-1 Glc5
5 63.5 CH, 438dd (4.3;12.2) C:3Xyll
3.64m H-1 Xyll
Qui2 (1-2Xyl1)
1 104.6 CH 5.03d (8.0) C:2 Xyl H-2 Xyl1; H-3, 5 Qui2
2 75.7 CH 3.87 (8.0) C: 1,3 Qui2
3 74.8 CH 3.98 (9.3) C:2Qui2 H-1 Qui2
4 85.6 CH 3491t (9.3) C: 1 Xyl3; 3,5 Qui2 H-1 Xyl3
5 714 CH 3.67 dd (6.2;9.3) H-1 Qui2
6 17.8 CH; 1.61d (6.2) C: 4,5 Qui2 H-4 Qui2
Xyl3 (1-+4Qui2)
104.5 CH 475d (7.7) C: 4 Qui2 H-4 Qui2; H-3, 5 Xyl3
2 732 CH 3.84t(8.5) C:1Xyl3
3 87.1CH 404t (8.5) C: 1 MeGle4; 2, 4 Xyl3 H-1 MeGlc4
4 68.7 CH 390 m
5 65.7 CH, 413 dd (4.3;11.1) C:4 Xyl3
3.60 t (11.1) C: 1,3 Xyl3 H-1 Xyl3
MeGlc4 (1-3Xyl3)
) H-3 Xyl3; H-3, 5
1 104.4 CH 5.11d (7.9) C:3 Xyl3 MeGloa
2 743 CH 3.80 t (7.9) C: 1 MeGlc4
3 86.4 CH 3.64(9.1) C: 2, 4 MeGlc4, OMe H-1, 5 MeGlc4
4 69.7 CH 3.96 t (9.1)
5 75.3 CH 4.03m H-1, 3 MeGlc4
6 67.1 CH, 497 dd (3.0;11.5) C: 5 MeGlc4
4.71dd (6.1; 11.5) C: 5 MeGlc4
OMe 60.5 CHjy 3.76s C: 3 MeGlc4
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Table 1. Cont.

Atom 8¢ Mult. 7 8y Mult. (J in Hz) 4 HMBC ROESY
Glc5 (1—4Xyll)
1 102.3CH 4.90d (7.9) C: 4 Xyll H-4 Xyl1; H-3, 5 Glc5
2 73.2CH 3.84t(9.1) C:1,3GlIc5
3 86.0 CH 4.07t(9.1) C: 1 MeXyl6; 2 Glc5 H-1 MeXyl6; H-1 Glc5
4 68.9 CH 3.88t(9.1)
5 75.5 CH 4.05m H-1 Glc5
6 67.1 CHp 4.97dd (1.9; 11.5) C:4,5GIc5
4.70dd (5.5; 11.5)
MeXyl6 (1—3Glc5)
1 105.2 CH 5.07d (7.9) C:3Glc5 H-3 Glc5; H-3,5 MeXyl6
2 742 CH 3.79t(8.5) C: 1 MeXyl6
3 86.6 CH 3.57t(9.1) C:2,4 MeXyl6; OMe H-1 MeXyl6; OMe
4 69.9 CH 3.98t(9.1) C: 3, 5 MeXyl6
5 66.4 CH; 4.14dd (5.5; 12.1) C:1, 3,4 MeXyl6
3.61t(11.5) H-1 MeXyl6
OMe 60.5 CH3 3.79s C: 3 MeXyl6 H-3 MeXyl6

? Recorded at 125.67 MHz in CsDsN/D,0 (4/1). ? Bold = interglycosidic positions. ¢ Ttalic = sulfate position. ¢ Recorded at 500.12 MHz in
C5D5N/D50O (4/1). Multiplicity by 1D TOCSY. The original spectra of 1 are provided in Figures S1-57.

The (—)ESI-MS/MS of 1 (Figure S8) demonstrated the fragmentation of [Man,—Na]~
ion at m/z 1543.5 with the ion-peaks observed at m/z 1423.6 [Man,—Na—NaHSO4]~, 1266.5
[Mona—Na—MeGleOSO3Na+H] ~, 1133.5 [Man,—Na—MeGlcOSO3Na—Xyl+H] ~, 987.4 [Mona—
Na—MeGlcOSO;Na—Xyl—Qui+H] ~, 8414 [Mon,—Na—MeGlcOSO;Na—Xyl——Qui—MeXyl+2H] ~,
665.1 [Mjna—Na-Agl-MeXyl—GlcOSO3Na+H]~, 533.1 [Myna—Na-Agl—MeXyl—
GlcOSO3Na—Xyl+H] ~, 387.0 [Mana—Na-Agl—MeXyl—GlcOSO3Na—Xyl—Qui+H] ~, 255.0
[Mana—Na-Agl—MeXyl—GlcOSO3Na—Xyl—Qui—Xyl+H] . All these ion peaks corrobo-
rated the sequence of monosaccharides and the aglycone structure of 1.

Therefore, chitonoidosides E [15] and E; (1) share the identical oligosaccharide moiety
(they belong to the same group of glycosides) and differ from each other through the
presence/absence of a carbonyl group at C-18 in the aglycones (the difference of their exact
masses by 14 amu in (—) HR-ESI-MS confirmed this). These data indicate that chitonoi-
doside E; (1) is 38-O-{6-O-sodium sulfate-3-O-methyl-B-D-glucopyranosyl-(1—3)-B-D-
xylopyranosyl-(1—4)-p-D-quinovopyranosyl-(1—2)-[3-O-methyl-B-D-xylopyranosyl-(1—3)-
6-O-sodium sulfate-B-D-glucopyranosyl-(1—4)]-B-D-xylopyranosyl}-16-oxo-holosta-9(11),
25(26)-diene.

The molecular formula of chitonoidoside F (2) was determined to be C54H820285,Na,
from the [Myn,—Na] ™~ ion peak at m/z 1265.4337 (calc. 1265.4337) and [Mana—2Na]?~ ion
peak at m/z 621.2244 (calc. 621.2269) in the (—)HR-ESI-MS (Figure S16). The 1TH NMR
spectrum of the carbohydrate part of chitonoidoside F (2) exhibited four characteristic
doublets at by 4.67-5.18 (J = 7.6-8.1 Hz), correlated by the HSQC spectrum with corre-
sponding anomeric carbon signals at ¢ 102.2-104.9. These signals were indicative of a
tetrasaccharide chain with B-configurations of glycosidic bonds (Table 2, Figures S9-515).

An isolated spin system from each monosaccharide residue was analyzed using
the 'H,'H-COSY and 1D TOCSY spectra. Further analysis of the HSQC, ROESY and
HMBC spectra resulted in the assignment of all monosaccharide NMR signals. Using this
algorithm, the monosaccharides composing the carbohydrate moiety of chitonoidoside F (2)
were found to be xylose (Xyl1), quinovose (Qui2), glucose (Glc3), and 3-O-methylglucose
(MeGlc4). The monosaccharide compositions of the other glycosides, reported herein, were
established in the same manner.
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Table 2. *C and "H NMR chemical shifts, HMBC and ROESY correlations of carbohydrate moiety of chitonoidoside F (2).

Atom 8¢ Mult. 7€ &y Mult. (J in Hz) ¢ HMBC ROESY
Xyll (1—-C-3)
104.8 CH 4.67d (7.6) C:3 H-3; H-3, 5 Xyll

2 82.1CH 3.98t(8.3) C: 1 Qui2; 3 Xyll H-1 Qui2
3 75.1 CH 417t (8.3) C:4 Xyll
4 78.0 CH 416 m H-1 Xyl1; H-1 Glc3
5 63.5 CH, 4.38d (10.2)

3.63m H-1,3 Xyll

Qui2 (1—-2Xyll)
1 104.9 CH 5.06d (8.1) C:2 Xyll H-2 Xyl1; H-3, 5 Qui2
2 76.2 CH 3.88t(9.1) C: 1 Qui2 H-4 Qui2
3 76.8 CH 4.06t(9.1) C: 2,4 Qui2 H-1, 5 Qui2
4 76.2 CH 3.58t(9.1) C: 3,5 Qui2 H-2 Qui2
5 72.8 CH 3.70dd (6.3;9.9) C: 4 Qui2 H-1, 3 Qui2
6 18.2 CHj 1.53d (6.3) C: 4,5 Qui2
Gle3 (1—4Xyll)

1 102.2 CH 4.90d (8.0) C:4 Xyll H-4 Xyl1; H-3, 5 Glc3
2 73.3CH 3.83t(9.2) C:1Glc3
3 86.0 CH 4.17t(9.2) C: 2,4 Glc3; 1 MeGlc4 H-1 MeGlc4; H-1 Glc3
4 68.9 CH 3.87t(9.2) C:5Glc3
5 75.1 CH 4.04m H-1Glc3
6 67.2 CH, 494 d (10.3)

4.68 m

MeGlc4 (1—3Glc3)
H-3 Gle3; H-3, 5
1 104.3CH 5.18d (8.0) C:3Glc3 MeGled
2 74.0 CH 3.86t(8.7) C: 1,3 MeGlc4 H-4 MeGlc4
3 85.3 CH 3.71t(8.7) C: 4,5 MeGlc4, OMe H-1, 5 MeGlc4; Ome
4 76.3 CH 4.88t(9.6) C: 3,5 MeGlc4 H-2 MeGlc4
5 76.4 CH 3.86t(8.7) H-1 MeGlc4
6 61.2 CH, 451d(11.4)
4.33dd (4.4;11.4)
OMe 60.7 CHj 393s C: 3 MeGlc4

@ Recorded at 125.67 MHz in CsDsN/D,0 (4/1). ! Bold = interglycosidic positions. © Italic = sulfate position. 4 Recorded at 500.12 MHz in
C5Ds5N/D,0 (4/1). Multiplicity by 1D TOCSY. The original spectra of 2 are provided in Figures S9-515.

The signal of C-6 Glc3 in the '3C NMR spectrum of 2 was deshielded to 5c 67.2, which
is characteristic of sulfation at this position. The signal of C-6 MeGlc4 was observed at
d¢ 61.2, indicating the absence of a sulfate group at this position, although the MS data
indicated the presence of two sulfate groups in 2. The signal of C-4 MeGlc4 was deshielded
to 8¢ 76.3 when compared to the same signal of terminal 3-O-methylglucose residues
of the glycosides lacking a sulfate group (6c ~70.0) [12]. Moreover, the signals of C-3
and C-5 MeGlc4 in the spectrum of 2 were shielded to d¢ 85.3 and 76.4, respectively, due
to the B-shifting effect of a sulfate group. Therefore, the 3-O-methylglucose residue in
the sugar part of 2 was sulfated by C-4. This structural feature was only found once in
previous research—in the glycosides of Colochirus quadrangularis [17]. The observation of
3-O-methylxylose residue sulfated by C-4 in the glycosides of P. chitonoides [15] clearly
demonstrates the presence of a specific sulfatase capable of attaching a sulfate group to C-4
of monosaccharides in pyranose form.

The positions of glycosidic linkages, established by the ROESY and HMBC spec-
tra of 2 revealed the uncommon architecture of the sugar chain with disaccharide frag-
ment 4-O-sodium sulfate-3-O-methyl-B-D-glucopyranosyl-(1—3)-6-O-sodium sulfate-S-D-
glucopyranosyl-(1—4) attached to the first (Xyl1) residue, while quinovose was a terminal
unit in the reduced bottom semi-chain (Table 2). Two tetraosides whose carbohydrate part
featured the same architecture were found only in the sea cucumber Thyonidium kurilensis [18].
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The (—)ESI-MS/MS of 2 (Figure 516) demonstrated the fragmentation of [Myn,—Na]
ion at m/z 1265.4 resulting in the ion-peaks appearance at m/z 1146.5 [Mana—Na—NaSOy] ~,
987.4 [Mana—Na—MeGlcOSO3Na+H] ~, 841.4, [Myn.—Na—MeGlcOSO3Na—Qui)+H] ~, cor-
roborating the notion that sulfated 3-O-methylglucose and quinovose are terminal monosac-
charides. All these data indicate that chitonoidoside F (2) is 33-O-{B-D-quinovopyranosyl-
(1—-2)-(4-O-sodium sulfate-3-O-methyl-B-D-glucopyranosyl-(1—3)-6-O-sodium sulfate-f-
D-glucopyranosyl-(1—4))-B-D-xylopyranosyl}-16-oxo-holosta-9(11),25(26)-diene.

The molecular formula of chitonoidoside G (3) was determined to be CgsH1040365,Nay
from the [Myn,—Na] ™~ ion peak at m/z 1559.5646 (calc. 1559.5652) and [Mana—2Na]?~ ion
peak at m/z 768.2895 (calc. 768.2880) in the (—)HR-ESI-MS (Figure S24).

Based on the absence of the signals of 18(20)-lactone at 5c ~178 (C-18) and ~83 (C-20)
in the 13C NMR spectrum of 3, the aglycone with 18(20)-ether bond instead of the lactone
was supposed to be present. The NMR spectra of the aglycone part of chitonoidosides G (3)
and A [15], where this aglycone was first found, were almost coincident with each other

(Table 3, Figures S17-522).

Table 3. 13C and "H NMR chemical shifts, HMBC and ROESY correlations of the aglycone moiety of chitonoidoside G (3).

Position §c Mult. @ 5y Mult. (J in Hz) ¥ HMBC ROESY

1 35.9 CH, 1.60 m H-11

1.28 m
2 26.7 CH, 2.08 m

1.83 m H-19, H-30
3 88.7 CH 3.12dd (4.2; 11.8) C:1 Xyll H-5, H-31, H1-Xyl1
4 39.6C
5 52.7 CH 0.75 brd (12.0) C:10,19 H-3, H-31
6 20.9 CH, 1.57 m H-31

1.35m H-19, H-30
7 28.7 CH, 1.57 m

1.17m
8 40.9 CH 2.31m H-18, H-19
9 1509 C
10 395C
11 114.7 CH 530 m H-1
12 33.8 CH, 2.38 m H-32

2.25m H-21
13 56.3C
14 40.3C
15 50.5 CH, 2.47d (15.9) C:14, 16,32 H-18

2.19d (15.9) C:13,16 H-32
16 218.1C
17 63.8 CH 2.35s C:12,13, 16,18, 20, 21 H-12, H-21, H-22, H-32
18 73.8 CH, 4.02m
3.65d (9.1) C:12,20

19 22.2 CHj 0.97s C:1,5,9,10 H-1, H-2, H-6, H-8, H-18
20 86.6 C
21 26.1 CHjs 1.32s C:17,20,22 H-12, H-17, H-18, H-22
22 37.8 CH, 1.70 m

1.57 m H-21, H-24
23 22.7 CH, 1.69 m

1.56 m
24 38.2 CH, 1.95m C:23 H-21
25 146.0 C
26 110.2 CH, 4.72 brs C: 24,27

4.71 brs C: 24,27
27 22.2 CHj 1.65s C:24,25,26 H-24
30 16.5 CHj3 097 s C:3,4,5,31 H-31
31 27.9 CHs 1.13s C:3,4,5,30 H-1, H-3, H-5, H-30
32 21.4 CHjs 0.78 s C:13,14,15 H-15, H-17

@ Recorded at 125.67 MHz in CsDsN/D,O (4/1). ? Recorded at 500.12 MHz in CsDsN/D,O (4/1). The original spectra of 3 are provided in

Figures 517-523.

The 'H and 3C NMR spectra of the carbohydrate chain of chitonoidoside G (3)

(Table 4, Figures S17-523) demonstrated six signals of anomeric protons at oy 4.66-5.18
(d, ] = 6.9-7.9 Hz), corresponding to the signals of the anomeric carbons at §c 102.2-104.8.
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These signals indicated the presence of a hexasaccharide moiety with S-glycosidic bonds.
The monosaccharide composition of 3 was determined as two xyloses (Xyll and Xyl3),
quinovose (Qui2), glucose (GIc5), and two 3-O-methylglucoses (MeGlc4 and MeGlc6). The
doubled signal at 8¢ 67.1 indicated the presence of two sulfate groups. Using the 1H,1H-
COSY and 1D TOCSY spectra their positions were deduced as C-6 MeGlc4 and C-6 Glc5.
The comparison of the '3C NMR spectra of the carbohydrate parts of the chitonoidosides
G (3) and E; (1) demonstrated the closeness of the signals of the monosaccharide units from
first to fifth. The signals of the terminal sixth monosaccharide residue in 3 were assigned
as 3-O-methylglucose instead of 3-O-methylxylose in 1. The sequence of monosaccharides
and the positions of the glycosidic bonds were confirmed by the correlations in the ROESY
and HMBC spectra of 3 (Table 4, Figures 517-523). Therefore, chitonoidoside G (3) is the
first compound in the combinatorial library of the glycosides from P. chitonoides to feature

non-sulfated 3-O-methylglucose as terminal residue in the upper semi-chain.

Table 4. 3C and "H NMR chemical shifts, HMBC and ROESY correlations of carbohydrate moiety of chitonoidoside G (3).

Atom 8¢ Mult. ©¢ &y Mult. (J in Hz) ¢ HMBC ROESY
Xyll (1—=C-3)
104.8 CH 4.66 d (6.9) C:3 H-3; H-3, 5 Xyl1
2 82.1 CH 3.97 t (8.8) C:1Qui2; 1, 3 Xyll H-1 Qui2
3 75.1 CH 416t (8.8) C: 4 Xyll
4 77.8 CH 416 m
5 63.5 CH, 4.37 dd (4.1, 11.8)
3.62m H-1 Xyl1
Qui2 (1—-2Xyll)
1 104.5 CH 5.04d(7.3) C:2 Xyll H-2 Xyl1; H-3, 5 Qui2
2 75.7 CH 3.87 t(9.0) C: 1,3 Qui2 H-4 Qui2
3 74.8 CH 3.98 t(9.0) C: 2,4 Qui2 H-5 Qui2
4 85.6 CH 3.49t(9.0) C:1Xyl3; 3,5 Qui2 H-1 Xyl3; H-2 Qui2
5 714 CH 3.68 dd (6.2;9.0) H-1 Qui2
6 17.8 CHj3 1.62d (6.2) C: 4,5 Qui2 H-4, 5 Qui2
Xyl3 (1—+4Qui2)
1 104.4 CH 4.75d(7.7) C: 4 Qui2 H-4 Qui2; H-3, 5 Xyl3
2 73.2CH 3.84t(8.3) C:1,3Xyl3
3 87.0 CH 4.04t(8.3) C:1MeGlc4; 2, 4 Xyl3 H-1 MeGlc4; H-1 Xyl3
4 68.8 CH 3.89 m C:5Xyl3
5 65.7 CH, 412dd (5.3, 11.2)
3.59d (11.2) C:1Xyl3 H-1 Xyl3
MeGlc4 (1—3Xyl3)
. H-3 Xyl3; H-3, 5
1 104.6 CH 5.12d(7.9) C:3Xyl3 MeGled
2 74.3 CH 3.80t (8.5) C: 1 MeGlc4
3 86.4 CH 3.64t(8.5) C: 4 MeGlc4, OMe H-1 MeGlc4; OMe
4 69.9 CH 3.96 t (8.5) C: 3,5, 6 MeGlc4 H-2, 6 MeGlc4
5 75.5 CH 4.03m H-1, 3 MeGlc4
6 67.1 CHp 4.97d (10.7)
4.71dd (5.6; 11.3) C: 5 MeGlc4
OMe 60.5 CHj 3.76s C: 3 MeGlc4
GIc5 (1—4Xyll)
1 102.2CH 4.88d(7.9) C:4 Xyll H-4 Xyl1; H-3, 5 Glc5
2 73.2CH 3.84t(9.0) C:1,3GIc5
3 86.0 CH 4.16 t(9.0) C: 1 MeGlc6; 2 Glc5 H-1 MeGlc6; H-1 Glc5
4 69.0 CH 3.89t(9.0) C:3GIc5
5 75.5 CH 4.02m H-1 Glc5
6 67.1 CH, 4.93d (10.7)

4,68 dd (6.2;11.3)
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Table 4. Cont.

Atom 5¢ Mult. ¢ Sy Mult. (J in Hz) ¢ HMBC ROESY
MeGlc6 (1—+3GlIc5)
H-3 Glc5; H-3, 5
1 104.4 CH 5.18d (7.5) C:3Glc5 MeClot
2 74.5 CH 3.84t(8.8) C: 1 MeGlc6
3 86.8 CH 3.66 t (8.8) C: 2,4 MeGlc6, OMe H-1 MeGlc6
4 70.3 CH 3.89m C: 5 MeGlc6 H-6 MeGlc6
5 77.5 CH 3.89 m H-1 MeGlc6
6 61.7 CH, 4.34dd (2.2;11.7)
4.05dd (5.1, 11.7) C: 4 MeGlc6
OMe 60.6 CHj 3.80s C: 3 MeGlc6

 Recorded at 125.67 MHz in CsDsN/D,0 (4/1). ? Bold = interglycosidic positions. ¢ Italic = sulfate position. 4 Recorded at 500.12 MHz in
C5DsN /DO (4/1). Multiplicity by 1D TOCSY. The original spectra of 1 are provided in Figures S17-523.

The (—)ESI-MS/MS of 3 (Figure 524) demonstrated the fragmentation of [Myn,—Na]
ion at m/z 1559.6 leading to the ion-peaks appearance at m/z 1439.6 [Man,—Na—NaHSO4] ™,
1383.6 [Mana—Na—MeGle+H] ~, 1281.6 [Mana —Na—MeGlcOSO3Na+H] ™, 1149.5 [Mona—
Na—MeGlcOSO3Na—Xyl+H] ™, 1003.5 [Mon,—Na—MeGlcOSO3Na—Xyl—Qui+H] ~, 533.1
[Mana—Na-Agl—MeGle—MeGlcOSOsNa—Xyl+H] ~, 387.0 [Myn,—Na-Agl—MeGlc—
MeGlcOSO3Na—Xyl—Qui+H]~, 255.0 [Myn,—Na-Agl—MeGlc—MeGlcOSO3Na—Xyl—
Qui—Xyl+H] ™, confirming the sequence of monosaccharides and the aglycone structure
of 3.

These data indicate that chitonoidoside G (3) is 33-O-{6-O-sodium sulfate-3-O-methyl-
B-D-glucopyranosyl-(1—3)-B-D-xylopyranosyl-(1—4)-B-D-quinovopyranosyl-(1—2)-[3-O-
methyl-B-D-glucopyranosyl-(1—3)-6-O-sodium sulfate-B-D-glucopyranosyl-(1—4)]-3-D-
xylopyranosyl}-16-ox0-18(20)-epoxylanosta-9(11),25(26)-diene.

The molecular formula of chitonoidoside H (4) was determined to be Cs9HgyO3,S,Nay
from the [Mpn,—Na] ™~ ion peak at m/z 1397.4749 (calc. 1397.4760) and [Mana—2Na]?~ ion
peak at m/z 687.2442 (calc. 687.2434) in the (—)HR-ESI-MS (Figure S33).

The 'H and '®C NMR spectra of the carbohydrate chain of chitonoidoside H (4)
(Table 5, Figures S25-532) demonstrated five signals of anomeric protons at 5y 4.66-5.18
(d, ] = 6.9-8.1 Hz), corresponding to the signals of the anomeric carbons at ¢ 102.3-104.8,
which indicated the presence of a pentasaccharide oligosaccharide chain with -glycosidic
bonds between the monosaccharides. The analysis of the 1H,1H-COSY, 1D, and 2D TOCSY
and HSQC spectra resulted in the assignment of the signals of two xyloses (Xyl1 and Xyl3),
quinovose (Qui2), glucose (Glc4), and 3-O-methylglucose (MeGlc5). One sulfate group in
chitonoidoside H (4) was attached to C-6 Glc4 (in the upper semi-chain), which is a typical
position for chitonoidosides that feature a branch point in the sugar chain at C-4 Xyl1, with
the exception of chitonoidoside B [15], containing one sulfate group. The position of the
second sulfate group was determined as C-4 MeGlc5, based on the deshielding of the signal
of C-4 MeGlIc5 to 8¢ 76.2 (x-shifting effect of sulfate group) and the shielding of the signals
C-3 and C-5 MeGlIc5 to d¢c 85.2 and 76.4 (B-shifting effect of sulfate group), respectively,
compared to the signals in the chitonoidoside G (3). The sequence of the monosaccharides
and the positions of the glycosidic bonds deduced by the ROESY and HMBC spectra of 4
displayed the bottom semi-chain, composed of two monosaccharide units, and the upper
semi-chain, composed of three monosaccharide units, forming a chain with an uncommon
architecture (Table 5, Figures 525-532).
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Table 5. '>C and "H NMR chemical shifts, HMBC and ROESY correlations of carbohydrate moiety of chitonoidoside H (4).

Atom 8¢ Mult. ¢ 81 Mult. (J in Hz) HMBC ROESY
Xyll (1—-C-3)
104.6 CH 4.66 d (6.9) C:3 H-3; H-3, 5 Xyl1
2 81.9 CH 397 m C:1Qui2; 1 Xyl1 H-1 Qui2
3 75.1 CH 416 m C: 4 Xyll H-1 Xyl1l
4 78.0 CH 415m H-1Glc4
5 63.5 CH, 4.38 m C:3 Xyll
3.62m H-1 Xyl1
Qui2 (1-2Xyl1)
1 104.4 CH 5.07 d (6.9) C:2 Xyll H-2 Xyl1; H-5 Qui2
2 75.7 CH 3.87t(9.2) C: 1,3 Qui2 H-4 Qui2
3 74.8 CH 4.00t(9.2) C: 2,4 Qui2 H-1 Qui2
4 85.6 CH 3.47t(9.2) C:1Xyl3; 3,5 Qui2 H-1 Xyl3; H-2 Qui2
5 714 CH 3.70dd (6.2;9.2) H-1, 3 Qui2
6 17.8 CHj, 1.61d (6.2) C:4,5Qui2 H-4, 5 Qui2
Xyl3 (1-4Qui2)
1 104.8 CH 4.70 d (6.6) C:4 Qui2 H-4 Qui2; H-3, 5 Xyl3
2 73.3 CH 3.82t(84) C: 1,3 Xyl3
3 77.2 CH 4.05t(8.4) C:2,4Xyl3
4 70.1 CH 4.03 m C:3 Xyl3
5 66.5 CH, 4.14brd (11.2) C:3Xyl3
3.59t(11.2) C:1,3,4 Xyl3 H-1 Xyl3
Glc4 (1—4Xyll)
1 102.3 CH 4.89d (8.1) C: 4 Xyll H-4 Xyl1; H-3, 5 Glc4
2 74.0 CH 3.82t(9.1) C:1Glc4
3 86.0 CH 416 t(9.1) C: 1 MeGlc5 H-1 MeGlc5; H-1 Glc4
4 69.0 CH 3.86t(9.1) C:3Glc4
5 75.2 CH 4.03 m H-1 Glc4
6 67.2 CH, 4.96d (12.2)
4.69 m
MeGlc5 (1—3Glc4)
H-3 Glc4; H-3,5
1 104.3 CH 5.18d (8.1) C:3Glc4 MeCIc5
2 74.1 CH 3.86t(9.1) C: 1 MeGlc5 H-4 MeGlc5
3 852 CH 3.71t(9.1) C: 4 MeGlc5; OMe H-1 MeGlc5
4 76.2 CH 4.88t(9.1) C: 3, 5 MeGlc5 H-6 MeGlc5
5 76.4 CH 3.84t(9.1)
6 61.7 CH, 450d (12.2)
4.33dd (6.2;12.2)
OMe 60.7 CHj3 393s C: 3 MeGlc5

@ Recorded at 125.67 MHz in CsDsN/D,O (4/1). ! Bold = interglycosidic positions. © Italic = sulfate position. 4 Recorded at 500.12 MHz in

C5DsN/D,0 (4/1). Multiplicity by 'H, and 1D TOCSY. The original spectra of 1 are provided in Figures $25-532.

The comparison of the '*C NMR spectra of the carbohydrate parts of 4 and 2 displayed
their difference only in the presence of the signals of additional xylose residue (in the bottom
semi-chain of 4), as well as the glycosylation effect at C-4 Qui2, whose signal was observed
at 6¢ 85.6, instead of 5¢ 76.2 (C-4 Qui2), observed in 2. Therefore, the chitonoidosides F (2)
and H (4) can be considered as sequential steps in the biosynthesis of the glycosides in
P. chitonoides.

The (—)ESI-MS/MS of 4 (Figure S33) demonstrated the fragmentation of [Myn,—Na]
ion at m/z 1397.5 resulted in the fragmentary ion-peaks at m/z 1277.5 [Man,—Na—NaHSO4] ~,
1119.5 [Myna-Na—MeGlcOSO3Na+H] ~, 1119.5 [Mon,—Na—Xyl—Qui] ~, 987.4 [Man,—Na—
MeGlcOSO3Na—Xyl+H] ", 841.4 [Man,—Na—MeGlcOSO3Na—Xyl—Qui+H] ~, 519.0 [Mpn,—
Na-Agl—MeGlcOSO3Na—Xyl+H] ~, 399.0 [Mon,—Na—-Agl—MeGlcOSO3Na—Xyl —NaHSO4] —,
373.0 [Myna—Na-Agl—Xyl—Qui—MeGlcOSO3Na+H] -, 255.0 [Mjna—Na-Agl—
MeGlcOSO3Na—GlcOSO3Na—Xyl+H] ~, confirming both the sequence of monosaccha-
rides and the aglycone structure of 4.
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These data indicate that chitonoidoside H (4) is 33-O-{B-D-xylopyranosyl-(1—4)-B-D-
quinovopyranosyl-(1—2)-[4-O-sodium sulfate-3-O-methyl-B-D-glucopyranosyl-(1—3)-6-
O-sodium sulfate-B-D-glucopyranosyl-(1—4)]-B-D-xylopyranosyl}-16-oxo-holosta-9(11),
25(26)-diene.

2.2. Bioactivity of the Glycosides

The cytotoxic activity of sea cucumber glycosides against different cell types and cell
lines, including HeLa and THP-1, has been extensively studied [1,19]. This has led to
deeper understanding of the mechanisms of the anticancer activities of glycosides [7,8,20].
Different tumor cell lines exhibit different sensitivities to the cytotoxic effects of sea cucum-
ber glycosides, depending on their chemical structures. This can be of special interest for
the development of therapy for certain types of cancer [21].

The cytotoxic activities of compounds 1-4 and chitonoidoside E against human ery-
throcytes and the human cancer cell lines, adenocarcinoma HeLa, colorectal adenocarci-
noma DLD-1, monocytes THP-1, and leukemia promyeloblast HL-60 were investigated
(Table 6). The previously tested chitonoidoside A [9] and cisplatin were used as the
positive controls.

Table 6. The cytotoxic activities of glycosides 1-4, chitonoidoside E, cisplatin and chitonoidoside A (positive controls)
against human erythrocytes, HeLa, DLD-1, THP-1 human cell lines.

. EDsp, uM, Cytotoxicity, ED5p uM
Glycosides
Erythrocytes HelLa DLD-1 THP-1 HL-60

Chitonoidoside E 0.45 + 0.01 5.73 £0.10 8.93 + 1.28 0.58 + 0.07 5.73 +£0.37
Chitonoidoside E; (1) 0.64 + 0.01 18.00 + 0.59 3412 £2.12 0.58 + 0.04 9.97 + 0.94
Chitonoidoside F (2) 1.17 £ 0.07 37.99 £ 1.36 7111 £1.22 4.87 +£047 4123 £1.11
Chitonoidoside G (3) 0.65 + 0.01 14.52 + 1.08 12.44 +1.07 4.81 £+ 046 8.23 + 0.33
Chitonoidoside H (4) 0.89 + 0.05 17.02 +1.18 36.62 £ 1.51 2.88 +0.23 8.13 £+ 0.45
Chitonoidoside A 1.27 £ 0.03 39.48 £1.15 32.68 £ 2.56 293 +0.17 8.95 + 0.35
Cisplatin - 16.94 + 0.25 > 80.00 56.12 £ 3.91 8.58 £ 0.54

All the tested compounds demonstrated strong hemolytic activity, with hexaosides
1, 3 and chitonoidoside E proving to be the most active. The human erythrocytes were
more sensitive to the membranolytic action of tested compounds (Table 6) compared to the
cancer cells, which is similar to previous data concerning mouse erythrocytes [12,13,15,17].
The monocyte cell line THP-1 and the erythrocytes were comparably sensitive to the action
of the glycosides.

A similar tendency for 1, 3, and chitonoidoside E was observed for the cytotoxicity
against the adenocarcinoma HeLa and HL-60 cells, but the demonstrated effects were
moderate. Chitonoidoside E possessing a hexasaccharide chain and the aglycone with a
18(20)-ether bond was the most active; the activity of hexaosides 1 and 3, which differed
through the sixth monosaccharide residue, and the activity of pentaoside 4, were close to
each other against erythrocytes and HeLa and HL-60 cells, but significantly differed in
relation to DLD-1 and THP-1 cells. The tetraoside with a shortened bottom semi-chain,
chitonoidoside F (2), exhibited the weakest membranolytic effect in the series. The most
significant difference in the activity of 2 and the other compounds of the series was observed
for the DLD-1 and HL-60 cell lines, confirming the diversity in the sensitivities of the cancer
cell lines. The presence of the aglycone with an 18(20)-ether bond (in 3) did not decrease
the activity of the glycosides. The latter two peculiarities are in good accordance with
the biologic activity of a previously analyzed series of chitonoidosides—the glycosides of
P. chitonoides [15].

2.3. Metabolic Network of Carbohydrate Chains of Chitonoidosides of the Groups A-H

The aglycones and carbohydrate chains of triterpene glycosides are biosynthesized
simultaneously and independently from each other [12,22,23], leading to the tremendous

60



Mar. Drugs 2021, 19, 696

H3CO

group A

Qs0ha

0SO;Na

H360

HiCO

osolwa

2 ,, o o i W gmupc HC o o

0S0;Na

structural diversity in this class of natural products from sea cucumbers. Glycosides with
identical to sugar moieties that differ in their aglycone structures are considered to belong
to a group of glycosides named by particular letter (some groups may consist of one
compound). Thus, eight groups of chitonoidosides, A-H, were discovered in P. chitonoides,
including three types of tetraosides (groups A, C, and F), differing in their architecture and
monosaccharide composition, two types of pentaosides (groups D and H) with analogical
differences, and three types of hexaosides (groups B, E, and G), differing in their terminal
monosaccharide residues and the positions of their sulfate groups. The biosynthesis of
sugar moieties occurs through the sequential connection of monosaccharides to certain
positions, forming carbohydrate chains. The first branchpoint in the biosynthesis of the
chitonoidosides of diverse groups is the attachment of the third sugar residue to the bioside
consisting of Xyll and Qui2. When the third sugar (xylose) attaches to C-4 Qui2, with the
subsequent attachment of 3-OMeGlc and sulfation, the growth of the sugar chain ends
with the formation of tetraosides, namely the chitonoidosides of group A (such chains are
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by the addition of glycosylation with different monosaccharide residues (3-O-methylxylose
or 3-O-methylglucose) and sulfation, leads to the formation of the chitonoidosides of
groups C and F (Figure 2). The elongation of the bottom semi-chain in chitonoidoside F
(by C-4 Qui2) results in chitonoidoside H formation. The further elongation of the sugar
chains of the chitonoidosides belonging to the group A and additional sulfation lead to
the formation of chitonoidosides of the group D, followed by the subsequent formation
of chitonoidosides belonging to group G. When the elongation of the sugar chains of the
chitonoidosides of group A occurs without sulfation, the chitonoidosides of the group B
are biosynthesized.
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Figure 2. Biosynthetic network of carbohydrate chains of chitonoidosides of the groups A-H.

Noticeably, that the sulfation of terminal monosaccharide in the upper semi-chain of
tetraosides—the chitonoidosides of groups C and F—precedes the subsequent elongation
of the bottom semi-chain. Therefore, these glycosides cannot be the precursors of the
chitonoidosides of group E containing non-sulfated terminal 3-O-methylxylose in the
upper semi-chain. Similarly, hexaosides—chitonoidosides of group B—with the only
sulfate group at C-6 MeGlc4 cannot be formed from pentaosides, the chitonoidosides of
group D because, of the sulfation of Glc5 in the latter. Additionally, the carbohydrate
chain of the chitonoidosides of group E can be formed through the sulfation of the chain of
chitonoidosides of group B or through the glycosylation of the chain of chitonoidosides of
group D. All these data demonstrate that glycosylation and sulfation are competitive and
parallel/simultaneous processes in carbohydrate chain biosynthesis.
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3. Materials and Methods
3.1. General Experimental Procedures

Specific rotation, PerkinElmer 343 Polarimeter (PerkinElmer, Waltham, MA, USA);
NMR, Bruker AMX 500 (Bruker BioSpin GmbH, Rheinstetten, Germany) (500.12/125.67 MHz
(*H/'3C) spectrometer; ESI MS (positive and negative ion modes), Agilent 6510 Q-TOF
apparatus (Agilent Technology, Santa Clara, CA, USA), sample concentration 0.01 mg/mL;
HPLC, Agilent 1260 Infinity II with a differential refractometer (Agilent Technology, Santa
Clara, CA, USA); columns Supelcosil LC-5i (4.6 x 150 mm, 5 um) and Ascentis RP-Amide
(10 x 250 mm, 5 pm) (Supelco, Bellefonte, PA, USA).

3.2. Animals and Cells

The specimens of the holothurian Psolus chitonoides (family Psolidae; order Dendrochi-
rotida) were harvested in the Bering Sea during the 14th expedition cruise on board the
r/v “Akademik Oparin” on August 24, 1991, north of Bering Island (Commander Islands).
The harvesting was carried out by the Sigsbee trawl at depths of 100-150 m. The animals
were taxonomically determined by Dr. Alexey V. Smirnov, Zoological Institute of the
Russian Academy of Sciences. Voucher specimens are kept at the Zoological Institute of
RAS, St. Petersburg, Russia.

The human erythrocytes were purchased from the Station of Blood Transfusion in
Vladivostok. The human adenocarcinoma cell line HeLa cells were provided by the N.N.
Blokhin National Medicinal Research Center of Oncology of the Ministry of Health Care
of the Russian Federation, (Moscow, Russia). The human colorectal adenocarcinoma cell
line DLD-1 CCL-221™ cells and the human monocytes THP-1 TIB-202TM, as well as the
human promyeloblast cell line HL-60 CCL-240, were received from ATCC (Manassas,
VA, USA). The HelLa cell line was cultured in the medium of DMEM (Gibco Dulbecco’s
Modified Eagle Medium), with a 1% penicillin/streptomycin sulfate (Biolot, St. Petersburg,
Russia) and 10% fetal bovine serum (FBS) (Biolot, St. Petersburg, Russia). The cells from
the DLD-1, HL-60, and THP-1 lines were cultured in an RPMI medium composed of 1%
penicillin/streptomycin (Biolot, St. Petersburg, Russia) and 10% fetal bovine serum (FBS)
(Biolot, St. Petersburg, Russia). All the cells were incubated at 37 °C in a humidified
atmosphere at 5% (v/v) CO,.

The study was conducted according to the guidelines of the Declaration of Helsinki,
and approved by the Ethics Committee of the Pacific Institute of Bioorganic Chemistry
(Protocol No. 0037.12.03.2021).

3.3. Extraction and Isolation

The sea cucumbers were minced and kept in EtOH at +10 °C. Next, they were extracted
twice with refluxing 60% EtOH. The combined extracts were concentrated to dryness in a
vacuum, dissolved in H20, and chromatographed on a Polychrom-1 column (powdered
Teflon, Biolar, Latvia). Eluting first the inorganic salts and impurities with H20 and then
the glycosides with 50% EtOH produced 3200 mg of crude glycoside fraction, which
was submitted to stepwise column chromatography on Si gel using CHCI3/EtOH/H20
(100:75:10), (100:100:17) and (100:125:25) as mobile phases to produce fractions I-IV. The
HPLC of fraction IIT on the silica-based column Supelcosil LC-Si (4.6 x 150 mm, 5 pm)
with CHCl3/MeOH/H,0O (60/25/4) as the mobile phase resulted in the isolation of six
subfractions (III.1-1I1.6). The subsequent HPLC of subfraction II1.4 on Supelco Ascentis
RP-Amide (10 x 250 mm) with CH3CN/H,O/NH4OAc (1 M water solution) (40/59/1)
as the mobile phase resulted in the isolation of seven fractions (II1.4.1-I1L.4.7). Repeated
chromatography of II1.4.3 on the same column but with MeOH/H,O/NH4OAc (1 M water
solution) (67/31/2) as the mobile phase produced 9.2 mg of chitonoidoside E; (1). Rechro-
matography of II1.4.6 using mobile phase MeOH/H,O/NH4OAc (1 M water solution)
(68/30/2) produced 4.3 mg of chitonoidoside F (2). Fraction IV obtained after Si gel col-
umn chromatography was submitted to HPLC on Supelcosil LC-Si (4.6 x 150 mm, 5 pm)
with CHCl3/MeOH/H,0 (63/27/4) as the mobile phase to produce a set of subfractions
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(IV.1-1V.6). Chitonoidoside G (3) (3.7 mg) was isolated as a result of HPLC of subfraction
IV.3 on Supelco Ascentis RP-Amide (10 x 250 mm) with MeOH/H,O/NH4OAc (1 M
water solution) (72/26/2) as the mobile phase. Chitonoidoside H (4) (4.7 mg) was ob-
tained after HPLC of subfraction IV.1 on Supelco Ascentis RP-Amide (10 x 250 mm) with
MeOH/H,;O/NH4OAc (1 M water solution) (70/28/2) as the mobile phase.

3.3.1. Chitonoidoside E; (1)

Colorless powder; ()p2°—35° (¢ 0.1, 50% MeOH). NMR: See Table S1 and Table 1,
Figures 51-S7. (—)HR-ESI-MS 1m/z: 1543.5315 (calc. 1543.5339) [Mana—Na] ™, 760.2734 (calc.
760.2723) [Mona—2Nal?~. (—)ESI-MS/MS m/z: 1423.6 [Mona—Na—NaHSO4] ™, 1266.5 [Mona—
NanyleOgsNa (MeGlc0803Na)+H]*, 1133.5 [MZNa—NanyHuOgSNa (MeGlcOSO3Na)f
C5H804 (Xyl)+H]7, 987.4 [MZNa—Na—C7H12085Na (MeGlCOSO3Na)—C5H804 (Xyl)—
C6H1[)O4 (Qui)+H]_, 841.4 [MZNa—Na—C7leogSNa (MeGlc0803Na)—C5H804 (Xyl)—
C6H1004 (Qui)7C6H1104 (MeXyl)+2H]’, 665.1 [MZNa—Na—C30H44O4 (Agl)7C6H1104
(MeXyl)—CéHgogsNa (GlCOSO3Na)+H]7, 533.1 [MZNQ—Na—C30H44O4 (Agl)—C6H1104
(MeXyl)—CgHoOgSNa (GlcOSO3Na)—CsHgOy (Xyl)+H]~, 387.0 [Mana—Na-CaoHyOj (Agh)—
CHy104 (MeXyl)—CsHoOgSNa (GIcOSO3Na)—CsHgOy (Xyl)—CHigOy (Quij+H] ™, 255.0 [Mona—
Na—C30H4404 (Agl)*C6H1104 (MeXyl)fCﬁHgOBSNa (GICOSO3Na)*C5H804 (Xy1)7C6H1004
(Qui)—CsHgOy (Xyl)+H]~ (Figure S8).

3.3.2. Chitonoidoside F (2)

Colorless powder; (0)p2°—19° (c 0.1, 50% MeOH). NMR: See Table S2 and Table 2,
Figures S9-515. (—)HR-ESI-MS m/z: 1265.4337 (calc. 1265.4337) [Mon,—Na) ~, 621.2244 (calc.
621.2269) (Mpna—2Na]?>~; (—)ESI-MS/MS m/z: 1146.5 [Mpyna—Na—NaSO4]~, 987.4 [Mona—
Na—CyH1,04SNa (MeGlcOSO;Na)+H] ~, 841.4, [Mon,—Na—C;H1,OgSNa (MeGlcOSO3Na)—
C6H10O4 (Qlll)+H]7 (Figure 816)

3.3.3. Chitonoidoside G (3)

Colorless powder; (x)p20—48° (c 0.1, 50% MeOH). NMR: See Tables 3 and 4,
Figures $17-523. (—)HR-ESI-MS m/z: 1559.5646 (calc. 1559.5652) [Mana.—Na] ™, 768.2895
(calc. 768.2880) [Mana—2Na]?~; (—)ESI-MS/MS n1/z: 1439.6 [Mona—Na—NaHSO4]~, 1383.6
[MZNa—Na—C7H13O5 (MeGlc)+H]’, 1281.6 [MZNa—Na—C7H12035Na (MeGlcOSO3Na)+H]’,
1149.5 [MZNa—NanyHuOgSNa (MEGICOSO3Na)*C5HSO4 (Xyl)+H]7, 1003.5 [MzNa—Na*
C7H12085Na (MeGlcOSO3Na)—C5H804 (Xyl)—C5H1004 (Qui)+H]’, 533.1 [MZNa—Na—
C30HaO3 (Agl)—C7H; 305 (MeGlc)—C7H;,0gSNa (MeGlcOSO3Na)—CsHgO4 (Xyl)+H]
387.0 [MZNa—Na—C30H4603 (Agl)*C7H1305 (MeGlc)fC7H]208SNa (MEG1C0503Na)*
C5H804 (Xy])—C6H1004 (Qui)+H]’, 255.0 [MZNa—Na—C30H46O3 (Agl)—C7H1305 (MeGlc)—
C7H12085Na (MeGlCOSO3Na)—C5H304 (Xyl)—C6H1[)O4 (Qui)—C5H304 (Xyl)+H]_
(Figure S24).

3.3.4. Chitonoidoside H (4)

Colorless powder; ()p2°—28° (c 0.1, 50% MeOH). NMR: See Tables S3 and 5,
Figures 525-532. (—)HR-ESI-MS m/z: 1397.4749 (calc. 1397.4760) [Mona—Na] ™, 687.2442
(calc. 687.2434) [Mona—2Nal?~; (—)ESI-MS/MS m/z: 1277.5 [Mana—Na—NaHSO,4]~, 1119.5
[MZNa—Na7C7H12038Na (MeGlc0503Na)+H]*, 1119.5 [MZNa—Na7C5HSO4 (Xyl) 7C6H1004
(Qui)]’, 987 .4 [MZNa—Na7C7H12088Na (MeGlcOSO3Na)7C5HSO4 (Xyl)+H]7, 841.4 [MZNa_
Na—C7leogSNa (MeG1c0803Na)—C5H804 (Xyl)—C6H1004 (Qui)+H]‘, 519.0 [MZNa_
Na—C30H44O4 (Agl)nyleOgSNa (MEGICOSO3N8)*C5HSO4 (Xyl)+H]7, 399.0 [MZNa—Na—
C3QH4404 (Agl)fC7H12085Na (MeGlcOSO3Na)7C5HgO4 (Xyl)fNaHSO4]*, 373.0 [MZNa_
Na—C30H44O4 (Agl)—C5H804 (Xyl)—C6H1004 (Qui)—CyHuOgSNa (MeGlcOSO3Na)+H]*,
255.0 [MZNa—Na—C30H4603 (Agl)nyHuOgSNa (MeG1C0503Na)*C6H908SNa (GlCOSO:;Na)—
CsHgOy4 (Xyl)+H]~ (Figure S33).
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3.4. Cytotoxic Activity (MTT Assay Applied for HeLa Cells)

All the studied substances (including the chitonoidoside A and cisplatin, used as posi-
tive controls) were tested in concentrations from 0.1 uM to 100 uM using twofold dilution
in d-H20. The cell suspension (180 uL) and solutions (20 uL) of the tested compounds in
different concentrations were injected in wells of 96 well plates (1 x 104 cells/well) and
incubated at 37 °C for 24 h in 5% CO,. After incubation, the tested substances with medium
were replaced by 100 uL of fresh medium. Next, 10 uL of MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich, St. Louis, MO, USA) stock solution
(5 mg/mL) was added to each well, followed by the incubation of the microplate for
4 h. Subsequently, 100 uL of SDS-HCI solution (1 g SDS/10 mL d-H20/17 uL. 6 N HCI)
was added to each well and incubated for 18 h. The absorbance of the converted dye,
formazan, was measured with a Multiskan FC microplate photometer (Thermo Fisher
Scientific, Waltham, MA, USA) at 570 nm. The cytotoxic activity of the tested compounds
was calculated as the concentration that caused 50% cell metabolic activity inhibition (IC50).
The experiments were carried out in triplicate, p < 0.05.

3.5. Cytotoxic Activity (MTS Assay Applied for DLD-1, THP-1 and HL-60 Cells)

The cells of the HL-60 line (6 x 10%/200 uL) were placed in 96 well plates at 37 °C for
24 hin a 5% CO,; incubator. The cells were treated with tested substances and chitonoido-
side A and cisplatin were used as positive controls at concentrations from 0 to 100 uM for
an additional 24 h of incubation. Next, the cells were incubated with 10 uL MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) for
4 h, and the absorbance in each well was measured at 490/630 nm with plate reader
PHERA star FS (BMG Labtech, Ortenberg, Germany). The experiments were carried out
in triplicate and the mean absorbance values were calculated. The results were presented
as the percentage of inhibition that produced a reduction in absorbance after the tested
compound treatment compared to the non-treated cells (negative control), p < 0.01.

3.6. Hemolytic Activity

The erythrocytes were isolated from human blood through centrifugation with phosphate-
buffered saline (PBS) (pH 7.4) at 4 °C for 5 min by 450x g on centrifuge LABOFUGE
400R (Heraeus, Hanau, Germany) three times. Next, the residue of the erythrocytes was
resuspended in an ice-cold phosphate saline buffer (pH 7.4) to a final optical density of
1.5 at 700 nm, and kept on ice. For the hemolytic assay, 180 uL of erythrocyte suspension
was mixed with 20 uL of test compound solution (including chitonoidoside A used as
positive control) in V-bottom 96 well plates. After 1 h of incubation at 37 °C, the plates were
exposed to centrifugation for 10 min at 900 x g on laboratory centrifuge LMC-3000 (Biosan,
Riga, Latvia). Next, 100 uL of supernatant was carefully selected and transferred into new
flat-plates, respectively. The lysis of the erythrocytes was determined by measuring of the
concentration of hemoglobin in the supernatant with microplate photometer Multiskan FC
(Thermo Fisher Scientific, Waltham, MA, USA), A = 570 nm. The effective dose causing 50%
hemolysis of erythrocytes (ED50) was calculated using the computer program SigmaPlot
10.0. All the experiments were performed in triplicate, p < 0.01.

4. Conclusions

The continuation of the research into triterpene glycosides from the sea cucumber
Psolus chitonoides resulted in the isolation of four previously unknown chitonoidosides
E; (1), F (2), G (3) and H (4). The compounds characterized by two types of the agly-
cones (holotoxinogenin and its structural analog with 18(20)-epoxy-cycle instead of a
lactone) were also found earlier in the series of chitonoidosides A-E. The compounds 1-4
differed in the number of monosaccharides in their sugar chains (from four to six), the
architecture of these chains (for tetra- and pentaosides), their monosaccharide composition,
and the positions of their sulfate groups. Terminal 3-O-methylglucose unit was sulfated
by C-4 in chitonoidosides F (2) and H (4), which is a rare position for a sulfate group
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from sea cucumber glycosides. Notably, in the first series of the studied glycosides from
P. chitonoides [15] 3-O-methylxylose residue sulfated by C-4 was found. This indicates
the presence of specific sulfatase in this species of the sea cucumber, capable of attaching
the sulfate group to C-4 of monosaccharides in pyranose form. The observed “structure-
activity relationships” were as follows: tetraosides with a shortened bottom semi-chain
displayed the weakest membranolytic effect; and the activity of the glycosides with the
new-type aglycone with a 18(20)-ether bond instead of 18(20)-lactone was comparable with
that of the substances with holostane-type aglycones. Hexaosides and tetraosides with
linear carbohydrate chains (having bottom semi-chain) were the most active in the series
of the glycosides from P. chitonoides. The pathways of the biosynthetic transformations
were analyzed based on the structures of eight types of carbohydrate chains found in the
glycosides of P. chitonoides. The analysis revealed and confirmed that glycosylation and
sulfation are parallel and competitive processes. All the discussed data broaden knowledge
about structural diversity of triterpene glycosides from the sea cucumbers and help us to
the understand the complicated biosynthesis process of this class of metabolites, which is
currently a large gap in knowledge for scientists.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/md 19120696 /s1. Figure S1. The '3C NMR (125.67 MHz) spectrum of chitonoidoside E; (1)
in CsDsN/D,O (4/1); Figure S2. The 'H NMR (500.12 MHz) spectrum of chitonoidoside E; (1)
in CsDs5N/D,0 (4/1); Figure S3. The COSY (500.12 MHz) spectrum of chitonoidoside E; (1) in
C5DsN/D,O (4/1); Figure S4. The HSQC (500.12 MHz) spectrum of chitonoidoside E; (1) in
C5D5N/D,O (4/1); Figure S5. The ROESY (500.12 MHz) spectrum of chitonoidoside E; (1) in
Cs5D5N/D,0 (4/1); Figure S6. The HMBC (500.12 MHz) spectrum of chitonoidoside E; (1) in
C5D5N/D,0 (4/1); Figure S7. 1 D TOCSY (500.12 MHz) spectra of Xyl1, Qui2, Xyl3, MeGlc4, Glc5
and MeXyl6 of chitonoidoside E; (1) in CsDsN/D,O (4/1); Figure S8. HR-ESI-MS and ESI-MS/MS
spectra of chitonoidoside E; (1); Table S1. 13C and '"H NMR chemical shifts, HMBC and ROESY
correlations of aglycone moiety of chitonoidoside E; (1); Figure S9. The *C NMR (125.67 MHz)
spectrum of chitonoidoside F (2) in CsDsN/D,O (4/1); Figure $10. The 'H NMR (500.12 MHz)
spectrum of chitonoidoside F (2) in CsD5N/D,0 (4/1); Figure S11. The COSY (500.12 MHz) spectrum
of chitonoidoside F (2) in CsDsN/D,0O (4/1); Figure S12. The HSQC (500.12 MHz) spectrum of
chitonoidoside F (2) in C5sDsN/D,O (4/1); Figure S13. The HMBC (500.12 MHz) spectrum of
chitonoidoside F (2) in C5DsN/D,O (4/1); Figure S14. The ROESY (500.12 MHz) spectrum of
chitonoidoside F (2) in CsD5N/D,0 (4/1); Figure S15. 1D TOCSY (500.12 MHz) spectra of Xyl1, Qui2,
Glc3 and MeGlc4 of chitonoidoside F (2) in CsD5N/D,0 (4/1); Figure S16. HR-ESI-MS and ESI-
MS/MS spectra of chitonoidoside F (2); Table S2. 13C and 'H NMR chemical shifts, HMBC and ROESY
correlations of the aglycone part of chitonoidoside F (2); Figure S17. The '3C NMR (125.67 MHz)
spectrum of chitonoidoside G (3) in C5DsN/D,O (4/1); Figure S18. The 'H NMR (500.12 MHz)
spectrum of chitonoidoside G (3) in CsD5N/D,0 (4/1); Figure S19. The COSY (500.12 MHz) spectrum
of chitonoidoside G (3) in C5D5N/D,0 (4/1); Figure S20. The HSQC (500.12 MHz) spectrum of
chitonoidoside G (3) in C5DsN/D,O (4/1); Figure S21. The HMBC (500.12 MHz) spectrum of
chitonoidoside G (3) in C5D5N/D,O (4/1); Figure S22. The ROESY (500.12 MHz) spectrum of
chitonoidoside G (3) in C5D5N/D,O (4/1); Figure 523. 1 D TOCSY (500.12 MHz) spectra of Xyl1,
Qui2, Xyl3, MeGlc4, Glc5 and MeGlc6 of chitonoidoside G (3) in C5DsN/D,O (4/1); Figure S24.
HR-ESI-MS and ESI-MS/MS spectra of chitonoidoside G (3); Figure S25. The 13C NMR (125.67 MHz)
spectrum of chitonoidoside H (4) in C5DsN/D,O (4/1); Figure S26. The "H NMR (500.12 MHz)
spectrum of chitonoidoside H (4) in C5DsN/D,0O (4/1); Figure S27. The COSY (500.12 MHz) spectrum
of chitonoidoside H (4) in C5DsN/D,O (4/1); Figure S28. The HSQC (500.12 MHz) spectrum of
chitonoidoside H (4) in C5D5N/D,O (4/1); Figure 529. The ROESY (500.12 MHz) spectrum of
chitonoidoside H (4) in CsD5N/D,O (4/1); Figure S30. The HMBC (500.12 MHz) spectrum of
chitonoidoside H (4) in C5sD5N/D,O (4/1); Figure S31. 1D TOCSY (500.12 MHz) spectra of Xyl1,
Qui2, Xyl3, Glc4 and MeGlc5 of chitonoidoside H (4) in C5sD5N/D,O (4/1); Figure S32. 2D TOCSY
(500.12 MHz) spectrum of chitonoidoside H (4) in CsDsN/D,O (4/1); Figure S33. HR-ESI-MS and
ESI-MS/MS spectra of chitonoidoside H (4); Table S3. 3C and "H NMR chemical shifts, HMBC and
ROESY correlations of the aglycone part of chitonoidoside H (4).
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Abstract: The article describes the structure-activity relationships (SAR) for a broad series of sea
cucumber glycosides on different tumor cell lines and erythrocytes, and an in silico modulation of the
interaction of selected glycosides from the sea cucumber Eupentacta fraudatrix with model erythrocyte
membranes using full-atom molecular dynamics (MD) simulations. The in silico approach revealed
that the glycosides bound to the membrane surface mainly through hydrophobic interactions and
hydrogen bonds. The mode of such interactions depends on the aglycone structure, including
the side chain structural peculiarities, and varies to a great extent. Two different mechanisms of
glycoside/membrane interactions were discovered. The first one was realized through the pore
formation (by cucumariosides A; (40) and Ag (44)), preceded by bonding of the glycosides with
membrane sphingomyelin, phospholipids, and cholesterol. Noncovalent intermolecular interactions
inside multimolecular membrane complexes and their stoichiometry differed for 40 and 44. The
second mechanism was realized by cucumarioside A (59) through the formation of phospholipid
and cholesterol clusters in the outer and inner membrane leaflets, correspondingly. Noticeably, the
glycoside/phospholipid interactions were more favorable compared to the glycoside/cholesterol
interactions, but the glycoside possessed an agglomerating action towards the cholesterol molecules
from the inner membrane leaflet. In silico simulations of the interactions of cucumarioside Ay (45)
with model membrane demonstrated only slight interactions with phospholipid polar heads and the
absence of glycoside/cholesterol interactions. This fact correlated well with very low experimental
hemolytic activity of this substance. The observed peculiarities of membranotropic action are in
good agreement with the corresponding experimental data on hemolytic activity of the investigated
compounds in vitro.

Keywords: triterpene glycosides; sea cucumber; membranolytic action; hemolytic; cytotoxic activity;
molecular dynamic simulation

1. Introduction

The majority of triterpene glycosides from sea cucumbers possess strong hemolytic
and cytotoxic actions against different cells, including cancer cells [1-4]. However, the
mechanism of their membranolytic action is not yet fully understood at the molecular level,
particularly in relation to the structural diversity of these compounds. Some trends of
SAR of sea cucumber glycosides have been discussed [5,6], but the molecular interactions
of different functional groups with the components of biomembranes which affect the
membranotropic action of the glycosides remain unexplored.

The broad spectrum of bioactivity of sea cucumber triterpene glycosides derives from
their ability to interact with the lipid constituents of the membrane bilayer, changing the
functional properties of the plasmatic membrane. Sterols are very important structural
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components influencing the properties and functions of eukaryotic cell membranes. The
selective bonding to the sterols of the cell membranes underlines the molecular mechanisms
of action of many natural toxins, including triterpene glycosides of the sea cucumbers. The
formation of complexes with 5,6-unsaturated sterols of target cell membranes is the basis
of their biological activity including ichthyotoxic action that may protect sea cucumbers
against fish predation. In fact, some experimental data indicated the interaction of the
aglycone part of the glycosides with cholesterol [7,8]. The saturation of ascites cell mem-
branes with cholesterol increased the cytotoxicity of the sea cucumber glycosides [9]. This
complexing reaction of both the animal and plant saponins leads to the formation of pores,
the permeabilization of cells, and in the case of red blood cells for which the membranes
are known to be enriched in cholesterol [10], the subsequent loss of hemoglobin in the
extracellular medium [11]. Malyarenko et al. tested a series of triterpene glycosides isolated
from the starfish Solaster pacificus that had exogenic origin from a sea cucumber eaten by
this starfish [12]. The authors showed that the addition of cholesterol to corresponding
tumor cell culture media significantly decreases the cytotoxicity of these glycosides. It
clearly confirmed the cholesterol-dependent character of the membranolytic action of sea
cucumber triterpene glycosides. It is of special interest that the activity of a glycoside with
18(16)-lactone instead of 18(20)-lactone, and a shortened side chain, was also decreased by
the adding of cholesterol.

The sea cucumber glycosides may be active in subtoxic concentrations, and such a
kind of activity is cholesterol-independent. Aminin et al. showed that the immunostim-
ulatory action of cucumarioside A-2 from Cucumaria japonica resulted from the specific
interaction of the glycoside with a P2X receptor and was cholesterol-independent [13]. The
addition of cholesterol to the medium or to the mixture of substances may decrease the
cytotoxic properties of the glycosides while preserving their other activities. This prop-
erty of cholesterol has been applied to the development of ISCOMs (immune-stimulating
complexes) and subunit protein antigen-carriers, composed of cholesterol, phospholipid,
and glycosides [14,15]. Moreover, the immunomodulatory lead—“Cumaside” as a com-
plex of monosulfated glycosides of the Far Eastern Sea cucumber Cucumaria japonica with
cholesterol, has been created [16]. It possesses significantly less cytotoxic activity against
sea urchin embryos and Ehrlich carcinoma cells than the corresponding glycosides, but
has an antitumor activity against different forms of experimental mouse Ehrlich carcinoma
in vivo [17].

Therefore, cholesterol seems to be the main molecular target for the majority of gly-
cosides in the cell membranes. However, the experimental data for some plant saponins
indicate that saponin-membrane binding can occur independently of the presence of
cholesterol, cholesterol can even delay the cytotoxicity, such as for ginsenoside Rh2, and
phospholipids or sphingomyelin play an important role in these interactions [7,18]. Thus,
different mechanisms exist, cholesterol-dependent and -independent, that are involved in
saponin-induced membrane permeabilization, depending on the structure of saponins [11].
However, recent in vitro experiments and the monolayer simulations of membrane binding
of the sea cucumber glycoside frondoside A, confirmed previous findings that suggest
the presence of cholesterol is essential to the strong membranolytic activity of saponins.
However, the cholesterol-independent, weak binding of the glycoside to the membrane
phospholipids, driven by the lipophilic character of the aglycone, was discovered. Then
saponins assemble into complexes with membrane cholesterol followed by the accumula-
tion of saponin-sterol complexes into clusters that finally induce curvature stress, resulting
in membrane permeabilization and pore formation [7].

The aims of this study were: the analysis of SAR data for a broad series of sea cucum-
ber glycosides, mainly obtained by our research team over recent years on different tumor
cell lines and erythrocytes and additionally the explanation for these data by modelling
the interactions of the glycosides from the sea cucumber Eupentacta fraudatrix with the con-
stituents of model red blood cell membrane through the full-atom molecular dynamics (MD)
simulation. Such an investigation appears even more relevant since different molecules and
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their complexes composing of cell membranes, for example, cholesterol-enriched lipid rafts,
have continued to attract attention as the factors involved in tumorigenesis and a number
of cellular pathways related to cell survival, proliferation, and apoptosis [19]. Therefore,
it may be of great advantage to modulate the interactions of the membrane constituents
by membrane-active compounds, such as triterpene glycosides. An in silico technique
was applied to reinforce the numerous experimental observations (SAR) by modelling
a multitude of inter-molecular interactions at a high spatial (atomic level) and temporal
(nanosecond) resolution within a simulation framework that can reconstitute the natural
behavior on the basis of physical interactions [20,21]. Such in silico MD simulations can be
regarded as a “computational microscope” capable of visualizing molecular behavior with
unprecedented precision [22].

2. Results and Discussion
2.1. Structure-Activity Relationships (SAR) Observed in the Glycosides from Sea Cucumbers

The triterpene glycosides of sea cucumbers are natural compounds that have been
investigated for a long time. Several hundred structures of the glycosides are now known
from the representatives of different orders of the class Holothuroidea. The finding of a
significant number of new glycosides by our research team, especially over recent years, led
to the broadening of the knowledge of their great structural diversity. This facilitated SAR
highlighting through the comparative analysis of their structural features, including both
carbohydrate chain composition and architecture, aglycone structures, and their bioactivity
(cytotoxic and hemolytic action).

It became obvious that glycosides cytotoxic activity depends not only on their struc-
tures, but also on the type of processed cells differing by composition and functional
peculiarities of their membranes [1]. Analyzing the majority of tested compounds, it
has been revealed that the membranes of erythrocytes are more sensitive to the glyco-
side membranolytic action than the other tested cells such as mouse spleen lymphocytes,
ascites of mouse Ehrlich carcinoma, and neuroblastoma Neuro 2a or normal epithelial
JB-6 cells. This regularity was observed in the glycosides of the Actinocucumis typica [23],
Colochirus robustus [24], Massinium magnum [25,26], Eupentacta fraudatrix [27-29], Psolus
fabricii [30,31], and Colochirus quadrangularis [32] sea cucumbers. One of the explana-
tions for this phenomenon may be the enrichment of red blood cell membranes with
cholesterol [10].

The structures of holothuroids’ triterpene glycosides vary in a number of structural
features while retaining the general plan of molecular structure. The influence of structural
signs such as the monosaccharide composition and architecture of carbohydrate chains,
the quantity and positions of sulfate groups, the type of aglycone, and the structure of a
side chain on the activity of the glycosides is significant.

2.1.1. The Dependence of the Glycosides Hemolytic Activity on Their Carbohydrate
Chain Structure

It was earlier noticed that the presence of a linear tetrasaccharide chain is necessary for
the membranolytic action of the glycosides, that glycosides with quinovose as the second
sugar unit in the chain are more active than those with glucose or xylose, and that the
sulfate group at C-4 Xyl increases the activity of tetraosides and pentaosides with sugar
parts branched by C-2 Qui2, however the sulfate groups at C-6 Glc3 and C-6 MeGlc4 of
such pentaosides significantly decrease the activity [4,33,34].

In fact, the comparison of the hemolytic activities (Table 1) of cucumariosides B; (1) and
By (2) from E. fraudatrix with a trisaccharide chain with the monosaccharide residues
attached to each other by 3-(1—2)-glycosidic bonds [35], and the activity of cucumariosides
Hs (3) and H (4) (Figure 1) with pentasaccharide monosulfated chains [36] revealed the
significance of the linear tetrasaccharide fragment with terminal O-methylated sugar
residue, as the compounds 1, 2 were almost not active.
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Table 1. The hemolytic activities (synoptic data from the corresponding publications) of the glycosides 1-59 against

mouse erythrocytes.

Glycoside pllivlljllsr(ii Glycoside ulli\:laliﬁl Glycoside ulla\/lljlfﬁl
Cucumarioside By (1) >100 Psolusoside K (21) >100 Cucumarioside Ay (41) 20.00
Cucumarioside B; (2) 18.8 Typicoside By (22) 0.33 Cucumarioside I (42) 23.24
Cucumarioside Hs (3) 32 Typicoside C;, (23) 0.18 Cucumarioside 1 (43) 75.00
Cucumarioside H (4) 3.8 Cladoloside Iy (24) 1.10 Cucumarioside Ag (44) 0.70
Magnumoside A; (5) 33.33 Cladoloside I, (25) 2.04 Cucumarioside Ay (45) >100
Magnumoside Az (6) 12.53 Cladoloside J; (26) 1.37 Cucumarioside Ag (46) >100
Magnumoside A4 (7) 20.12 Cladoloside K (27) 0.18 Cucumarioside A1y (47) >100
Magnumoside B (8) 49.57 Cladoloside L; (28) 0.82 Cucumarioside A4 (48) >100
Magnumoside B, (9) 58.11 Psolusoside L (29) 242 Cucumarioside I3 (49) >100
Magnumoside B3 (10) 8.49 Psolusoside M (30) 67.83 Colochiroside By (50) 39.5
Magnumoside By (11) 1.42 Psolusoside Q (31) >100 Typicoside C; (51) 6.25
Magnumoside C; (12) 6.97 Psolusoside P (32) 10.92 Cladoloside D; (52) 10.40
Magnumoside C, (13) 16.20 Quadrangularisoside B, (33) 0.51 Cladoloside K5 (53) 11.41
Magnumoside C3 (14) 17.80 QuadrangularisosideD, (34) 3.31 Cladoloside Dy (54) 0.67
Magnumoside Cy (15) 6.52 QuadrangularisosideE (35) 2.04 QuadrangularisosideA (55) 1.57

Psolusoside A (16) 14 Colochiroside C (36) 25 QuadrangularisosideA; (56) 111

Psolusoside E (17) 0.23 Psolusoside F (37) 2.8 Psolusoside D3 (57) 1.12

Psolusoside H (18) 2.5 Colochiroside B, (38) 37.02 Psolusoside Ds (58) 12.37

Psolusoside H; (19) 27 Cucumarioside A3z-2 (39) 40.6 Cucumarioside Aj; (59) 4.70
Psolusoside J (20) >100 Cucumarioside A (40) 0.07

3.R = SO;Na; Ry =‘7{¥<

4.R = SO;Na; RFM

HO” S: \
HyCO
ol

Figure 1. Structures of the glycosides 1-4 from Eupentacta fraudatrix.

The analysis of the data on the hemolytic activity of the glycosides from M. magnum,
with identical aglycones and differing by the oligosaccharide chain structures, demon-
strates that the influence of the carbohydrate chain structure indirectly depends on its
combination with different aglycones. There were three groups of the glycosides in M.
magnum: monosulfated biosides (magnumosides of the group A (5-7)), monosulfated
tetraosides (magnumosides of the group B (8-11)) and disulfated tetraosides (magnumo-
sides of the group C (12-15)) (Figure 2), all were attached to non-holostane aglycones with
18(16)-lactone differing by the side chain structures [25,26].

In the series of magnumosides By (8) and C; (12) and magnumosides A; (5), By (9),
C, (13), with the hydroxyl group in the aglycone side chains, the disulfated tetraosides 12
and 13 were the most active compounds, while in the series of magnumosides A3 (6), B3
(10), C3 (14) and magnumosides Ay (7), By (11), C4 (15), which comprised the side chains
with a double bond, the monosulfated tetraosides 10 and 11 showed the strongest effect
(Table 1). Magnumosides of group A (5-7) demonstrated considerable hemolytic effects
despite the absence of a tetrasaccharide linear fragment (Table 1). A compensation for the
absence of two sugars by a sulfate at C-4 of the first xylose residue was earlier described
for sea cucumber glycosides with 18(20)-lactone in aglycones. [5,33].
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/o ; Ry = SO;Na
B OH
W ; Ry = SO3Na
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Figure 2. Structures of the glycosides 5-15 from Massinum magnum.

The interesting observations were made when the activity of the glycosides from
the sea cucumber Psolus fabricii (Figure 3) was analyzed [30,31]. Psolusosides A (16) and
E (17) having linear tetrasaccharide sugar moieties were the strongest cytotoxins in this
series, but the activity of psolusosides H (18) and H; (19) (the glycosides with trisaccharide
chains) was close to that of the linear tetraosides 16, 17 (Table 1) despite the absence
of tetrasaccharide linear moiety and the change in the second unit (quinovose) in the
chain of 16, 17 to glucose residue in 18, 19. However, psolusosides J (20) and K (21) with
tetrasaccharide chains branched by C-4 Xyl1 and three sulfate groups were completely
inactive despite the presence of holostane (i.e., with 18(20)-lactone) aglycones.

16.R = O; Ry = CHy; R, = SO;Na
17.R=0; Ry = CHy; R,=H

. Ho & 7
' HO K
OR, ! 0SO;3Na R 0SO;Na
iHoJ re-d Ho 0
H;COo HO. i m R, =OH:R.=
X o] OH OH | " >18.R=HyR,=CH0H HO - o0 ) 21. A9(11); Ry = OH; R, = OSO;Na
OH

Figure 3. Structures of the glycosides 16-21 from Psolus fabricii.

The majority of the glycosides found in the sea cucumber, Cladolabes schmeltzii, and
characterized by penta- or hexasaccharide moieties branched by C-4 Xyl1, demonstrated
strong hemolytic action that was only slightly dependent on their monosaccharide com-
position. The general trend observed was that hexaosides are more active than pentao-
sides [37-41].

Therefore, the influence of carbohydrate chain structure on the activity of glyco-
sides is mediated by its combination with the aglycone, however, the general trend is
that more developed (tetra-, penta- and hexa-saccharide) sugar moieties provide higher
membranolytic action.

2.1.2. The Dependence of Hemolytic Activity of the Gycosides on the Positions and
Quantity of Sulfate Groups

The comparison of the hemolytic effects of typicosides B; (22) and C; (23) from A.
typica [23] (Figure 4)-linear tetraosides differing by the quantity of sulfate groups showed
that the disulfated compound 23 is more active than a monosulfated one (Table 1). High
hemolytic activity was demonstrated by the sulfated glycosides from C. shcmeltzii [39]-
cladolosides of groups I (24, 25) and J; (26), with pentasaccharide chains branched by C-4
Xyll with the sulfate group at C-6 MeGlc in the bottom or upper semi-chains, correspond-
ingly, as well as cladolosides K; (27) and L; (28)-with monosulfated hexasaccharide chains
differing by the sulfate group position (Figure 4). This trend was also confirmed by SAR
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demonstrated by the glycosides from P. fabricii [31]. Psolusoside L (29) (Figure 5) was
strongly hemolytic in spite of the presence of three sulfate groups at C-6 of two glucose
and 3-O-methylglucose residues in the pentasaccharide chain branched by C-4 Xyll. Thus,
the presence of sulfate groups attached to C-6 of monosaccharide units did not decrease
the activity of pentaosides branched by C-4 Xyll in comparison to that of pentaosides
branched by C-2 Qui2 [4,33].

1> 24.R=R;=OAc; R, = i Ry =SO;Na

:
L 25.R=R, = OAc; R, = Z\KRJ=SO3NH
:

OH
% T odd % _
................ -3 26.R=0; Ry =Hy; Ry = ; Rq = SO3Na
oH R, o MS o /i B %Y R sod

o iHO o 1
ﬁ‘%o ] on~ HO | 27.R=R; = OAc; R,:{Y;R,:so,ua; Ry=H
: ol OH |
28.R=0; R, =H2;R,=W;R,=H; R, = SO;Na

Figure 4. Structures of glycosides 22 and 23 from Actinocucumis typica and 24-28 from Cladolabes shcmeltzii.

o

Ry
" o o 29. Ry = CHy; R, = Ry = OH; R, = 0SO;Na
HO o N
. Ry =CHy; R, = iRy =Ry =OH
0soNa 0SONa R; HO. 30. Ry = CH3; R, = 0SO3Na; Ry = R4 = Ol

o 1 o = Ry=R,= iRy =
1o\ E 39 Ho" % 5 /m?'/ 31. Ry = CH,0H; R, = Ry = 0SO;Na; Ry = OH
H;CO on on~ Ho o 32.R; = CHy; R, = OH; Ry = R, = 0SO;Na
Figure 5. Structures of the glycosides 29-32 from Psolus fabricii.

The influence of sulfate position is clearly reflected through the comparison of the
activity of psolusosides M (30) and Q (31). The latter glycoside was characterized by the
sulfate position attached to C-2 Glc5 (the terminal residue), that caused an extreme decrease
in its activity (Table 1). Even the tetrasulfated (by C-6 Glc3, C-6 MeGlc4, C-6 Glc5, and
C-4 GIc5) psolusoside P (32) was much more active than trisulfated psolusoside M (30)
containing the sulfate group at C-2 Glc5 (Figure 5).

The analysis of SAR in the raw of glycosides from the sea cucumbers Colochirus
quadrangularis [32] (quadrangularisosides B; (33), D, (34), and E (35)), C. robustus [24]
(colochiroside C (36)) (Figure 6) and P. fabricii [30] (psolusosides A (16), E (17) (Figure 3),
and F (37)) (Figure 6) with the same holostane aglycone and linear tetrasaccharide chains
and differing by the third monosaccharide residue and the number and positions of sulfate
groups, showed that they all were strong hemolytics (Table 1). However, the presence
of a sulfate group at C-4 or C-6 of terminal MeGlc residue resulted in approximately a
tenfold decrease in activity, while the sulfation of C-3 Qui2 or C-6 Glc3 did not decrease
the hemolytic action.

Hence, the influence of sulfate groups on the membranolytic action of triterpene
glycosides depends on the architecture of their carbohydrate chains and the positions of
attachment of these functional groups.
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Figure 6. Structures of the glycosides 33-35 from Colochirus quadrangularis, 36 from Colochirus robustus and 37 from

Psolus fabricii.

2.1.3. The Dependence of Hemolytic Activity of the Glycosides on Aglycone Structure

In the earlier studies of glycoside SAR, the necessity of the presence of a holostane-type
aglycone (with 18(20)-lactone), was noticed for the compound to be active. The glycosides
containing non-holostane aglycones (i.e., having 18(16)-lactone, without a lactone with
a shortened or normal side chain), as a rule, demonstrate only weak membranolytic
action [4,33]. However, different functional groups attached to polycyclic nucleus or the
side chain of holostane aglycones can significantly influence the membranotropic activity
of the glycosides.

All the glycosides isolated from M. magnum contain non-holostane aglycones with
18(16)-lactone, 7(8)-double bond and a normal (non-shortened) side chain. Despite this
fact, the compounds demonstrated high or moderate hemolytic effects (Table 1) (except
for the compounds containing OH-groups in the side chains) [25,26]. Nevertheless, the
comparison of hemolytic activity of the pairs of compounds (Table 1) colochiroside B, (38)
(Figure 7) and magnumoside B; (8), as well as colochiroside C (36) and magnumoside C3
(14), and differing by the aglycones nuclei (holostane and non-holostane, correspondingly),
showed that compounds 36 and 38, which contained the holostane aglycones, were more
active, and this is consistent with the earlier conclusions.

OH

o]
HsCO on~ HO

OH OH

Figure 7. Structure of colochiroside B, (38) from Colochirus robustus.

Additionally, the glycosides of the sea cucumber, Cucumaria fallax [42], did not display
any activity due to containing unusual hexa-nor-lanostane aglycones with an 8(9)-double
bond and without a lactone. The only glycoside from this series, cucumarioside A3-2 (39)
(Figure 8), that was moderately hemolytic (Table 1) was characterized by hexa-nor-lanostane
aglycone, but, as typical for the glycosides of sea cucumbers, having a 7(8)-double bond
and 9B-H configuration, which demonstrates the significance of these structural elements
for the membranotropic action of the glycosides.
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Figure 8. Structure of cucumarioside Az-2 from Cucumaria fallax.

The influence of the side chain length and character of a lactone (18(20)- or 18(16)-)
is nicely illustrated by the comparative analysis of the hemolytic activity of the series of
glycosides from E. fraudatrix (cucumariosides A; (40) and Ajp (41) [28,29]; cucumariosides
I (42) and 1, (43) [43]) (Figure 9), which indicates that the presence of a normal side chain
is essential for the high membranolytic effect of the glycoside.
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Figure 9. Structures of the glycosides 40-43 from Eupentacta fraudatrix.

Unexpectedly high hemolytic activity was displayed by cucumarioside Ag (44) from
E. fraudatrix [29] (Figure 10) with unique non-holostane aglycone and without lactone
but with hydroxy-groups at C-18 and C-20, which can be considered as a biosynthetic
precursor of the holostane aglycones. Its strong membranolytic action (Table 1) could be
explained by the formation of an intramolecular hydrogen bond between the atoms of
aglycone hydroxyls resulting in the spatial structure of the aglycone becoming similar to
that of holostane-type aglycones. Noticeably, it is of special interest to check this issue by
in silico calculations to clarify the molecular mechanism of membranotropic action of 44.

HO ©,
o
0 Ho 0 MG, o 0
HO” S: \ o
H;CO o HO

OH OH OH
Figure 10. Structure of cucumarioside Ag (44) from Eupentacta fraudatrix.

2.1.4. The Influence of Hydroxyl Groups in the Aglycones Side Chain to Hemolytic
Activity of the Glycosides

A strong activity-decreasing effect of the hydroxyl groups in the aglycone side chains
was revealed for the first time when the bioactivity of the glycosides from E. fraudatrix was
studied [27-29,43]. In fact, cucumariosides Ay (45), Ag (46), A11 (47), and A4 (48), as well
as I3 (49), were not active against erythrocytes (Table 1) (Figure 11).
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Figure 11.  Structures of the glycosides 45-49 from Eupentacta fraudatrix and 50 from
Colochirus robustus.

However, colochirosides By (50) (Figure 11) and B, (38) from C. robustus [24], with the
same aglycones as cucumariosides Ay (45) and Aj; (47), correspondingly, but differing by
the third (Xylose) and terminal monosaccharide residues (3-O-MeGlc) and the presence of
sulfate group at C-4 Xyl1, demonstrated moderate hemolytic activity (Table 1). The activity
of typicoside C; (51) from A. typica [23] as well as cladolosides D; (52) and K; (53) from C.
schmeltzii [40,41], with a 22-OH group in the holostane aglycones, was significantly lower
(Table 1) than that of typicoside C; (23) and cladolosides D, (54) (Figure 12) and K; (27),
correspondingly, containing a 22-OAc group.

Na0;S0
HO

HyC o

OH

0, HO
H,co OH H°

52, 54

Figure 12. Structures of the glycosides 51-54 from Cladolabes schmeltzii.

The same activity-decreasing effect of the hydroxy-group in the side chain was ob-
served for the glycosides of M. magnum with non-holostane aglycones (monosulfated
glycosides (5, 8, 9)), however, the presence of additional sulfate groups in the carbohydrate
chains of 12, 13 compensated this influence to some extent (Table 1).

Recently, the glycosides containing hydroperoxyl groups in the aglycone side chains
were found in sea cucumbers C. quadrangularis (quadrangularisosides A (55) and A;
(56) [32]) and P. fabricii (psolusoside D3 (57) [44]) (Figure 13). The comparative analy-
sis of their hemolytic activity with that of their structural analogs that contained hydroxyl
groups in the same positions (colochirosides B, (38), By (50), and psolusoside Ds (58),
correspondingly) showed that the influence of OOH-functionalities was not so negative
(Table 1).
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Figure 13. Structures of glycosides 55 and 56 from Colochirus quadrangularis and 57 and 58 from Psolus fabricii.

2.1.5. Correlation Analysis

To determine the structural elements of glycosides that might be responsible for
membrane recognition, a set of physical properties of fifty-nine glycosides (represented
in Table 1) were analyzed with MOE 2020.0901 CCG software [45]. Models of the spatial
structure of the studied glycosides were built, protonated at pH 7.4, and subjected to energy
minimization and a conformational search with MOE 2020.0901 CCG, and the dominant
glycoside conformations were selected. The numerical descriptions or characterizations of
the molecules that provide their physical properties such as the octanol/water partition
coefficient, the polar surface area, the van der Waals (VDW) volume, the approximation to
the sum of VDW surface areas of pure hydrogen bond acceptors/donors, the approximation
to the sum of VDW surface areas of hydrophobic/polar atoms, etc. (296 in total), as well
as their correlation matrix, were calculated with the QuaSAR-Descriptor tool of MOE
2020.0901 CCG software [45] (Figure S1). The correlation analysis did not reveal any
strong direct correlation between the hemolytic activities of these compounds in vitro
(Table 1) and certain calculated molecular 2D and 3D descriptors. Nevertheless, moderate
positive correlations of their activity with the atomic contribution of the octanol/water
partition coefficient [46], the total negative VDW surface area (AZ), the number of oxygen
atoms, the atomic valence connectivity index, the kappa shape indexes [47], which describe
the different aspects of molecular shape, and the molecular VDW volume (A%) were
disclosed. Therefore, an obvious joint effect of the molecular shape and volume (including
the carbohydrate moiety shape and volume), the negative charge surface distribution, and
the oxygen atom content on the membranotropic properties of the glycosides was observed.
These results indicate the extremely complex nature of relationships between the structure
of glycosides and their membranolytic action.

The analysis of SAR of the broad series of the glycosides from sea cucumbers also
confirms the complicated and ambiguous character of these relationships because the
impact in the membranotropic action of a certain structural element depends on the
combination of such elements in the glycoside molecule. Nevertheless, there are some
structural features causing the activity of the glycosides to be significant:

e The presence of a developed carbohydrate chain composed of four to six monosaccha-
ride residues or a disaccharide chain with a sulfate group;

The availability of 18(20)- or 18(16)-lactone and a normal (non-shortened) side chain;

The presence of 98-H, 7(8)-ene fragment, or 9(11)-double bond.

The influence of sulfate groups on the membranotropic action of the glycosides
depends on the architecture of the sugar chain and the positions of sulfate groups. Hy-
droxyl groups attached to different positions of aglycone side chains extremely decrease
the activity.

2.2. In Silico Analysis of the Interaction of the Glycosides from the Sea Cucumber Eupentacta
fraudatrix with the Model Membrane

The molecular mechanisms of action of membranotropic compounds to the natural cell
membranes are difficult to observe directly with any experimental techniques. Moreover,
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the lipid composition of membranes of diverse eukaryotic cell types varies to a great extent.
The MD simulation providing information at the molecular level has become an increas-
ingly popular “molecular-specific” technique for the study of issues related to bioactive
molecule interactions with the membranes due to the rise of computing power, the devel-
opment of methodologies, software, as well as the force field parameters. Nevertheless,
artificial lipid bilayer membranes are suitable models for such investigations providing
results consistent with the data obtained in the experiments with different cell lines. In this
investigation the lipid composition of model membrane was chosen taking into account the
balance between its complexity (resemblance to reality) and the feasibility of biophysical
observations to interpret. The model of the symmetrical bilayer membrane containing two
or three lipid types (phosphatidylcholine, sphingolipid, and sterol) is the most frequently
used. Therefore, the artificial model of the erythrocyte-mimicking membrane constituting
of phosphatidylcholine (POPC), cholesterol (CHOL), and palmitoyl-sphingomyelin (PSM)
or 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) for the outer or inner
leaflet, respectively, in a saline solution environment, was constructed based on the lipid
composition of red blood cell membranes known to contain approximately 48% CHOL,
28% phosphatidylcholine and 24% sphingomyelin in the outer membrane leaflet, as well as
phosphoethanolamine in the inner membrane leaflet [10,48].

To determine the membrane molecular targets of the binding glycosides, the simu-
lations of full-atom molecular dynamic (MD) for the interactions of cucumariosides A;
(40), Ay (59), Ag (44), and Ay (45) from the sea cucumber Eupentacta fraudatrix (Figure 14)
(hemolytic activities demonstrated by these compounds in vitro are presented in Table 1),
differing from each other by the side chain or aglycone (for 44) structures, with the model
membrane for 600 ns time length (for each) were conducted (see Materials and Methods for
details). The same MD simulations protocol was applied for the solvated bilayer system
without the glycoside exposure, to be used as a control.

o
HO
OH Ho
HsC,
9 Ho O o 0
AN % o
s o OH on s

Figure 14. Structure of cucumariosides A; (40), Ag (44), A7 (45), and A; (59) used for in silico
analysis of the interaction of the glycosides from the sea cucumber, Eupentacta fraudatrix, with the

“,) H

model membrane.

2.2.1. The Modelling of Cucumarioside A; (40) Membranotropic Action with MD Simulations

Our results derived from MD simulations of a model membrane system in the presence
of cucumarioside A; (40) demonstrated that glycoside is able to interact specifically with the
PSM of the outer membrane leaflet. The analysis of intermolecular interactions (Figure 15A)
of cucumarioside A; (40), characterized by 24(25)-double bond, showed the attachment of
its carbohydrate chain to membrane sphingomyelin (PSM) by hydrogen bonds (with the
energy contribution of —11.94 kcal/M) (Table 2) enabling the anchoring of the glycoside at
the interface of the membrane which is similar to dioscin behavior [49].
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(A) (C)

Figure 15. Spatial organization of multimolecular complex formed by two cucumarioside A; (40) molecules (I and II) and the
model membrane components. (A) 2D diagram of noncovalent intermolecular interactions of the glycoside with water-lipid
environment. (B) Multimolecular complex is presented as a semitransparent molecular surface, colored according to its
lipophilicity: hydrophilic areas are pink, lipophilic areas are green, the view is perpendicular to membrane surface. The
molecules of solvent and some membrane components are deleted for simplicity. (C) Multimolecular complex in membrane
environment, the view parallel to membrane surface. The glycoside is presented as cyan “ball” model, POPC+PSM and
CHOL molecules (6 A surrounding glycoside-lipid complex) of outer membrane leaflet are grey and light-green “ball”
models, respectively; POPC+PSM and CHOL of inner membrane leaflet, distant from molecular assembly, are presented as
grey and dark-green “ball and stick” models, respectively.

Further MD simulations in the system CHOL/POPC/PSM/POPE which was exposed
to cucumarioside A (40) molecules demonstrated that glycoside integrates into the outer
membrane leaflet leading to an asymmetrical pore formation with 7.52 A diameter in the
central part and 14.56 A diameter in the entrance (Figure 15B,C). The stoichiometry of the
pore forming components, glycoside/CHOL/POPC/PSM, is 2/4/5/6. Hence, cucumar-
ioside Aj (40) is capable of incorporating into the outer membrane leaflet predominantly
through hydrophobic interactions of its aglycone with phospholipids, sphingomyelin, as
well as cholesterol, that results in the membrane curvature, followed by its destabilization
and permeability changing. It should be noted that during the formation of this multi-
molecular pore-like structure induced by cucumarioside A; (40), sphingomyelin molecules
interact tightly with both glycosides and cholesterol through hydrogen-bonding as well as
through hydrophobic interactions. Thus, sphingomyelin and cholesterol act as a functional

80



Mar. Drugs 2021, 19, 604

pair to stabilize these complexes, similar to how they stabilize lipid rafts [22,50]. These
data are in accordance with the high hemolytic effect of cucumarioside A; (40) (Table 1).

Table 2. Noncovalent intermolecular interactions inside the multimolecular complex formed by two molecules (I and II) of
cucumarioside A (40) and components of model lipid bilayer membrane.

. CucumariosideA; (40) Membrane Energy Contribution, . o
Type of Bonding Molecule Component g}l’<cal/mol Distance, A
Hydrogen bond I PSM4 —11.94 4.05
Hydrophobic I PSM4 —0.5 3.31
Hydrophobic I POPC108 —7.21 3.93
Hydrophobic I PSM2 —5.52 413
Hydrophobic I POP109 —4.69 3.92
Hydrophobic I PSM10 -3.71 4.19
Hydrophobic I CHOL9 —3.69 413
Hydrophobic I CHOL14 —2.18 4.01
Hydrophobic I POPC124 —1.59 4.02
Hydrophobic I POPC113 —0.55 4.13
Hydrophobic I CHOL38 —11.05 4.07
Hydrophobic I PSM31 —10.82 4.08
Hydrophobic I POPC124 —8.38 411
Hydrophobic II CHOLA46 —4.77 4.06
Hydrophobic II CHOL14 —4.50 3.93
Hydrophobic II PSM28 —1.06 4.15
Hydrophobic 1T PSM74 0.05 3.95

The RMSD value of the heavy atoms of the model membrane phospholipids under
cucumarioside A; (40) action was 2.89 A, while for the lipid environment surrounding the
glycoside at 10 A (POPC, CHOL, PSM) it was 4.13 A. Moreover, the deviation of CHOL
heavy atoms in the outer leaflet did not exceed 1.89 A, while in the inner leaflet the RMSD
value was 4.97 A and reached up to 6.99 A for some of CHOL molecules (Figure 15C).

2.2.2. The Modelling of Cucumarioside Ag (44) Membranotropic Action with MD Simulations

The in silico study of the action of cucumarioside Ag (44) from E. fraudatrix [29] on
a model erythrocyte membrane with MD simulations evidenced that the process appar-
ently occurs in several stages: driven by electrostatic attracting, the glycoside reaches
the membrane with its carbohydrate part and can anchor to phospholipid polar heads
through hydrogen bonds (Figure 16C and Figure S2), after that its aglycone moiety com-
pletely immerses into the lipid layer, and the multimolecular assembly rearranges. More-
over, our computational results have disclosed the feasibility of the glycoside to induce
the “pore-like” complex formation inside the membrane with stoichiometry of glyco-
side/CHOL/POPC/PSM (2/3/2/5) (Figure 16A,B, Table 3). Its assemblage is provided
mainly through van der Waals bonds and hydrophobic interactions with PSM and con-
tributes totally to complex formation up to —62.07 kcal/M. Simultaneously, the aglycone
of one glycoside molecule (I) is anchored to a PSM head by a hydrogen bond (contributing
—1 kcal/M), whereas the carbohydrate moiety of the other molecule (I) stabilizes this
complex by another hydrogen bond generated with a POPC molecule (with a contribution
of —3.10 kcal/M) (Table 3). This suggests that the mechanism of cucumarioside Ag (44)
hemolytic action is somewhat similar to that of cucumarioside A; (40).
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© (B)

Figure 16. Spatial organization of multimolecular complex formed by two cucumarioside Ag (44) molecules (I and II) and the
model membrane components. (A) 2D diagram of noncovalent intermolecular interactions of the glycoside with water-lipid
environment. (B) Multimolecular complex is presented as a semitransparent molecular surface, colored according to its
lipophilicity: hydrophilic areas are pink, lipophilic areas are green, the view is perpendicular to membrane surface. The
glycoside is presented as cyan “ball” model, POPC+PSM and CHOL molecules (6 A surrounding glycoside-lipid complex)
of the outer membrane leaflet are grey and light-green “ball” models. The molecules of solvent and some membrane
components are deleted for simplicity. (C) 2D diagram of noncovalent intermolecular interactions of cucumarioside Ag (44)
with water-lipid environment at the initial stage of glycoside interaction with the model membrane.

The important functional role of hydroxy groups at C-18 and C-20 of cucumarioside
Ag (44) were found to promote an initial stage of glycoside integration into the lipid bilayer
by the multiple hydrogen bond formations with sphingomyelin or phosphatidylcholine
(Figure 16C). However, the extensive hydrophobic interactions became more energetically
favorable at the subsequent stages of the glycoside engagement inside the outer membrane
leaflet, allowing it to penetrate rather deeply into the bilayer (Figure S2B). Moreover,
further MD simulations have revealed the inner membrane leaflet rearrangement under
the influence of cucumarioside Ag (44). Thus, the aglycone passed through the outer
membrane leaflet and initiated the phosphatidylcholine molecule tails to move from the
inner layer towards the “pore-like” assembly to generate hydrophobic interactions with
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the glycoside side chains (with a contribution of —3.72 kcal/M and —2.02 kcal/M) (Table 3,
Figure S2D).

Table 3. Noncovalent intermolecular interactions inside multimolecular complex formed by two molecules (I, II) of
cucumarioside Ag (44) and the components of model lipid bilayer membrane.

. Cucumarioside Ag (44) Membrane Energy Contribution, . o
Type of Bonding Molecule Component g}l’<cal/mol Distance, A
Hydrogen bond I I —3.49 3.36
Hydrophobic I I —8.75 3.95
Hydrophobic I PSM20 —12.41 4.03
Hydrophobic I PSM2 —8.60 4.07
Hydrophobic I POPC13 —7.93 3.97
Hydrophobic I CHL7 —7.20 4.02
Hydrophobic I PSM2 —4.28 4.04
Hydrophobic I CHL9 —4.06 4.06
Hydrophobic I PSM10 -3.91 4.08
Hydrophobic I POPC108 * —3.72 3.94
Hydrophobic I CHL14 —3.23 411
Hydrogen bond I POPC5 —-3.10 2.60
Hydrophobic I PSM3 —2.31 3.96
Hydrophobic II POPC113 * —2.02 421
Hydrophobic I POPC13 —1.39 3.59
Hydrophobic II PSM28 —1.01 4.26
Hydrogen bond 1 PSM2 —1.00 3.01

*—the inner membrane leaflet.

The analysis of noncovalent intermolecular interactions in this complex shows that,
in contrast to the pore formed by cucumarioside A; (40), where the glycoside interacts
predominantly with the lipid environment (CHOL/POPC/PSM) of the outer membrane
layer (Table 2), the aglycone moieties of cucumarioside Ag (44) molecules formed rather
powerful hydrophobic contacts between each other (with a contribution of —8.75 kcal /M),
as well as hydrogen bonds between their carbohydrate parts, contributing approximately
—3.49 kcal/M to the complex formation. Apparently, these glycoside/glycoside interac-
tions inside the pore led to a decrease in its diameter to 13.06 A in the entrance and 3.96
A in its narrowest part as compared to those for the cucumarioside A; (40)-induced pore
(Figure 15). This finding suggests that the glycoside 44 is capable of forming pores in the
erythrocyte membrane, similar to the glycoside 40, but their size and quantity would be
more sensitive to the glycoside concentration. This result is in good agreement with the
glycoside activities (Table 1), indicating an order of magnitude higher hemolytic activity of
cucumarioside A; (40) compared to that of cucumarioside Ag (44).

2.2.3. The Modelling of Cucumarioside A; (59) Membranotropic Action with MD Simulations

MD simulations of interactions of cucumarioside A; (59), with a 24-O-acetic group,
demonstrated that glycoside bound to both the phospholipids and cholesterol of the outer
membrane leaflet causing significant changes in the bilayer architecture and dynamics. The
apolar aglycone part of the glycoside and the fatty acid residues of phospholipids interact
with each other through hydrophobic bonds (with energy contribution from —1.23 kcal/M
to —4.65 kcal /M) and hydrogen bonds (with energy contribution from —0.50 kcal/M to
—8.20 kcal/M) (Table 4, Figure 17). The analysis of the energy contributions of different
membrane components to the formation of multimolecular complexes including three
molecules of cucumarioside A; (59) revealed that the glycoside/phospholipid interactions
were more favorable compared to the glycoside/cholesterol interactions involving only
the aglycone side chain area (Figure 17). One molecule of the glycoside interacted with
3-5 phospholipid molecules involving their polar heads being bound to the polycyclic
nucleus and carbohydrate chains while fatty acid tales surrounded the aglycones side
chain. Thus, a so-called “phospholipid cluster” is formed around the glycoside causing it
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to be partly embedded to the outer leaflet. A rather rigid “cholesterol cluster” is formed
under the place of glycoside penetration to the outer membrane leaflet due to the lifting of
cholesterol molecules from the inner leaflet attempting, to some extent to substitute the
molecules of the outer leaflet which are bound with the glycoside (Figure 17).

Table 4. Noncovalent intermolecular interactions inside multimolecular complex formed by three
molecules (I-11I) of cucumarioside A; (59) and components of model lipid bilayer membrane.

. Ener;
Type of Bonding Cucumarioside A; Membrane Contribtglziion, Distance, A
(59) Molecule Component Kk
cal/mol
Hydrophobic I PSM51 —4.63 421
Hydrophobic I POPC11 —3.34 3.99
Hydrophobic I CHOL92 —0.63 3.89
Hydrophobic 1 POPC49 -1.23 3.99
Hydrogen bond I PSM51 —0.49 3.18
Hydrophobic I PSM57 —6.19 4.14
Hydrophobic 11 CHOL104 —6.1 3.98
Hydrophobic I PSM55 —3.3 4.07
Hydrophobic I POPC11 —2.78 417
Hydrophobic 11 PSM51 —2.18 4.08
Hydrogen bond I POPC49 —8.2 2.49
Hydrophobic il POPC11 —3.08 4.20
Hydrophobic il POPC49 —1.43 3.91
Hydrophobic il CHOL99 —0.67 3.53

Therefore, the agglomerating action of cucumarioside A; (59) towards the cholesterol
molecules not only in the immediate vicinity of the glycoside but involving the cholesterol
molecules from the inner membrane leaflet became clear. However, since cholesterol, with
its rather rigid structure, interacts mainly with the aglycone side chain, it continues to
be embedded to the outer leaflet, while flexible phospholipid molecules, interacting with
both the aglycone and carbohydrate chain, to some extent overlook the outer membrane
leaflet. Hence, two so-called “lipid pools” are generated with one of them surrounding
carbohydrate and polycyclic moieties of the glycoside and the second one located in the
aglycone side chain area (Figure 17B).

Due to the asymmetric distribution of lipids between the membrane monolayers, their
properties can differ significantly. POPC and PSM are characterized by saturated fatty acid
tails, the asymmetry of leaflets is enhanced by different polar head properties of POPC,
PSM, and POPE. Moreover, the presence of CHOL molecules in the bilayer, the content
of which is close to 50% in the erythrocyte biomembrane, promotes the “elongation” and
alignment of fatty tails of phospholipids parallel to the flat core of CHOL [51]. Our MD
simulation results suggest that cucumarioside A, (59) apparently induced the disruption
of tight CHOL/lipid and lipid/lipid interactions through an extensive hydrophobic area
formation in the glycoside’s immediate environment (Figure 17, Table 4). Additionally,
the glycoside can provoke the process of CHOL release from the inner monolayer and its
accumulation between monolayers or insertion to the outer one, because, unlike POPC,
PSM and POPE, which have rather bulk polar heads, the small polar OH-group of CHOL
is known to facilitate CHOL relocation between monolayers due to the low energy barrier
of the “flip-flop” mechanism [51]. All these properties and forces led to the accumulation
of CHOL molecules surround the glycoside, which resulted in an increase in layer viscosity.
Simultaneously the CHOL outflow made the inner leaflet more fluid and unbalanced
compared to the structured outer one that can cause the generation of non-bilayer disor-
dered membrane architecture. These circumstances cause the inner membrane leaflet to be
reorganized followed by the changing of the membrane barrier properties providing the
hemolytic action of the glycoside.
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Figure 17. Spatial organization of multimolecular complex formed by three molecules (I-III) of cucumarioside A, (59) and
the components of model membrane. (A) 2D diagram of intermolecular noncovalent interactions of three cucumarioside A,
(59) molecules and the components of model water/lipid bilayer environment. Hydrogen bonds are green dotted lines.
(B) Front view to the cucumarioside A; (59) multimolecular complex with a model membrane. The glycoside is presented
as cyan “ball” model, POPC+PSM and CHOL (6 A surrounding glycoside) of the outer membrane leaflet are presented
as grey and light-green “ball” models, respectively; POPC+POPE and CHOL of inner membrane leaflet, distant from
multimolecular assembly, are presented as grey and dark-green “ball and stick” models, respectively; CHOL molecules of
the inner membrane leaflet at 5 A distant from multimolecular complex are presented as a dark-green “ball” model. The
molecules of solvent and some membrane components are deleted for simplicity.

Thus, according to our MD simulations, cucumarioside A; (59) exposure caused
significant change in the architecture of the model membrane bilayer (Figure 17). It should
be noted that although the dynamic behavior of the lipid environment of cucumarioside
A1 (40) and cucumarioside A; (59) was similar, there were a number of considerable
differences. Despite the low RMSD value for all heavy atoms of membrane lipids (3.74 A),
which reflects the mobility of membrane components, the dynamic behavior of those
located in the immediate environment of the glycoside molecules was changed to a great
extent. So, their RMSD value (10 A surrounding the glycoside) was 7.47 A, and for some
CHOL molecules, predominantly those forming the inner membrane leaflet, this value
reached 17.68 A.

2.2.4. The Modelling of Cucumarioside Ay (45) Membranotropic Action with MD Simulations

Cucumarioside Ay (45) differs from the compounds 40, 44, and 59 by the presence
of an OH-group in the aglycone side chain that causes the extremal decreasing in its
membranotropic activity (Table 1). In fact, in silico simulations of its interactions with
model membrane demonstrated only slight interactions with phospholipid polar heads
and the absence of glycoside/cholesterol interactions.

Moreover, MD simulations of cucumarioside Ay (45) interactions showed RMSD
values with neighboring lipids was comparable to those observed during MD simulations
in the control membrane system and for both did not exceed 2.34 A. This result indicated
no significant changes in lipid packaging induced by cucumarioside Ay (45); this is in good
accordance with hemolytic activity, SAR data (Table 1), as well as other MD simulations
which indicated the involvement of the aglycones side chain in the hydrophobic interactions

85



Mar. Drugs 2021, 19, 604

with phospholipid fatty acid tails and cholesterol. It is obviously that hydroxyl groups in
the side chain of 45 imped such interactions.

3. Materials and Methods
3.1. Model System for Artificial Plasma Membrane Mimicking the Erythrocyte Membrane

An asymmetric model bilayer comprising POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine), CHOL (cholesterol), PSM (palmitoylshingomyeline for outer leaflet), or
POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) for the inner leaflet, re-
spectively, in the ratio 1:2:1 was constructed by remote web resource CHARMM-GUIHMMM
Builder [52,53], solvated, and equilibrated during 400 ns for optimal bilayer package.

3.2. Full Atom MD Simulations

Since we did not have any information on the possible orientation of glycosides during
their interaction with the membrane, glycoside molecules were added to the previously
equilibrated model membrane system and placed at a distance of 11 A above the outer
membrane leaflet. The orientation of the molecules was chosen arbitrarily provided that
their long axis was located along the membrane surface (Figure S2A). The model membrane
simulation system with the glycosides was resolvated with water (25 A above and below
the membrane) and neutralized with counterions for a simulating box of 200 x 200 x 90 A,
protonated at pH 7.4, and the total potential energy of the systems was minimized with the
energy gradient of 0.01 kcal/mol/A~" to remove initial unfavorable contacts, then heated
from 0 to 300 K for 100 ns and equilibrated at 300 K for another 200 ns.

The MD simulations of the free model membrane system or under the impact of
glycosides in water environment were conducted with an Amber 14EHT force field. This
was carried out with a checkpoint at 500 ps, a sample time of 10 ps, with Nosé-Poincaré—
Andersen Hamiltonian equations of motion (NPA), and a time step of 0.001 ps, at a
constant pressure (1 atm) and temperature (300 K) giving a total simulation time of 600
ns using MOE 2020.0901 CCG software [45]. Solvent molecules were treated as rigid.
Computer simulations and theoretical studies were performed using cluster CCU “Far
Eastern computing resource” FEB RAS (Vladivostok).

MD simulations of the control membrane system demonstrated RMSD value no higher
than 2.34 A.

The analysis of intramolecular interactions as well as the estimation of the interaction
energy contribution was made with a ligand interaction suite from MOE 2020.0901 CCG
software [45].

3.3. Triterpene Glycosides Chosen for MD Simulations

Cucumarioside A (40): 38-O-{3-O-methyl-B-D-xylopyranosyl-(1—3)-B-D-glucopyranosyl-
(1—4)-B-D-quinovopyranosyl-(1—2)-B-D-xylopyranosyl}-16 f-acetoxyholosta-7,24-diene; mp
190 °C; [o]&¥-15° (c 0.1, C5HsN).

Cucumarioside Ay (59): 3B-0-{3-O-methyl-B-D-xylopyranosyl-(1—3)-B-D-glucopyranosyl-
(1—4)-B-D-quinovopyranosyl-(1—2)--D-xylopyranosyl}-16 8,24& -diacetoxyholosta-7,25-diene;
mp 167°C; [«]® -17 (c 0.1, CsH5N). HR ESI MS (+) m/z: 1179.5555 (calc 1179.5558)
[M + Nal*.

Cucumarioside Ay (45) is 3B-O-{3-O-methyl-B-D-xylopyranosyl-(1—3)-B-D-glucopyranosyl-
(1—4)-B-D-quinovopyranosyl-(1—2)-B-D-xylopyranosyl}-16 f-acetoxyholosta-24S-hydroxy-
7,25-diene; mp 183-185 °C; [oc]%o -5 (¢ 0.1, C5H5N). HR ESI MS (+) m/z: 1137.5460 (calc
1137.5452) [M + Na]*.

Cucumarioside Ag (44) 35-O-[3-O-methyl-B-D-xylopyranosyl-(1—3)-B-D-glucopyranosyl-
(1—-4)-B-D-quinovopyranosyl-(1— 2)-B-D-xylopyranosyl]-16-acetoxy-9-H-lanosta-7,24-
diene-18,20p-diol. mp 238-240 °C, [«]X-3 (c 0.1, CsH5N), HR MALDI TOF MS (+) m/z:
1125.5812 (calc 1125.5816) [M + Na]*.
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4. Conclusions

The SAR for the sea cucumber triterpene glycosides illustrated by their action on
mouse erythrocytes, is very complicated. Nevertheless, in our study, several clear trends
were found, providing significant membranolytic activity for the glycosides, namely: the
presence of a developed carbohydrate chain composed of four to six monosaccharide
residues (with linear tetrasaccharide fragment) or a disaccharide chain with a sulfate group;
the availability of 18(20)- or 18(16)-lactone and a normal (non-shortened) side chain; the
presence of 93-H, 7(8)-ene fragment or 9(11)-double bond. It was also observed that the
influence of sulfate groups on the membranotropic action of the glycosides depends on
the architecture of the sugar chain and the positions of sulfate groups. Hydroxyl groups
attached to different positions of aglycone side chains extremely decrease the activity.

Using an in silico approach of full-atom MD simulations for the investigation of
interactions of sea cucumber triterpene glycosides with the molecules composing the
model lipid bilayer membrane has resulted in the clarification of several characteristics
of the molecular mechanisms of membranolytic action of these compounds. It was re-
vealed that the studied glycosides bound to the membrane surface mainly by hydrophobic
interactions and hydrogen bonds, but the mode of such interactions depended on the
aglycone side chain structure and varied to a great extent. The formation of multimolec-
ular lipid / glycoside complexes led to membrane curvature followed by the subsequent
membranolytic effects of the glycosides. Different mechanisms of glycoside/membrane
interactions were discovered for cucumariosides A (40), Ag (44), and A, (59). The first
mechanism, inherent for 40 and 44, was realized through the pore’s formation differed by
the shape, stoichiometry, and the impact of diverse noncovalent interactions into complex
assembling, depending on the glycoside structural peculiarities. The second mode of
membranotropic action was realized by 59 through the formation of phospholipid and
cholesterol clusters in the outer and inner membrane leaflets, correspondingly.

The observed peculiarities of membranotropic action are in good agreement with the
corresponding data of in vitro hemolytic activity of the investigated compounds [28,29]. In
fact, the hemolytic activity of pore-forming cucumariosides A; (40) and Ag (44) were 0.07
and 0.70 uM/mL, correspondingly. The value for cluster-forming cucumarioside A; (59)
was 4.70 uM/mL, and cucumarioside Ay (45) demonstrating the weakest capacity to embed
the membrane, was not active to the maximal studied concentration of 100.0 uM/mL.

Further in silico studies of the relationships of the membrane lipid composition
and structural peculiarities of the glycosides demonstrating membranolytic activity are
necessary to ascertain the molecular targets of glycoside/membrane bonding and to deepen
the understanding of these complex multistage mechanisms.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19110604/s1. Figure S1: The Correlation matrix of the hemolytic activities of glycosides
in vitro (ED50, uM/mL, Table 1) and certain calculated molecular 2D and 3D descriptors conducted
with the QuaSAR-Descriptor tool of MOE 2020.0901 CCG software [45]. Moderate positive correla-
tion of their activity with the atomic contribution to Log of the octanol /water partition coefficient
(h_logP) [46], the total negative VDW surface area (A2), the number of oxygen atoms (a_no), the
atomic valence connectivity index (chiOv), kappa shape indexes (Kier) [47], describing different as-
pects of molecular shape, the molecular VDW volume (Vol, vdw_vol, VSA_acc, (A3)) were disclosed.
Figure S2: (A) Initial conformation of cucumarioside A8 (44) for MD simulations, where the A8 (44)
molecules are placed at a distance of 11 A above the outer membrane leaflet with their long axis
is directed along the membrane surface. (B) The snapshot of 85 ns MD simulations indicating the
cucumarioside A8 carbohydrate parts come up to the phospholipid heads of the outer membrane
leaflet. (C) The snapshot of 130 ns MD simulations indicating the cucumarioside A8 aglycone pass
through the outer membrane leaflet. (D) The last snapshot of MD simulations indicating the aglycone
moieties of two cucumarioside A8 molecules induce the “pore-like” complex formation inside the
membrane. The glycoside is presented as cyan “ball” model, POPC+PSM +CHOL are presented as
grey stick models. The solvent molecules and some membrane components are deleted for simplicity.
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Abstract: Nine new mono-, di-, and trisulfated triterpene penta- and hexaosides, kurilosides A3 (1),
Dy (2),G(3),H@4),1(5),1; (6),] (7), K(8), and K; (9) and two desulfated derivatives, DS-kuriloside L
(10), having a trisaccharide branched chain, and DS-kuriloside M (11), having hexa-nor-lanostane
aglycone with a 7(8)-double bond, have been isolated from the Far-Eastern deep-water sea cucumber
Thyonidium (=Duasmodactyla) kurilensis (Levin) and their structures were elucidated based on 2D
NMR spectroscopy and HR-ESI mass-spectrometry. Five earlier unknown carbohydrate chains and
two aglycones (having a 16,(20S)-dihydroxy-fragment and a 16-acetoxy,(20S)-hydroxy fragment)
were found in these glycosides. All the glycosides 1-9 have a sulfate group at C-6 Glc, attached to
C-4 Xyl1, while the positions of the other sulfate groups vary in different groups of kurilosides. The
analysis of the structural features of the aglycones and the carbohydrate chains of all the glycosides
of T. kurilensis showed their biogenetic relationships. Cytotoxic activities of the compounds 1-9
against mouse neuroblastoma Neuro 2a, normal epithelial JB-6 cells, and erythrocytes were studied.
The highest cytotoxicity in the series was demonstrated by trisulfated hexaoside kuriloside H (4),
having acetoxy-groups at C(16) and C(20), the latter one obviously compensated the absence of a
side chain, essential for the membranolytic action of the glycosides. Kuriloside I; (6), differing from 4
in the lacking of a terminal glucose residue in the bottom semi-chain, was slightly less active. The
compounds 1-3, 5, and 8 did not demonstrate cytotoxic activity due to the presence of hydroxyl
groups in their aglycones.

Keywords: Thyonidium kurilensis; triterpene glycosides; kurilosides; sea cucumber; cytotoxic activity

1. Introduction

The investigations of the triterpene glycosides from different species of sea cucumbers
have a range of goals. Among them are the drug discoveries based on the promising
candidates, demonstrating the target bioactivity [1-6], the solving of some taxonomic
problems of the class Holothuroidea based on the specificity of the glycosides having
characteristic structural peculiarities for the certain systematic groups [7-10], the ascertain-
ing of biologic and ecologic functions of these metabolites [11-15], and the discovery of
novel compounds, especially minor ones, that can be the “hot metabolites” clarifying the
biosynthetic pathways of triterpene glycosides [16-18].

As a continuation of our investigation of glycoside composition of the sea cucumber
Thyonidium (=Duasmodactuyla) kurilensis (Levin), we report herein the isolation and structure
elucidation of nine glycosides, kurilosides A3 (1), Dy (2), G (3), H (4), 1 (5), 1; (6),] (7), K (8),
and Kj (9) as well as two desulfated derivatives, DS-kuriloside L (10) and DS-kuriloside
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M (11). The animals were collected near Onekotan Island in the Sea of Okhotsk. The
structures of the compounds 1-11 were established by the analyses of the 'H, 13C NMR,
1D TOCSY, and 2D NMR (*H,'H-COSY, HMBC, HSQC, ROESY) spectra as well as HR-ESI
mass spectra. All the original spectra are presented in Figures S1-S85 in the Supplementary
Materials. The hemolytic activities against mouse erythrocytes, cytotoxic activities against
mouse neuroblastoma Neuro 2a, and normal epithelial JB-6 cells have been reported.

2. Results and Discussion
2.1. Structural Elucidation of the Glycosides

The concentrated ethanolic extract of the sea cucumber Thyonidium (=Duasmodactyla)
kurilensis was chromatographed on a Polychrom-1 column (powdered Teflon, Biolar, Latvia).
The glycosides were eluted with 50% EtOH and separated by repeated chromatography on
Si gel columns using CHCl;3 /EtOH /H,O (100:100:17) and (100:125:25) as mobile phases
to give five fractions (I-V). The glycosides 1-9 (Figure 1) were isolated as a result of
subsequent HPLC of the fractions II-V on a reversed-phase semipreparative column
Phenomenex Synergi Fusion RP (10 x 250 mm).
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Figure 1. Chemical structures of glycosides isolated from Thyonidium kurilensis: 1—kuriloside Ajz; 2—kuriloside Dy;
3—kuriloside G; 4—kuriloside H; 5—kuriloside I; 6—kuriloside I;; 7—kuriloside J, 8—kuriloside K, 9—kuriloside Kj.

The molecular formula of kuriloside A3 (1) was determined to be Cs4Hg;O9SNa
from the [Mn, — Na] ™~ ion peak at m/z 1231.5063 (calc. 1231.5059) in the (—)HR-ESI-MS.
Kuriloside Az (1) as well as the reported earlier kurilosides A, Aj, and A; [19] belong to the
same group of glycosides, so these compounds have the identical monosulfated pentasac-
charide chains that were confirmed by the coincidence of their 'H and '3C NMR spectra
corresponding to the carbohydrate chains (Table S1). The presence of five characteristic
doublets at &y = 4.64-5.18 (] = 7.1-7.6 Hz), and corresponding signals of anomeric carbons
at ¢ = 102.3-104.7 in the 'H and '*C NMR spectra of the carbohydrate part of 1 indicate
the presence of a pentasaccharide chain and f-configurations of the glycosidic bonds.
Monosaccharide composition of 1, established by the analysis of the 'H,'H-COSY, HSQC,
and 1D TOCSY spectra, includes one xylose (Xyll), one quinovose (Qui2), two glucoses
(Gle3 and Glc4), and one 3-O-methylglucose (MeGlc5) residue. The signal of C-6 Glc4
was observed at ¢ = 67.1 due to a-shifting effect of a sulfate group at this position. The
positions of interglycosidic linkages were established by the ROESY and HMBC spectra
(Table S1). The analysis of NMR spectra of the aglycone part of 1 (Table S2) indicated
the presence of 22,23,24,25,26,27-hexa-nor-lanostane aglycone with a 16x-hydroxy,20-oxo-
fragment and 9(11)-double bond due to the characteristic signals: (8¢ 149.0 (C-9) and 114.2
(C-11), 6¢c = 71.1 (C-16) and dy = 5.40 (brt, ] = 7.5 Hz, H-16), 5¢c = 208.8 (C-20)). The ROE
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correlations H-16/H-153 and H-16/H-18 indicated a 160-OH orientation in the aglycone
of kuriloside Az (1). 17«xH-orientation, common for the sea cucumber glycosides, was
deduced from the ROE-correlation H-17/H-32. The same aglycone was found earlier in
kuriloside F [19].

The (—)ESI-MS/MS of 1 demonstrated the fragmentation of [Mn, — Na] ™~ ion at m/z
1231.5. The peaks of fragment ions were observed at m/z 1069.5 [Mn, — Na — CsH19Os5
(GlC)]_, 1055.4 [MNa - Na — C7H1205(M€G1C)]_, 923.4 [MNa — Na — C6H1005(G1C) -
CsH1004(Qui)]~, 747.3 [MNa — Na — CgH19O5(Gle) — CgH1904(Qui) — C7H1205(MeGle)]
695.1 [MNa —Na — C24H3703(Agl) - C6H1005 (GlC) - H]i, 565.1 [I\/INa — Na — C24H3702
(Agl) — CgH19O5(Glc) — CeH19O4 (Qui) — H]™, 549.1 [MNa — Na — CpaH3705(Agl) —
C6H]005(G1C) - C6H1004(Qui) - H]i, 4171 [MNa —Na — C24H3703(Ag1) - C6H1005(G1C)
— C6H1004(Qui) - C5H804(Xy1) — H]i, 241.0 [MNa —Na — C24H3703(Agl) — C6H1005(GIC)
— CeH1004(Qui) — C5HgO4(Xyl) — C7H1205(MeGlec) — H] ™, corroborating the structure of
kuriloside A3 (1).

All these data indicate that kuriloside Az (1) is 33-O-{[3-D-glucopyranosyl-(1—4)-f-D-
quinovopyranosyl-(1—2)-[3-O-methyl-3-D-glucopyranosyl-(1—3)-6-O-sodium sulfate-{3-
D-glucopyranosyl-(1—4)]-p-D-xylopyranosyl}-22,23,24,25,26,27-hexa-nor-16 x-hydroxy,20-
oxo-lanost-9(11)-ene.

The molecular formula of kuriloside D; (2) was determined to be CggH107036SNa
from the [My, — Na]~ ion peak at m/z 1507.6291 (calc. 1507.6268) in the (—)HR-ESI-
MS. The hexasaccharide monosulfated carbohydrate chain of 2 was identical to that of
previously reported kuriloside D [19] since their 'H and '3C NMR spectra corresponding
to the carbohydrate moieties were coincident (Table S3). Actually, six signals of anomeric
doublets at 517 =4.70-5.28 (d, | = 7.5-8.2 Hz) and corresponding signals of anomeric carbons
at dc = 103.7-105.7 indicated the presence of a hexasaccharide chain in kuriloside Dy (2).
The presence of xylose (Xyll), quinovose (Qui2), three glucose (Glc3, Glc4, Glc5), and
3-O-methylglucose (MeGlc6) residues were deduced from the analysis of the 'H,'H-COSY,
HSQC, and 1D TOCSY spectra of 2. The positions of the interglycosidic linkages were
elucidated based on the ROESY and HMBC correlations (Table S3). The presence in the
13C NMR spectrum of kuriloside D; (2) of the only signal of the O-methyl group at 5c
60.5 and the upfield shift of the signal of C-3 Glc4 to 5¢ 71.5 indicated the presence of a
non-methylated terminal Glc4 residue. Analysis of the 'H and 1*C NMR spectra of the
aglycone part of 2 indicated the presence of a lanostane aglycone (the signals of lactone ring
are absent and the signals of methyl group C-18 are observed at ¢ 16.9 and by 1.30 (s, H-18)
with normal side chain (30 carbons) and 9(11)-double bond (the signals at 5c 149.0 (C-9),
114.9 (C-11), and &y 5.35 (brd, ] = 6.2 Hz; H-11) (Table 1). The comparison of the '*C NMR
spectra of 2 and kuriloside D showed their great similarity, except for the signals of the
side chain from C-23 to C-27. Two strongly deshielded signals at 5c 216.3 (C-16) and 217.6
(C-22) corresponded to carbonyl groups, whose positions were established on the base of
the HMBC correlations H-15/C-16, H-21/C-22, H-23/C-22, and H-24/C-22. The signals of
protons assigned to the methylene group adjacent to 22-oxo group were deshielded to g
3.67 (dd, ] = 10.6; 18.2 Hz; H-23a) and 3.43 (dt, ] = 7.8; 18.2 Hz; H-23b) and correlated in
the 'H,"H-COSY spectrum of 2 with one signal only at 8y 2.27 (t, ] = 7.8 Hz; H-24). These
data, along with the deshielded signal of quaternary carbon at 5¢ 69.0 (C-25) and the almost
coinciding signals of methyl groups C-26 and C-27 (8¢ 30.0 and 29.5, oy 1.42 and 1.41,
correspondingly), indicated the attachment of the hydroxy-group to C-25. Therefore, the
side chain of kuriloside Dy (2) is characterized by the 22-ox0-25-hydroxy-fragment (Table 1).

The (—)ESI-MS/MS of 2 demonstrated the fragmentation of [Mn, — Na]~ ion at m/z
1507.6. The peaks of fragment ions were observed at 71/z 1349.5 [Mn, — Na — CgH;503 +
H]~, corresponding to the loss of the aglycone fragment from C(20) to C(27), 1187.5 [Mna
— Na — C3H15O3 - C6H1005(G1C) + H]i, 1025.4 [MNa — Na — C3H1503 - C6H1005(G1C)
- C6H1005 (GlC) + H]i, 879.4 [MNa — Na — C8H1503 - C6H]005(G1C) — C6H1005
(GIC) — C6H1004(Qui) + H]i, 565.1 [MNa — Na — C30H4704(Ag1) — C6H1005(GIC) -
C6H1005(G1C) - C6H1004(Qui) - H]f, 417.1 [MNa —Na — C30H4705(Ag1) - C6H1005(G1C)
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— C(,H1005(G1C) — C6H1004(Qui) — C5H304(Xyl) — H]f, 241.0 [MNa — Na — C30H47O5
(Agl) — C6H]005(G1C) — C6H1005(G1C) — C6H1004(Qui) — C5H804(Xy1) — C7H1205(M€G]C)
— H]~, corroborating the structure of kuriloside D; (2).

All these data indicate that kuriloside D (2) is 33-O-{3-D-glucopyranosyl-(1—3)-p3-D-
glucopyranosyl-(1—4)-3-D-quinovopyranosyl-(1—2)-[3-O-methyl-3-D-glucopyranosyl-
(1—=3)-6-O-sodium sulfate-[3-D-glucopyranosyl-(1—4)]-3-D-xylopyranosyl}-16,22-dioxo-
25-hydroxylanost-9(11)-ene.

Table 1. 3C and '"H NMR chemical shifts, HMBC, and ROESY correlations of the aglycone moiety of kuriloside Dy (1).

Position 8¢ mult. 2 5y mult. (J in Hz) P HMBC ROESY
1 36.0 CH, 1.77 brd (12.8) H-11, H-19
1.39 m H-3, H-5, H-11
2 26.9 CH, 220m
1.94 brdd (11.3; 12.8) H-19
3 88.4CH 3.20 dd (3.8;11.3) C:4,30,31,C: 1 Xyll H-1, H-5, H-31, H-1 Xyl1
4 39.7C
5 52.7CH 0.90 m C:6,19,30 H-1, H-3, H-7, H-31
6 21.0 CH, 1.69 m
144 m H-8, H-19
7 28.2 CH 149 m
1.28 m H-5
8 40.2 CH 2.33m H-18, H-19
9 149.0C
10 394C
11 1149 CH 5.36 brd (6.0) C: 8,10, 13 H-1
12 36.5 CH, 2.43 brd (16.5) H-17, H-32
2.20 brdd (6.0; 16.5) C:9,11, 14 H-18, H-21
13 43.7C
14 419C
15 48.1 CH, 2.27d (16.3) C:14, 16, 32
2.03 d (18.0) C:13, 16,32 H-7, H-32
16 216.3C
17 63.8 CH 3.69s C:22 H-12, H-21, H-32
18 16.9 CHj3 1.30s C:17 H-8, H-12, H-15, H-19, H-21
19 22.2 CHj 1.12s C:1,59,10 H-1, H-2, H-6, H-8
20 80.8 C
21 24.7 CHjy 1.61s C:17,20,22 H-12, H-17, H-18, H-23
22 217.6 C
23 32.2 CH, 3.67 dd (10.6; 18.2) C:22,24 H-26, H-27
3.43dt (7.8;18.2) C:22,24 H-21, H-26, H-27
24 38.0 CH, 2.27 t(7.8) C:22,23,25,26,27
25 69.0 C
26 30.0 CHj 142s C:24,25,27 H-23, H-24, H-27
27 29.5 CHj 141s C:24,25,26 H-23, H-24, H-26
30 16.5 CHj3 1.06 s C:3,4,5,31 H-2, H-6, H-31
31 27.9 CHj 1.26's C:3,4,5,30 H-3, H-5, H-6, H-30, H-1 Xyl1
32 18.6 CHj3 0.89s C:8,13,14,15 H-7, H-12, H-15, H-17

2 Recorded at 176.03 MHz in CsD5N/D,0O (4/1). b Recorded at 700.00 MHz in CsD5N/D,0 (4/1).

The molecular formula of kuriloside G (3) was determined to be CgHggO3;5,Nay
from the [Man, — Na]™ ion peak at m/z 1509.5102 (calc. 1509.5132) and the [Mona —
2Na]?>~ ion-peak at m/z 743.2624 (calc. 743.2626) in the (—)HR-ESI-MS. In the 'H and 13C
NMR spectra of the carbohydrate part of kuriloside G (3), six characteristic doublets at 5y
4.65-5.19 (] = 7.0-8.1 Hz) and signals of anomeric carbons at 5c 102.1-104.8, correlated with
each anomeric proton by the HSQC spectrum, were indicative of a hexasaccharide chain
and B-configurations of glycosidic bonds (Table 2). The signals of each monosaccharide
unit were found as an isolated spin system based on the 'H,'H-COSY, and 1D TOCSY
spectra of 3. Further analysis of the HSQC and ROESY spectra resulted in the assigning
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of the monosaccharide residues as one xylose (Xyll), one quinovose (Qui2), two glucoses

(Glc3 and GIc5), and two 3-O-methylglucose (MeGlc4 and MeGlc6) residues.

Table 2. 13C and "H NMR chemical shifts, HMBC, and ROESY correlations of carbohydrate moiety of kuriloside G (3).

Atom 8¢ mult.2be 8y mult. (J in Hz) 4 HMBC ROESY
Xyll (1—-C-3)
1 104.7 CH 4.65d (7.8) C:3 H-3; H-3, 5 Xyl1
2 82.2CH 3.951t(8.8) C:1Qui2 H-1 Qui2; H-4 Xyl1
3 75.1 CH 4.15t(8.8) C: 4 Xyll H-5 Xyl1
4 77.6 CH 415m H-1 Glc5
5 63.5 CH, 4.36 dd (5.4; 10.8)
3.61lm H-1 Xyl1
Qui2 (1—-2Xyll)
104.4 CH 5.03d (7.8) C:2 Xyll H-2 Xyl1; H-3, 5 Qui2
2 75.2 CH 3.89t(7.8) C: 3 Qui2
3 75.2 CH 3.99t(9.3) C: 4 Qui2
4 86.4 CH 3.56 t(9.3) C:1Glc3 H-1 Gle3; H-2 Qui2
5 71.4CH 3.69 dd (6.2;9.3) H-1 Qui2
6 17.9 CHj 1.64d (6.2) C: 4,5 Qui2
Glc3 (1—4Qui2)
1 104.0 CH 4.85d (8.1) C: 4 Qui2 H-4 Qui2; H-3, 5 Glc3
2 73.5 CH 390t (8.1)
3 87.5 CH 412t (8.1) C:4Glc3 H-1 MeGlc4; H-1, 5 Glc3
4 69.3 CH 3.84t(8.1) C:5Glc3
5 77.5 CH 390t (8.1)
6 61.6 CH, 434d (11.6)
4.03dd (7.0; 11.6)
MeGlc4 (1—+3Gle3)
1 104.8 CH 5.12d(8.1) C:3GIc3 H-3 Glc3; H-3, 5 MeGlc4
2 74.5 CH 3.79t(8.1)
3 86.3 CH 3.65t(8.1) C: 4 MeGlc4; OMe H-1 MeGlc4
4 69.9 CH 3.98 t(8.1) C: 3,5 MeGlc4
5 75.5 CH 4.04t(8.1) H-1 MeGlc4
6 67.0 CH, 497d (11.6)
4.73dd (4.7; 11.6)
OMe 60.5 CHj 3.76 s C: 3 MeGlc4
GIc5 (1—4Xyll)
1 102.1CH 4.87d (7.0) C: 4 Xyll H-4 Xyl1; H-3, 5 Glc5
2 73.2CH 3.84t(8.1) C:1,3GlIc5
3 85.9 CH 4.16 t(8.1) C: 1 MeGlc6; C: 2, 4 Glch H-1 MeGlc6; H-1 Glc5
4 69.2 CH 3.91t(9.3) C:5Glc5 H-6 Glc5
5 75.5 CH 4.02m H-1 Glc5
6 67.1 CH, 4.93d (11.6)
4.69 dd (5.8; 11.6) C:5Glc5
MeGlc6 (1—+3Glc5)
1 104.4 CH 5.19d (8.1) C:3GIc5 H-3 Glc5; H-3, 5 MeGlc6
2 74.3 CH 3.84t(8.1)
3 86.9 CH 3.66t(8.1) OMe H-1 MeGlc6
4 70.2 CH 3.89t(8.1) C: 5 MeGlc6
5 77.5 CH 3.90t(8.1) H-1 MeGlc6
6 61.7 CH, 4.34d (11.6)
4.06 dd (5.8; 11.6)
OMe 60.5 CHj 3.80s C: 3 MeGlc6

2 Recorded at 176.03 MHz in C5DsN/D,0O (4/1). ® Bold = interglycosidic positions. € Italic = sulfate position. d Recorded at 700.00 MHz in
C5Ds5N/D,0 (4/1). Multiplicity by 1D TOCSY.

The positions of interglycosidic linkages were established by the ROESY and HMBC
spectra of 3 (Table 2) where the cross-peaks between H-1 Xyl1 and H-3 (C-3) of an aglycone,
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H-1 Qui2 and H-2 (C-2) Xyl1; H-1 Glc3 and H-4 (C-4) Qui2; H-1 MeGlc4 and H-3 Glc3; H-1
Glc5 and H-4 Xyl1; H-1 MeGlc6 and H-3 (C-3) Glc5 were observed.

The signals of C-6 MeGlc4 and C-6 GIc5 in the '3C NMR spectrum of 3 were observed
at 5c 67.0 and 5¢ 67.1, correspondingly, due to x-shifting effects of the sulfate groups at
these positions. Thus, the hexasaccharide disulfated chain of kuriloside G (3) was first
found in the sea cucumber glycosides. The NMR spectra of the aglycone part of 3 coincided
with that of kuriloside A3 (1), indicating the identity of these aglycones (Table S2).

The (—)ESI-MS/MS of 3 demonstrated the fragmentation of [Mpn, — Na] ™ ion at m/z
1509.5. The peaks of fragment ions were observed at r1/z 1389.6 [Man, — Na — NaHSO4]~,
1333.5 [Mona — Na — C7H1,05(MeGle)] —, 1231.5 [Mpna — Na — CyH;110gSNa(MeGlcSO3Na)] —,
1069.4 [MZNa —Na — C7H]10gSN&(M€G1CSO3Na) - C6H]OO5(G1C)]7, 923.4 [MZNa —Na —
C7H11085Na(MeGlcSO3Na) — C6H1005(Glc)] — C6H1004(Qui)]’.

All these data indicate that kuriloside G (3) is 33-O-{6-O-sodium sulfate-3-O-methyl-
B-D-glucopyranosyl-(1—3)-p-D-glucopyranosyl-(1—4)-p-D-quinovopyranosyl-(1—2)- [3-
O-methyl-p-D-glucopyranosyl-(1—3)-6-O-sodium sulfate-3-D-glucopyranosyl-(1—4)]--
D-xylopyranosyl}-22,23,24,25,26,27-hexa-nor-16a-hydroxy,20-oxo-lanost-9(11)-ene.

The molecular formula of kuriloside H (4) was determined to be Cg4H191O4,S3Naz
from the [M3n, — Na]~ ion peak at m/z 1683.4701 (calc. 1683.4730), [Mana — 2Nal?~ ion
peak at m/z 830.2425 (calc. 830.2419), and [M3n, — 3Na]®~ ion peak at m/z 545.8332 (calc.
545.8315) in the (—)HR-ESI-MS. The presence of three-charged ions in the (—)HR-ESI-MS
of kuriloside H (4) was indicative for the trisulfated glycoside.

The 'H and '3C NMR spectra corresponding to the carbohydrate chain of kuriloside
H (4) (Table 3) demonstrated six signals of anomeric protons at 6y 4.63-5.21 (d, | = 7.1—
8.6 Hz) and the signals of anomeric carbons at ¢ 102.8-104.7 deduced by the HSQC
spectrum, indicative of hexasaccharide moiety with B-glycosidic bonds. The signals of
each sugar residue were assigned by the analysis of the 1H,'H-COSY, 1D TOCSY, ROESY,
and HSQC spectra, enabling the identification of monosaccharide units in the chain of 4
as one xylose (Xyll), one quinovose (Qui2), three glucoses (Glc3, Glc4 and Glc5), and one
3-O-methylglucose (MeGlc6). Therefore, the monosaccharide composition of 4 was the
same as in kuriloside D1 (2).

However, in the 13C NMR spectrum of 4 three signals at 5¢ 67.6 (C-6 Glc3), 67.4 (C-6
GIc5), and 67.0 (C-6 MeGlc6), characteristic for sulfated by C-6 hexose units, were observed
instead of one signal at 5¢ 67.0 (C-6 Glc5) in the spectrum of 2. The signal of the OMe-
group observed at 5c 60.4 indicated one terminal monosaccharide residue was methylated.
Actually, the protons of the OMe-group (5y 3.75, s) correlated in the HMBC spectrum
with C-3 MeGlc6 (8¢ 86.1), which was, in turn, attached to C-3 Glc5 (ROE-correlation H-1
MeGlc6 (8 5.13 (d, ] = 7.4 Hz)/H-3 Glc5 (61 4.13 (t, ] = 8.6 Hz)). At the same time, the
fourth (another terminal) monosaccharide unit was glucose (the signal of C-3 Glc4 was
shielded to 5c 77.7 due to the absence of O-methylation). The positions of all interglycosidic
linkages were elucidated based on the ROESY and HMBC correlations (Table 3).

Hence, kuriloside H (4) has a hexasaccharide chain with a non-methylated terminal
Glc4 residue and three sulfate groups. This carbohydrate chain is first found in the glyco-
sides of the sea cucumbers and kuriloside H (4) is the most polar glycoside discovered so
far as well as two tetrasulfated pentaosides isolated from Psolus fabricii [20].

The analysis of the '3C NMR spectrum of the aglycone part of 4 demonstrated its
identity to the aglycone of kurilosides A; and Cy, isolated earlier [19]. Therefore, kuriloside
H (4) contains a 22,23,24,25,26,27-hexa-nor-lanostane aglycone with 9(11)-double bond
and acetoxy-groups at C-16 and C-20. B-orientation of the acetoxy group at C-16 and
(20S)-configuration were established on the base of coincidence of the coupling constants
(J16/17 = 7.7 Hz and J17,29 = 10.6 Hz), observed in the 'H NMR spectra of 4 and kuriloside
Ay, and confirmed by the ROE-correlation H-16/H-32 in the spectrum of 4 (Table S4).
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Table 3. 13C and 'H NMR chemical shifts, HMBC, and ROESY correlations of carbohydrate moiety of kuriloside H (4).

Atom 5¢ mult, ¥#Pr< &y mult. (J in Hz) 4 HMBC ROESY
Xyll (1—C-3)
104.7 CH 4.63d (8.3) C:3 H-3; H-3, 5 Xyll
2 82.6 CH 3.83t(7.1) C: 1 Qui2 H-1 Qui2; H-4 Xyl1
3 75.1 CH 4.05m C: 4 Xyll H-1, 5 Xyll
4 79.4 CH 4.04 m H-1 Glc5
5 63.5 CHy 4.34brd (10.1) C:3 Xyll
3.59 m H-1 Xyl1
Qui2 (1—2Xyl1)
1 104.5 CH 4.88d (7.1) C:2 Xyll H-2 Xyl1; H-3, 5 Qui2
2 754 CH 3.88t(8.9) C: 1,3 Qui2 H-4 Qui2
3 749 CH 3.98t(8.9) H-1, 5 Qui2
4 86.5 CH 3.35t(8.9) C:1GlIc3 H-1 Glc3; H-2 Qui2
5 714 CH 3.63dd (5.9; 8.9) H-1, 3 Qui2
6 17.6 CHj3 1.58d (5.8) C: 4,5 Qui2
Gle3 (1—4Qui2)
1 104.1 CH 4.72d (8.5) C: 4 Qui2 H-4 Qui2; H-3, 5 Glc3
2 73.4CH 3.83t(8.5)
3 86.3 CH 4.18t(8.5) C:1Gle4; C: 2,4 Glc3 H-1 Glc4; H-1, 5 Glc3
4 69.3 CH 3.76 t (8.5) C:5,6Glc3
5 74.7 CH 410 m C:4Glc3 H-1GIc3
6 67.6 CH, 4.96 d (11.0)
4.57 d (11.0)
Glc4 (1—3Glc3)
1 104.5 CH 5.21d (8.5) C:3Glc3 H-3 Glc3; H-3, 5 Glc4
2 74.7 CH 3.93t(8.5) C:1,3Glc4
3 77.7 CH 4.11t(8.5) C: 4 MeGlc4 H-1,5 Glc4
4 71.0 CH 3.94t(8.5)
5 77.7 CH 3.89 m H-1 Glc4
6 61.9 CH, 4.37d (12.3)
4.06 dd (6.2; 12.3)
Glc5 (1—4Xyl1)
1 102.8 CH 4.85d (8.6) C: 4 Xyll H-4 Xyl1; H-3, 5 Glc5
2 73.2 CH 3.83t(8.6) C:1,3Glc5
3 86.3 CH 413t (8.6) C: 1 MeGlcé; C: 2 Glc5 H-1 MeGlc6; H-1 Glc5
4 69.2 CH 3.76 t (8.6) H-6 Glcb
5 77.2 CH 409t (8.6) H-1Glc5
6 67.4 CH, 496d (11.1)
456d (11.1) H-4 Glc5
MeGlc6 (1—3Glc5)
1 104.4 CH 5.13d (7.4) C: 3 Glc5 H-3 Glc5; H-3, 5 MeGlc6
2 74.3 CH 3.78t(7.4) C: 1 MeGlc6 H-4 MeGlc6
3 86.1 CH 3.63t(8.6) C: 4 MeGlc6; OMe H-1, 5 MeGlc6; OMe
4 69.8 CH 4.00t(8.6) C: 3, 5 MeGlc6
5 75.6 CH 4.00 m H-1, 3 MeGlc6
6 67.0 CHy 4.93d (9.9)
4.75dd (3.7; 11.1) H-4 MeGlc6
OMe 60.4 CHjs 3.75s C: 3 MeGlc6

2 Recorded at 176.04 MHz in CsDsN/D,0 (4/1). ® Bold = interglycosidic positions. € Ttalic = sulfate position. ¢ Recorded at 700.13 MHz in

CsDsN/D,0 (4/1). Multiplicity by 1D TOCSY.

The (—)ESI-MS/MS of kuriloside H (4) demonstrated the fragmentation of the [Man, —
Na]~ ion at m/z 1683.5. The peaks of fragment ions were observed at m/z 1503.5 [M3n, — Na
— CH3;COOH — NaHSO,4] ™, 1443.5 [M3yn, — Na — 2CH;COOH — NaHSO,]~, 1281.4 [M3n,
—Na — 2CH3COOH — NaHSO4 — C6H1005(G1C)]7, 1165.4 [M3Na —Na — 2CH3COOH
— NaHSO4 — CyH1108SNa(MeGlcOSO3)]~, and 1003.4 [M3n, — Na — 2CH3COOH —
NaHSO4 — CyH;108SNa(MeGlcOSO3) — C¢H19O5(Gle)] ~, corroborating its carbohydrate

chain structure.
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All these data indicate that kuriloside H (4) is 33-O-{3-D-glucopyranosyl-(1—3)-6-
O-sodium sulfate-(3-D-glucopyranosyl-(1—4)-f3-D-quinovopyranosyl-(1—2)-[6-O-sodium
sulfate-3-O-methyl-B-D-glucopyranosyl-(1—3)-6-O-sodium sulfate-3-D-glucopyranosyl-
(1—4)]-B-D-xylopyranosyl}-22,23,24,25,26,27-hexa-nor-163,(20S)-diacetoxy-lanost-9(11)-ene.

The molecular formula of kuriloside I (5) was determined to be Cs4Hg;O355;Nagz from
the [Mana — Na] ™~ ion peak at 11/z 1437.3952 (calc. 1437.3991), [Mana — 2Na]?~ ion peak at
m/z 707.2049 (calc. 707.2049), and [M3n, — 3Na]®>~ ion peak at m/z 463.8076 (calc. 463.8069)
in the (—)HR-ESI-MS, indicating the presence of three sulfate groups. The 'H and '*C NMR
spectra corresponding to the carbohydrate part of kuriloside I (5) (Table 4) demonstrated
five characteristic doublets at d¢; 4.63-5.13 (d, | = 6.6-7.8 Hz) and corresponding signals of
anomeric carbons at ¢ 102.4-104.7 deduced by the HSQC spectrum, which indicated the
presence of five monosaccharide residues in the carbohydrate chain of 5. The signals at 5¢
67.0, 67.6, and 67.7 indicated the presence of three sulfate groups as in the carbohydrate
chain of kuriloside H (4). Indeed, the comparison of the '*C NMR spectra of kurilosides
I (5) and H (4) showed that they differed by the absence in the spectrum of 5 of the
signals corresponding to non-sulfated terminal glucose residue attached to C-3 Glc3 in
the carbohydrate chain of 4. The signal of C-3 Glc3 in the '3C NMR spectrum of 5 was
observed at dc 76.9 (instead of ¢ 86.3 in the spectrum of 4), demonstrating the absence of
a glycosylation effect. The presence of xylose (Xyll), quinovose (Qui2), two glucose (Glc3,
Glc4), and one 3-O-methylglucose (MeGlc5) residue was deduced from the analysis of the
1H,'H-COSY, HSQC and 1D TOCSY spectra of 5. The positions of interglycosidic linkages
were elucidated based on the ROESY and HMBC correlations (Table 4) and indicated
the presence of the branched at the C-4 Xyll pentasaccharide chain in 5, with the same
architecture as in the other pentaosides of T. kurilensis. Thus, kuriloside I (5) contains a new
pentasaccharide branched trisulfated chain.

The analysis of the 13C and "H NMR spectra of the aglycone part of 5 indicated
the presence of 22,23,24,25,26,27-hexa-nor-lanostane aglycone having a 9(11)-double bond
(Table 5). The signals of methine group CH-16 were observed at ¢ ¢ 72.8 (C-16) and at
oy 4.82 (dd, | = 7.1; 14.9 Hz, H-16) due to the attachment of the hydroxyl group to this
position. The HMBC correlations H-15/C-16 and H-20/C-16 confirmed this. The signals of
C-20 and H-20 were shielded to 8¢ 66.5 and 6y 4.38 (dd, | = 6.0; 9.5 Hz), correspondingly,
when compared with the same signals in the spectra of kuriloside H (4) (5¢.29 694, ri-20
5.46 (dd, | = 6.1; 10.6 Hz)), containing (20S)-acetoxy-group. Hence, it was supposed that
the attachment of the hydroxyl group to C-20 was in the aglycone of kuriloside I (5) instead
of the acetoxy group in the aglycone of kuriloside H (4).

The ROE-correlations H-16/H-17 and H-16/H-32 indicated a 163-OH orientation in
the aglycone of kuriloside I (5). (20S)-configuration in 5 was determined on the base of
the closeness of the coupling constant Jg/17 = 9.5 Hz to those in the spectra of kurilosides
A4, C; [19], and H (4) and corroborated by the observed ROE-correlations H-17/H-21,
H-20/H-18 and biogenetic background. Hence, kuriloside I (5) has an aglycone with a
168,(20S)-dihydroxy-fragment that is unique in marine glycosides.

The (—)ESI-MS/MS of kuriloside I (5) demonstrated the fragmentation of the [M3na
— Na] ™ ion at m/z 1437.5. The peaks of fragment ions were observed at m/z 1317.4
[M3na — Na — NaHSOy4], 1197.4 [M3na — Na — 2NaHSOy4], 1173.4 [M3na — Na —
Ce¢HgOgSNa(GlcOSO3)]~, 1039.4 [M3n, — Na — NaHSO, — C;H1103SNa(MeGlcOSO3)]
1027.3 [MSNa - Na — C6H9085Na(GlcOSO3) — C6H1004(Qui)]’, 907.3 [MSNa — Na —
NaHSO4 — C6H9088Na(GlCOS()3) — C6H1004(Qui)]’, 895.4 [NIgNa —Na — C6H9088Na
(GICOSO3) - C7H11085N3(M€G1COSO3)]7, 667.4 [M3Na —Na — C24H3902(Ag1) - C6H908
SNa(GlCOSO3) - C6H1004(Qui) - H]i, 519.0 [M3Na —Na — C24H3903(Ag1) — C6H9088Na
(GICOSO::,) — C6H1004(Qui) — C5H804(Xyl) — H]i, and 417.1 [MBNa —Na — C24H3903(Ag1)
— CeHyOgSNa(GlcOSO3) — CeH1O4(Qui) — CsHgO4(Xyl) — NaHSO3] ™, corroborating
the structure of the glycoside.

98



Mar. Drugs 2021, 19, 187

Table 4. 13C and 'H NMR chemical shifts, HMBC, and ROESY correlations of carbohydrate moiety of kurilosides I (5) and

I; (6).
Atom 5¢ mult, ¥b< Sy mult. (J in Hz) 4 HMBC ROESY
Xyll (1—+C-3)
104.7 CH 4.63 d (6.6) C:3 H-3; H-3, 5 Xyll
2 82.1CH 3.90 t (6.6) C:1Qui2 H-1 Qui2
3 75.1 CH 410 t (6.6) C:4 Xyl
4 78.5 CH 410 t (6.6) H-1 Glc4
5 63.4 CH, 434dd (9.6;11.7) C:3Xyll
359 t(11.2) H-1 Xyll
Qui2 (1-2Xyl1)
1 104.4 CH 496d (7.1) C: 2 Xyll H-2 Xyl1; H-5 Qui2
2 75.4 CH 3.84t(8.3) C: 1,3 Qui2 H-4 Qui2
3 749 CH 3.93t(8.3) C:2,4 Qui2 H-1, 5 Qui2
4 87.0 CH 3.36 t (8.3) C:1Glce3; C: 5,6 Qui2 H-1Glc3
5 71.3 CH 3.65dd (5.9; 9.5) C: 6 Qui2 H-1,3 Qui2
6 17.7 CHs 1.59 d (5.9) C: 4,5 Qui2
Gle3 (1—+4Qui2)
1 104.7 CH 4.69d (7.8) C:4Qui2 H-4 Qui2; H-5 Glc3
2 74.1 CH 3.80 t (8.6) C:1,3Glc3
3 76.9 CH 411t (8.6) C:2,4Glc3
4 70.8 CH 3.89t (8.6) C:3,5,6Glc3 H-2, 6 Glc3
5 75.5 CH 4.09t(8.6)
6 67.6 CH, 5.05 brd (9.5)
464dd (7.8;12.1) C:5Glc3
Gled (1—4Xyl1)
1 102.4 CH 4.85d (7.8) C:4xyll H-4 Xyl1; H-5 Glc4
2 73.1CH 3.82t(8.6) C:1Glc4
3 86.3 CH 4.12t(8.6) C: 1 MeGlc5; C: 4 Glc4 H-1 MeGlIc5
4 69.2 CH 3.81t(8.6) C:3,5,6Glc4
5 749 CH 4.06 t (8.6) H-1 Glc4
6 67.4 CH, 495d (10.3)
4.61dd (5.2;10.3)
MeGIc5 (1—+3Glc4)
1 104.5 CH 5.13d (7.8) C: 3 Gle4 H-3 Glc4; H-3, 5 MeGlc5
2 742 CH 3.77 t (8.6) C: 1,3 MeGlc5 H-4 MeGlc5
3 86.3 CH 3.62 t(8.6) C: 2, 4 MeGlc5; OMe H-1, 5 MeGlc5; OMe
4 69.8 CH 400t (8.6) C: 3, 5 MeGlc5 H-2, 6 MeGlc5
5 75.4 CH 4.01t(8.6) H-1 MeGlc5
6 67.0 CH, 492d (10.3) C: 4,5 MeGlc5
474 dd (3.5;10.3) C: 5 MeGlc5
OMe 60.4 CHj 3.75s C: 3 MeGlc5

2 Recorded at 176.04 MHz in C5DsN/D,0O (4/1). ® Bold = interglycosidic positions. € Italic = sulfate position. d Recorded at 700.13 MHz in
C5Ds5N/D,0 (4/1). Multiplicity by 1D TOCSY.

All these data indicate that kuriloside I (5) is 33-O-{6-O-sodium sulfate-f-D-glucopy-
ranosyl-(1—4)-B-D-quinovopyranosyl-(1—2)-[6-O-sodium sulfate-3-O-methyl-f3-D-glucopy-
ranosyl-(1—23)-6-O-sodium sulfate-3-D-glucopyranosyl-(1—4)]-p-D-xylopyranosyl}-22,23,
24,25,26,27-hexa-nor-163,(20S)-dihydroxy-lanost-9(11)-ene.

The molecular formula of kuriloside I; (6) was determined to be CsgHg1O37S3Nas from
the [Mana — 2Na]?~ ion peak at m1/z 749.2148 (calc. 747.2155) and [M3n, — 3Na]®~ ion peak
at m/z 491.8146 (calc. 491.8139) in the (—)HR-ESI-MS. Kuriloside I; (6) as well as kuriloside
I (5) belong to one group because they have identical trisulfated pentasaccharide chains
and, therefore, parts of the 'H and '*C NMR spectra corresponding to the carbohydrate
chains are coincident (Table 4). 22,23,24,25,26,27-hexa-nor-lanostane aglycone of kuriloside
I; (6) is identical to that of kurilosides H (4), A and C; [19] (Table S4) and characterized by
the presence of 168,(20S)-diacetoxy-fragment.
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Table 5. '>C and "H NMR chemical shifts, HMBC, and ROESY correlations of the aglycone moiety of kurilosides I (5) and

K (8).
Position 8¢ mult. 2 Sy mult. (J in Hz) b HMBC ROESY
1 36.2 CH, 1.67 m H-11, H-30
1.28 m H-3, H-11
2 26.8 CH, 2.07 m
1.83 brd (11.3) H-19, H-30
3 88.7 CH 3.09 dd (4.2; 11.3) C:31,C:1Xyll H-5, H-31, H1-Xyll
4 39.6 C
5 52.8 CH 0.75 brd (12.5) C:6,7,30 H-3, H-7, H-31
6 21.1 CH, 1.56 m H-31
1.28 dt (2.4;12.5) H-8, H-30
7 28.0 CH, 1.52m
1.17 m H-5, H-32
8 41.2CH 214 m H-18, H-19
9 148.6 C
10 39.1C
11 1143 CH 5.15 brd (6.0) C:10,12,14 H-1
12 36.4 CH, 1.98 brdd (3.0; 16.7) H-32
1.68 brd (16.7) C:9,11 H-8, H-18, H-21
13 45.1C
14 432C
15 45.0 CH, 2.07 dd (7.8; 12.5) C:14,17,32 H-32
1.70d (6.0; 12.5) C: 13,14, 16,32
16 72.8 CH 4.82dd (7.1; 14.9) C:14 H-17, H-32
17 57.2CH 211m C:14,18,20,21 H-21, H-32
18 16.0 CH3 0.86 s C:12,14,15,17 H-8, H-12, H-20, H-21
19 22.2 CHj 0.97 s C:1,5,9,10 H-1, H-2, H-8, H-18
20 66.5 CH 4.38 dd (6.0; 9.5) C:16,17 H-18, H-21
21 22.7 CHj 1.40d (6.0) C:17,20 H-12, H-17, H-18, H-20
30 16.5 CHj3 0.96s C:3,4,5,31 H-2, H-6, H-31, H-6 Qui2
31 27.9 CHjy 1.12s C:3,4,5,30 H-3, H-5, H-6, H-30, H-1 Xyl1
32 18.8 CHj3 0.67 s C:8,13,14,15 H-7, H-15, H-17

a Recorded at 176.03 MHz in CsDsN/D,0O (4/1). P Recorded at 700.00 MHz in CsD5N/D,O (4/1).

The (—)ESI-MS/MS of 6 demonstrated the fragmentation of the [M3n, — Na] ™~ ion at
m/z 1521.4 and [M3na — 2Na]?~ ion at m/z 749.2. The peaks of fragment ions were observed
at m/z: 1281.4 [May, — Na — 2CH;COOH — NaHSO4]~, 1197.4 [Man, — Na — CH;COOH —
CéHgOgSNa(GlCOSO3)]7, 11374 [MSNa —Na — 2CH3COOH - C6H908SNa(G1COSO3)]7,
859.4 [M3na — Na — 2CH3COOH — C¢HgOgSNa(GlcOSO5) — CyH110SNa(MeGlcOSO3)]~,
719.2 [M3na — 2Na — CH3COOH]?, 629.2 [M3na — 2Na — NaHSO,]2~, and 557.2 [M3na
— 2Na — 2CH3COOH — C¢HyOgSNa(GlcOSO3)]%~, which confirmed its structure, estab-
lished by the NMR data.

All these data indicate that kuriloside I; (6) is 33-O-{6-O-sodium sulfate-f-D-glucopy-
ranosyl-(1—4)-B-D-quinovopyranosyl-(1—2)-[6-O-sodium sulfate-3-O-methyl-3-D-glucopy-
ranosyl-(1—23)-6-O-sodium sulfate-(3-D-glucopyranosyl-(1—4)]-p-D-xylopyranosyl}-22,23,
24,25,26,27-hexa-nor-163,(20S)-diacetoxy-lanost-9(11)-ene.

The molecular formula of kuriloside J (7) was determined to be Cs¢HgyO335,Na, from
the [Myn,—Na] ™~ ion peak at m/z 1377.4687 (calc. 1377.4709) and [Mona—2Na]?~ ion peak
at m/z 677.2413 (calc. 677.2408) in the (—)HR-ESI-MS. In the 'H and *C NMR spectra
of the carbohydrate part of kuriloside J (7) (Table 6), five signals of anomeric protons at
d11 4.65-5.12 (d, | = 7.2-7.9 Hz) and corresponding five signals of anomeric carbons at d¢
102.0-104.7, deduced by the HSQC spectrum, were observed, which indicated the presence
of a pentasaccharide chain similar to compounds 5 and 6. Actually, the comparison of the
13C NMR spectra of sugar parts of kurilosides I (5) and ] (7) revealed the closeness of the
signals of four monosaccharide residues, except the signals of the third unit, attached to
C-4 Qui2. The analysis of the signals of this residue in the 'H,'H-COSY, HSQC, 1D TOCSY,
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and ROESY spectra of kuriloside J (7) showed that it is a glucose without a sulfate group
(8¢c-6 Gica 61.8, 8¢5 Gic3 77.7), while in the carbohydrate chain of 5, this residue is sulfated.
The other sulfate groups occupy the same positions at C-6 Glc4 (5¢-6 Giea 67-1, 8¢5 Glea 75-1)
and at C-6 MeGIc5 (8c.¢ MeGics 667, dc-5 MeGles 75-5) as in the sugar chains of kurilosides
I (5) and I; (6). The positions of interglycosidic linkages in the carbohydrate chain of 7,
elucidated by the ROESY and HMBC correlations (Table 6), were the same as in kurilosides
of groups A [19] and I. Thus, kuriloside J (7) is a branched disulfated pentaoside with the
sulfate groups bonding to C-6 Glc4 and C-6 MeGlc5 in the upper semi-chain.

Table 6. 13C and 'H NMR chemical shifts, HMBC, and ROESY correlations of carbohydrate moiety of kuriloside J (7).

Atom 5c mult. #b< 8y mult. (J in Hz) 4 HMBC ROESY
Xyll (1—-C-3)
1 104.4 CH 4.65d (7.6) C:3 H-3; H-3, 5 Xyll
2 82.1CH 3.97 t(7.6) C: 1 Qui2 H-1 Qui2
3 75.1 CH 415t (7.3) C: 4 Xyll
4 77.5 CH 415t (7.3) C:3 Xyll H-1 Glc4
5 63.4 CH, 4.36 brd (9.3)
3.60 m H-1, 3 Xyll
Qui2 (1—-2Xyll)
1 104.5 CH 5.07d (7.9) C:2 Xyll H-2 Xyl1; H-5 Qui2
2 75.5 CH 3.91t(7.9) C: 1 Qui2 H-4 Qui2
3 75.1CH 4.04t(8.8) C:2,4 Qui2 H-1 Qui2
4 86.3 CH 3.56 t (8.8) C:1Glc3; C: 5, 6 Qui2 H-1 Glc3; H-2 Qui2
5 71.3CH 3.71m H-1, 3 Qui2
6 17.8 CH3 1.65d (6.2) C: 4,5 Qui2
Gle3 (1—+4Qui2)
1 104.6 CH 4.84d(7.2) C: 4 Qui2 H-4 Qui2; H-3, 5 Glc3
2 742 CH 391t (7.9) C:1GIc3
3 77.3 CH 416 t(7.9) C:4 GIc3 H-1Glc3
4 70.9 CH 3.98t(7.9)
5 77.7 CH 3.95m H-1, 3 Glc3
6 61.8 CH, 4.44 dd (2.0;11.9)
4.11dd (5.8;11.2)
Glc4 (1—4Xyll)
1 102.0 CH 4.87d(7.9) C: 4 Xyll H-4 Xyl1; H-5 Glc4
2 729 CH 3.82t(8.4) C:1Glc4
3 86.3 CH 410t (8.4) C: 1 MeGlIc5; C: 4 Glc4 H-1 MeGlc5; H-1 Glc4
4 69.0 CH 3.86 m
5 75.1CH 4.05m H-1 Glc4
6 67.1 CH, 498 m
4.69 m
MeGlc5 (1—-3Glc4)
1 104.7 CH 5.12d (7.8) C:3Glc4 H-3 Glc4; H-3, 5 MeGlc5
2 74.3 CH 3.78t (7.8) H-4 MeGlc5
3 86.3 CH 3.62t(7.8) C: 2, 4 MeGlc5; OMe H-1, 5 MeGlc5; OMe
4 69.7 CH 4.04m C: 3,5 MeGlc5
5 75.5 CH 3.9 m H-1, 3 MeGlc5
6 66.7 CH, 496 d (10.5)
4.79 dd (4.2; 10.5)
OMe 60.2 CHjy 3.75s C: 3 MeGlc5

2 Recorded at 176.04 MHz in CsDsN/D,0 (4/1). ® Bold = interglycosidic positions. € Ttalic = sulfate position. ¢ Recorded at 700.13 MHz in
C5D5N/D,0 (4/1). Multiplicity by 1D TOCSY.

The analysis of the 'H and '*C NMR spectra of the aglycone part of kuriloside J (7)
(Table 7) revealed the presence of the hexa-nor-lanostane aglycone having a 9(11)-double
bond, similar to the majority of the other glycosides of T. kurilensis [19]. The signals at
dc 171.2 and 21.1 were characteristic for the acetoxy group, bonded to C-16, that was
deduced from the characteristic ¢ 75.1 value of C-16 and the ROE-correlation between
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the signal of O-acetyl methyl group (6 2.17 (s)) and H-16 (8 5.76 (m). Actually, in the
spectrum of 7, the signal of C-16 was deshielded by 2.3 ppm due to the presence of the
acetoxy-group when compared with the corresponding signal in the spectrum of kuriloside
I (5), having a 16-hydroxy-group. The presence of hydroxyl group at C-20 was deduced
from the characteristic signals at 6c 64.8 (C-20) and 6y 4.28 (dd, ] = 6.4; 10.0 Hz, H-20).
Hence, the hydroxyl group is attached to C-20 in the aglycones of kuriloside I (5) and ]
(7). The ROE-correlation H-16/H-32 indicated 168-O-Ac orientation in the aglycone of
kuriloside J (7), which was confirmed by the coupling constant [14/17 = 7.9 Hz, indicating
both protons, H-16 and H-17, to be « [21]. (20S)-configuration in 7 was corroborated by
the coupling constant J17,59 = 10.0 Hz and the ROE-correlations H-17/H-21, H-20/H-18.
Hence, kuriloside J (7) is characterized by the new hexa-nor-lanostane aglycone with a
16p-acetoxy,(20S)-hydroxy-fragment.

Table 7. '*C and "H NMR chemical shifts, HMBC, and ROESY correlations of the aglycone moiety of kuriloside J (7) and

K (9).
Position 8¢ mult. 2 Sy mult. (J in Hz) b HMBC ROESY
1 36.0 CH, 1.71m H-11, H-19
1.33m H-3, H-5, H-11
2 26.6 CH; 210 m
1.86 m H-30
3 88.5 CH 3.12dd (4.2;11.6) H1-Xyll
4 39.5C
5 52.6 CH 0.79 brd (11.8) H-1, H-3, H-31
6 20.9 CH, 1.61m
1.40 m
7 27.8 CH, 1.51m
1.18 m H-5, H-32
8 41.1 CH 213 m H-15, H-18, H-19
9 148.6 C
10 39.0C
11 1142 CH 5.19m H-1
12 35.8 CH, 2.01m H-17, H-32
1.77 brdd (5.3; 16.2)
13 452C
14 433C
15 43.9 CHp 2.15m C:14 H-32
1.36 m C:13 H-18
16 75.1CH 576 m H-32
17 56.2 CH 2.29 brt (7.9; 10.0) C:20 H-12, H-21, H-32
18 15.1 CHj 0.77 s C:12,13,14,17 H-8, H-12, H-15, H-20
19 22.0 CHj 1.05s C:1,5,9,10 H-1, H-2, H-8, H-18
20 64.8 CH 4.28 dd (6.4; 10.0) H-18, H-21
21 23.1 CHj 1.42d (6.4) C:17,20 H-12, H-17, H-18, H-20
30 16.4 CHj3 1.01s C:3,4,5,31 H-2, H-6, H-31
31 27.8 CHj 1.16s C:3,4,5,30 H-3, H-5, H-6, H-30
32 18.8 CHj3 0.67 s C:8,13,14,15 H-7, H-17
OAc 21.1 CHj3 217s OAc
171.2C

2 Recorded at 176.03 MHz in CsD5N/D,0O (4/1). P Recorded at 700.00 MHz in CsD5N/D,O (4/1).

The (—)ESI-MS/MS of kuriloside ] (7) demonstrated the fragmentation of [Man, —
Na]~ ion at m/z 1377.5. The peaks of fragment ions were observed at 11/z 1317.4 [Mona — Na
— CH3COOH]~, 1257.4 [Myn, — Na — NaHSOy4] ™, 1197.5 [Mona — Na — CH3COOH
— NaHSO4] ™, 1155.4 [Mona — Na — CH3COOH — CgH19Os5 (Gle)]—, 1039.4 [Mona —
Na — CH3COOH — CyH;103SNa(MeGlcOSO3)]~, 1009.4 [Myn, — Na — CH3;COOH
— C6H1005(G1C) — C6H1004(Qui)]’, 889.4 [MZNa — Na — NaHSO4 — CH3COOH —
CsH1005(Glc) — CeH1004(Qui)] ™, 667.4 [Mana — Na — CoeHy1 O3(Agl) — CeHy9Os5(Gle) —
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CeH1004(Qui) — H]™, 519.0 [Mana — Na — Cp6Ha1 O3(Agl) — CeHigO5(Gle) — CeHygO4
(Qui) - C5H804(Xy1) - H]f, 417.1 [MZNa - Na — C26H4103(Agl) - C6H]005(G1C) -
CeH1004 (Qui) — CsHgO4(Xyl) — NaHSO3] ™, corroborating the structure of its aglycone
and the carbohydrate chain.

All these data indicate that kuriloside J (7) is 33-O-{-D-glucopyranosyl-(1—4)-3-D-
quinovopyranosyl-(1—2)-[6-O-sodium sulfate-3-O-methyl-3-D-glucopyranosyl-(1—3)-6-
O-sodium sulfate-B-D-glucopyranosyl-(1—4)]-B-D-xylopyranosyl}-22,23,24,25,26,27-hexa-
nor-163-acetoxy,(20S)-hydroxy-lanost-9(11)-ene.

The molecular formula of kuriloside K (8) was determined to be Cs4HggO3,5,Na;
from the [Mana — Na] ™ ion peak at 11/z 1335.4573 (calc. 1335.4603) and the [Mpn, — 2Nal*~
ion peak at m/z 656.2357 (calc. 656.2356) in the (—)HR-ESI-MS. In the 1H and C NMR
spectra of the carbohydrate part of kuriloside K (8) (Table 8), five signals of anomeric
protons at &y 4.62-5.19 (d, ] = 6.5-8.5 Hz) and five signals of anomeric carbons at 5¢c
102.7-104.8, deduced by the HSQC spectrum, were indicative for the pentasaccharide
chain with the B-configuration of glycosidic bonds. The comparison of the 3C NMR
spectra of oligosaccharide parts of trisulfated kuriloside I (5) and kuriloside K (8) revealed
the coincidence of the monosaccharide residues, except for the signals of a terminal,
3-O-methylglucose (MeGlc5) unit. The analysis of the signals of this residue in the 'H,'H-
COSY, HSQC, 1D TOCSY, and ROESY spectra of kuriloside K (8) showed the absence
of a sulfate group (8¢.¢MeGlcs 61.6, dc-5MeGles 77-5), in contrast with the carbohydrate
chain of 5 (8¢c-¢ MeGlcs 67-0, 8¢5 MeGles 75-4). The positions of interglycosidic linkages in the
carbohydrate chain of 8, deduced by the ROESY and HMBC correlations (Table 8), showed
that kuriloside K (8) has branching at C-4 Xyl1 in the disulfated pentasaccharide chain with
the sulfate groups at C-6 Glc3 and C-6 Glc4.

The NMR spectra as well as the ROE-correlations of the aglycone part of kuriloside K
(8) were coincident to that of kuriloside I (5), indicating the presence of a 22,23,24,25,26,27-
hexa-nor-lanostane aglycone with 16f3,(205)-dihydroxy-fragment (Table 5).

The (—)ESI-MS/MS of 8 demonstrated the fragmentation of the [Mpn, — Na] ™ ion at
m/z 1335.4 resulted in the fragment ions observed at m/z: 1215.4 [Mpn, — Na — NaHSO4] ",
1159.4 [Mona — Na — C;H1,05(MeGlc)] —, 1071.4 [Mana — Na — CgHgOgSNa(GlcOSO3)] —,
925.4 [MZNa - Na — CGHgogSNa(GICOSO?,) — C6H1004 (Qui)]’, 895.4 [MZNa - Na —
C6H9088Na(GlcOSO3) - C7H1205(M€G1C)]_, 713.3 [MZNa - Na — C24H3902 (Agl) -
C6H9088Na(GlcOSO3) - H]i, 4171 [MZNa —Na — C24H3903 (Agl) — C6H9085Na(GlcOSO3)
— C6H1004(Qui) — C5H804(Xy1) - H]i, 241.0 [MZNa —Na — C24H3903(Ag1) — C6H9088Na
(GlcOSO3) — CeH1904(Qui) — CsHgO4(Xyl) — C7H1205(MeGlc) — H] ~, which confirmed
the chemical structure established by the NMR data.

All these data indicate that kuriloside K (8) is 33-O-{6-O-sodium sulfate--D-glucopy-
ranosyl-(1—4)-B-D-quinovopyranosyl-(1—2)-[3-O-methyl-f3-D-glucopyranosyl-(1—3)-6-O-
sodium sulfate-3-D-glucopyranosyl-(1—4)]-B-D-xylopyranosyl}-22,23,24,25,26,27-hexa-nor-
16p,(20S)-dihydroxy-lanost-9(11)-ene.

The molecular formula of kuriloside K; (9) was determined to be CsgHgyO335,Na,
from the [Mana — Na] ™ ion peak at m/z 1377.4723 (calc. 1377.4709) and the [Mana — 2Nal*~
ion peak at m/z 677.2426 (calc. 677.2408) in the (—)HR-ESI-MS. The comparison of the H
and 3C NMR spectra of the carbohydrate chains of kuriloside K; (9) and kuriloside K (8)
demonstrated their coincidence (Table 8) due to the presence of the same pentasaccharide,
branched by C-4 Xyll, sugar parts with the sulfate groups at C-6 Glc3 and C-6 Glc4.
The analysis of the NMR spectra of the aglycone part of 9 indicated the presence of
22,23,24,25,26,27-hexa-nor-lanostane aglycone with 163-acetoxy,(20S)-hydroxy-fragment
(Table 7), identical to that of kuriloside ] (7). Hence, kuriloside K; (9) is an isomer of
kuriloside J (7) by the position of one of the sulfate groups, that was confirmed by the
presence of the ion-peaks having coincident m/z values in their (—)ESI-MS/MS spectra.
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Table 8. 13C and 'H NMR chemical shifts, HMBC, and ROESY correlations of the carbohydrate moiety of kurilosides K (8)

and Kj (9).
Atom 5c mult, ¥Prc 8y mult. (J in Hz) 4 HMBC ROESY
Xyll (1-C-3)
104.7 CH 4.62d (6.8) C:3 H-3; H-3, 5 Xyll
2 82.2CH 3.881(7.6) C:1Qui2; C: 1 Xyll H-1 Qui2
3 75.0 CH 4.07 t (7.6) C:2,4Xyll H-1 Xyl1
4 78.9 CH 4.06 m H-1 Glc4
5 63.4 CH, 4.32dd (7.6;11.4)
3.60 m H-1 Xyll
Qui2 (1—2Xyl1)
1 104.5 CH 4.93d (8.5) C:2Xyll H-2 Xyl1; H-3, 5 Qui2
2 75.4 CH 3.84t(8.5) C:1, 3 Qui2 H-4 Qui2
3 745 CH 3.93t(8.5) C: 2,4 Qui2 H-5 Qui2
4 86.9 CH 3.35t(8.5) C:1GlIc3; C: 3,5 Qui2 H-1 Glc3; H-2 Qui2
5 71.3 CH 3.65 m H-1, 3 Qui2
6 17.7 CHy 1.60d (5.3) C: 4,5 Qui2
Gle3 (1—+4Qui2)
1 104.8 CH 4.69d (6.5) C: 4 Qui2 H-4 Qui2; H-3, 5 Glc3
2 741 CH 3.81t(84) C:1,3Glc3
3 76.9 CH 4.11t(8.4) C:2,4Glc3
4 70.8 CH 3.88t(8.4) C:3,5,6GIc3
5 754 CH 410 m H-1Glc3
6 67.6 CHy 5.08 brd (11.2)
4.64dd (84;11.2) C:5GIc3
Glc4 (1—4Xyl1)
1 102.7 CH 4.84d (7.5) C:4 Xyll H-4 Xyl1; H-3, 5 Glc4
2 732 CH 3.83m C:1,3Glc4
3 86.0 CH 4.16t(8.4)9 C:1MeGIc5; C: 2,4 Glcd H-1 MeGlc5
4 69.1 CH 3.83 m C:5,6 Glc4
5 74.8 CH 4.05 m H-1 Glc4
6 67.3CH, 4.96 d (10.9)
4.61 m
MeGIc5 (1—+3Glc4)
1 104.4 CH 5.19d (7.2) C:3Glc4 H-3 Glc4; H-3, 5 MeGlc5
2 751 CH 3.85t(8.9) C: 1, 3 MeGlc5
3 86.9 CH 3.66 t (8.9) C: 2, 4 MeGlc5; OMe H-1 MeGlc5; OMe
4 70.2 CH 3.90t(8.9) C: 5 MeGlc5
5 77.5 CH 3.89 m C: 6 MeGlc5 H-1 MeGlc5
6 61.6 CH, 4.36 brd (12.5)
4.07 dd (5.4; 12.5) C: 5 MeGlc5
OMe 60.5 CHjs 3.79s C: 3 MeGlc5

2 Recorded at 176.04 MHz in C5DsN/D,0O (4/1). ® Bold = interglycosidic positions. € Italic = sulfate position. d Recorded at 700.13 MHz in
C5Ds5N/D,0 (4/1). Multiplicity by 1D TOCSY.

The (—)ESI-MS/MS of 9 demonstrated the fragmentation of [Myn, — Na] ™ ion at
m/z 1377.5. The peaks of fragment ions were observed at m/z 1317.4 [Myn, — Na —
CH3COOH]~, 1197.5 [Myna — Na — CH3COOH — NaHSOy4] ™, 1069.5 [Man, — Na —
CeH1005(Gle)] ~, 1053.4 [Mana —Na — CH3COOH — CgHygOgSNa(GlcOSOs3)] ~, 877.4 [Mana
—Na — CH3COOH - C6H9085Na(GlcOSO3) - C7H1205(M€G1C)]7, 731.3 [MZNa —Na —
CH3COOH — C6H9085Na(Glc0803) — C7H]205(M€G1C) — C6H1004(Qui)]’, 565.1 [MZNa
—Na — C26H4103(Ag1) - C(,HgOgSNEl(G]COSOg) - C6H1004(Qui) - H]_, 4171 [MZNa -
Na — C26H4]O4(Agl) — C6H9088Na(Glc0503) - C6H1004(Qui) - C5HgO4(Xyl)]7.

All these data indicate that kuriloside Kj (9) is 33-O-{6-O-sodium sulfate-f3-D-glucopy-
ranosyl-(1—4)-B-D-quinovopyranosyl-(1—2)-[3-O-methyl--D-glucopyranosyl-(1—3)-6-O-
sodium sulfate-3-D-glucopyranosyl-(1—4)]-B-D-xylopyranosyl}-22,23,24,25,26,27-hexa-nor-
16[3-acetoxy,(20S)-hydroxy-lanost-9(11)-ene.

104



Mar. Drugs 2021, 19, 187

When the studies on the glycosides of T. kurilensis were started [22], the complexity of
glycosidic mixture became obvious. Therefore, the part of the glycosidic sum was subjected
to solvolytic desulfation to facilitate the chromatographic separation and isolation of the
glycosides. However, the obtained fraction of desulfated glycosides was separated only
recently as part of the effort to discover some minor glycosides possessing interesting
structural peculiarities. As a result, the compounds 10 and 11 were isolated (Figure 2).
Their structures were elucidated by thorough analysis of 1D and 2D NMR spectra, similar
to the natural compounds 1-9 and confirmed by the HR-ESI-MS.

Figure 2. Chemical structures of desulfated glycosides isolated from Thyonidium kurilensis: 10—DS-kuriloside L; 11—DS-

kuriloside M.

The molecular formula of DS-kuriloside L (10) was determined to be C41HgsO15 from
the [M — H]™ ion peak at m/z 795.4169 (calc. 795.4172) in the (—)HR-ESI-MS. Compound
10 has a trisaccharide sugar chain (for NMR data see Tables S5 and S6, for original spectra
see Figures 569-576) and a hexa-nor-lanostane-type aglycone identical to that of kuriloside
A, [19].

The molecular formula of DS-kuriloside M (11) was determined to be Cs4HggO»q
from the [M — H] ™~ ion peak at m/z 1151.5469 (calc. 1151.5491) in the (—)HR-ESI-MS. DS-
kuriloside M (11), characterized by the 7(8)-double bond in the hexa-nor-lanostane nucleus
and pentasaccharide chain, differed from the chains of kurilosides of the groups A, I, J, and
Kby the absence of sulfate groups (see Tables S7 and S8 for the NMR data, Figures S77-S85
for the original spectra). Noticeably, all of the isolated kurilosides, with the exception of 11,
contained a 9(11)-double bond in the polycyclic systems.

2.2. Bioactivity of the Glycosides

Cytotoxic activities of compounds 1-9 against mouse neuroblastoma Neuro 2a, normal
epithelial JB-6 cells, and erythrocytes were studied (Table 9). Known earlier cladoloside
C was used as a positive control because it demonstrated a strong hemolytic effect [23].
Erythrocytes are an appropriate model for the studying of structure-activity relationships
of the glycosides, since, despite many of them demonstrate hemolytic activity, the effect
strongly depends on the structure of the compound. Normal epithelial JB-6 cells were used
to search the compounds, not cytotoxic against this cell line, but having selective activity
against other cells. Triterpene glycosides of sea cucumbers are known modulators of P2X
receptors of immunocompetent cells when acting in nanomolar concentrations [24]. Neu-
roblastoma Neuro 2a cells are convenient model for the study of agonists/antagonists of
P2X receptors—the targets in the treatment of selected nervous system diseases. Therefore,
the activators, modulators, and blockers of purinergic receptors are of great interest [4]
and the compounds demonstrating high cytotoxicity against Neuro 2a cells could be more
deeply studied with the models of neurodegenerative diseases.
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Table 9. The cytotoxic activities of glycosides 1-9 and cladoloside C (positive control) against mouse
erythrocytes, neuroblastoma Neuro 2a cells, and normal epithelial JB-6 cells.

EDs5p, uM Cytotoxicity ECs9, uM
Glycoside
Erythrocytes JB-6 Neuro-2a

Kuriloside A; (1) >100.00 >100.00 >100.00
Kuriloside Dy (2) >100.00 >100.00 >100.00
Kuriloside G (3) 76.26 + 0.98 >100.00 >100.00
Kuriloside H (4) 6.85 + 0.67 4.63 + 0.08 38.28 £ 1.15
Kuriloside I (5) >100.00 >100.00 >100.00
Kuriloside I; (6) 10.34 +0.28 11.48 +1.02 56.63 £+ 0.98
Kuriloside J (7) 47.61 £1.73 77.75 + 0.27 >100.00
Kuriloside K (8) >100.00 >100.00 >100.00
Kuriloside Kj (9) 20.97 +£0.39 37.44 +0.13 >100.00

Cladoloside C 054 + 0.01 6.38 + 0.08 9.54 + 0.82

(positive control)

Kuriloside H (4), having a hexasaccharide trisulfated chain and the aglycone with
acetoxy-groups at C(16) and C(20), was the most active compound in the series, demon-
strating strong cytotoxicity against erythrocytes and JB-6 cells and a moderate effect against
Neuro 2a cells. Kuriloside Iy (6), differing from 4 by the lack of a terminal glucose residue
in the bottom semi-chain, was slightly less active. The effect of this glycoside is obviously
explained by the presence of the acetoxy-group at C(20) in their aglycones, which compen-
sates for the absence of a side chain, essential for the demonstration of the membranolytic
action of the glycosides. Kurilosides J (7) and K; (9), differing by the position of the second
sulfate group attached to C(6) of different terminal monosaccharide residues, but having
the same aglycones with 163-acetoxy-group, were moderately cytotoxic against erythro-
cytes and JB-6 cells and had no any effect against Neuro 2a cells. However, the presence of
the hydroxyl group in this position causes the loss of activity, so, the rest of compounds
1-3, 5, and 8 were not cytotoxic.

2.3. Biosynthetic Pathways of the Glycosides

The analysis of the structural peculiarities of the aglycones and carbohydrate chains
of all the glycosides (kurilosides) found in the sea cucumber T. kurilensis allowed us to
construct the metabolic network based on their biogenetic relationships. As a result, some
biosynthetic pathways are taking shape (Figure 3).

Since the triterpene glycosides of sea cucumbers are the products of a mosaic type of
biosynthesis [17], the carbohydrate chains and the aglycones are biosynthesized indepen-
dently of each other. The main biosynthetic transformations of sugar parts of kurilosides
are glycosylation and several rounds of sulfation that can be shifted in time relatively to
each other (Figure 3). This has led to the formation of the set of compounds having 11 dif-
ferent oligosaccharide fragments. Meanwhile, there are some missing links (biosynthetic
intermediates) in these biogenetic rows: biosides consisted of the glucose bonded to the
xylose by B-(1—4)-glycosidic linkage, then triosides and tetraosides having glucose bonded
to C(2) Xyll—the precursors on kuriloside E, two types of disulfated hexaosides with a
non-methylated terminal Glc4 unit that should biosynthetically appear between the carbo-
hydrate chains of kurilosides of groups D and H; ] and H; K and H, which have not so far
been isolated. DS-kuriloside L (10) with a trisaccharide sugar chain is perfectly fit into the
network as one of the initial stages of biosynthesis, illustrating the stepwise glycosylation
of the synthesized chain. The structure of its sugar chain as well as the chain of kuriloside
C; [19] suggests the glycosylation of C(4) Xyl1 and initialization of the growth of the upper
semi-chain precedes the glycosylation of C(2) Xyll. There are some branchpoints of the
biosynthetic pathways where the processes of sulfation and glycosylation or sulfation and
methylation are alternative/concurrent. The final product of such transformations is the
trisulfated hexaoside kuriloside H (4), the most biologically active compound in the series
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(Table 9), which can be formed by different pathways, and is a characteristic feature of a
mosaic type of biosynthesis. However, this glycoside is minor (0.9 mg) in the glycosidic
sum of T. kurilensis, while the main compounds are kurilosides of group A (~150 mg), and
these carbohydrate chains can be considered as the most actively metabolized and resulted
in the formation of at least three different types of sugar chains (kurilosides of the groups
D, J, and K). Thus, their formation is a mainstream of the biosynthesis of carbohydrate
chains of the glycosides of T. kurilensis.
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Figure 3. The metabolic network of the carbohydrate chains of the glycosides from T. kurilensis.

As for the directions of biosynthesis of the aglycone parts of kurilosides (Figure 4),
the scheme presented earlier [19] was complemented by some structures found recently,
representing intermediate biosynthetic stages. DS-kuriloside M (11) is the only glycoside
from T. kurilensis characterized by the 7(8)-double bond in the lanostane nucleus, when
all the other kurilosides contain a 9(11)-double bond in the polycyclic systems. This
finding indicates the existence of two oxidosqualene cyclases (OSCs)—enzymes converted
2,3-oxidosqualene into different triterpene alcohols giving rise various skeletons of the
aglycones—in this species of sea cucumbers. These data are in good agreement with
the results of the investigations of the genes coding OSCs in the other species of the sea
cucumbers—Eupentacta fraudatrix [25], Stichopus horrens [26], and Apostichopus japonicus [27],
demonstrating that even when the glycosides preferably contain the aglycones with one
certain position of intra-nucleus double bond (A7(8)-aglycones in E. fraudatrix [13,18] and
S. horrens [28,29], and A9(11)-aglycones in A. japonicus [30,31]), the genes of at least two
OSCs, producing aglycone precursors with different double bond positions, are expressed,
albeit with different efficiency.
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Figure 4. The biosynthetic pathways to aglycones of glycosides from T. kurilensis.

The constituent hexa-nor-lanostane aglycones of kurilosides are biosynthesized via
the oxidative cleavage of the side chain from the precursors having normal side chains
(for example, kurilosides D [19] and D; (2)) and oxygen-containing substituents at C-
20 and C-22 (Figure 4). As result, the aglycone of kuriloside E [19] was formed. The
subsequent biosynthetic transformations of the aglycones can occur in two directions. The
first one started from the reduction of the C-20-oxo-group to the hydroxy-group, followed
by the oxidation of C-16 to the hydroxy-group with the formation of the aglycones of
kurilosides I (5) and K (8). It is important that the latter reaction is carried out by the
cytochrome P450 monooxygenase selectively bonding to the -hydroxy-group to C-16 in
the derivatives containing the hydroxy-group at C-20. The next steps lead to the acetylation
of hydroxyl group at C-16 (as in the aglycones of kurilosides J (7) and K; (9)) followed
by the acetylation of the hydroxyl group at C-20 (the aglycones of kurilosides A;, C;, H
(4), and I; (6) correspond to this conversion). Obviously, the oxidation of C-16 precedes
the acetylation of C-20 since no aglycones with a 16-hydroxy,20-acetoxy-fragment have
been found.

The second direction of the aglycone biosynthesis occurs through the introduction
of the a-hydroxyl group to C-16, resulting in the formation of aglycone of kurilosides
Az (1), G (3), and F [19]. Moreover, the transformation leading to hexa-nor-lanostane
aglycones having a 16x-hydroxy,20-oxo-fragment is the same in the biosynthetic precursors
with 7(8)- and 9(11)-double bonds, which is confirmed by the aglycone structure of 11.
Subsequent acetylation of the 16a-OH-group leads to the aglycone of kuriloside A, while
intramolecular dehydration to the aglycone of kuriloside A, and DS-kuriloside L (10).
Therefore, an a-hydroxy-group was selectively introduced to C-16 of the 20-oxo-lanostane
precursors.

3. Materials and Methods
3.1. General Experimental Procedures

Specific rotation, Perkin-Elmer 343 Polarimeter (Perkin-Elmer, Waltham, MA, USA);
NMR, Bruker Avance III 700 Bruker FT-NMR (Bruker BioSpin GmbH, Rheinstetten, Ger-
many) (700.00/176.03 MHz) (*H/BC) spectrometer; ESI MS (positive and negative ion
modes), Agilent 6510 Q-TOF apparatus (Agilent Technology, Santa Clara, CA, USA), sample
concentration 0.01 mg/mL; HPLC, Agilent 1260 Infinity II with a differential refractometer
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(Agilent Technology, Santa Clara, CA, USA); column Phenomenex Synergi Fusion RP
(10 x 250 mm, 5 pm) (Phenomenex, Torrance, CA, USA).

3.2. Animals and Cells

Specimens of the sea cucumber Thyonidium (=Duasmodactyla) kurilensis (Levin) (family
Cucumariidae; order Dendrochirotida) were collected in August 1990 using an industrial
rake-type dredge in the waters of Onekotan Island (Kurile Islands, the Sea of Okhotsk) at a
depth of 100 m by the medium fishing refrigerator trawler “Breeze” with a rear scheme
of trawling during scallop harvesting. The sea cucumbers were identified by Prof. V.S.
Levin; voucher specimens are preserved at the A.V. Zhirmunsky National Scientific Center
of Marine Biology, Vladivostok, Russia.

CD-1 mice, weighing 18-20 g, were purchased from RAMS ‘Stolbovaya’ nursery
(Stolbovaya, Moscow District, Russia) and kept at the animal facility in standard conditions.
All experiments were performed following the protocol for animal study approved by
the Ethics Committee of the Pacific Institute of Bioorganic Chemistry No. 0085.19.10.2020.
All experiments were conducted in compliance with all of the rules and international
recommendations of the European Convention for the Protection of Vertebrate Animals
Used for Experimental Studies.

Mouse epithelial JB-6 cells Cl 41-5a and mouse neuroblastoma cell line Neuro 2a
(ATCC ® CCL-131) were purchased from ATCC (Manassas, VA, USA).

3.3. Extraction and Isolation

The extract of the glycosides, obtained by the standard procedure, and the initial stages
of their separation were discussed in a previous paper [19]. As result of the chromatography
on Si gel columns using CHCl; /EtOH/H,O (100:125:25) as the mobile phase, the fractions
II-V were obtained, which were subjected to HPLC on a Phenomenex Synergi Fusion
RP (10 x 250 mm) column. The separation of fraction II with MeOH/H,O/NH,OAc
(1 M water solution) (63/35/2) as the mobile phase resulted in the isolation of individual
kuriloside Az (1) (79.2 mg). HPLC of fraction III with MeOH/H,0/NH4OAc (1 M water
solution) (60/38/2) as the mobile phase gave 3.1 mg of kuriloside K; (9) and 0.9 mg of
kuriloside K (8). Fraction IV was the result of the HPLC using MeOH/H,0O/NH,OAc
(1 M water solution) (68/31/1) as the mobile phase was separated to the subfractions
1-7. Further rechromatography of subfraction 7 with MeOH/H,O/NH;OAc (1 M water
solution) (63/34/3) followed by (60/37/3) as the mobile phases gave 3.1 mg of kuriloside
I; (6). The use of the ratio of MeOH/H,0O/NH4OAc (1 M water solution) (62/35/3) for
subfraction 4 gave 2.3 mg of kuriloside J (7) and the ratio (58/39/3) for subfraction 3 gave
7 mg of kuriloside D; (2). For the HPLC of the most polar fraction V, obtained after Si
gel chromatography, the ratio of the same solvents (60/39/1) was applied, which led to
the isolation of 10 subfractions. Some of them were minor, thus only the main ones were
submitted for further separation. For subfraction 10, the ratio (64/34/2) was applied to
give 0.9 mg of kuriloside H (4). The ratio (54/43/3) used for HPLC of subfraction 4 gave
1.9 mg of kuriloside G (3) and 2.3 mg of kuriloside I (5).

The fraction of desulfated derivatives obtained earlier by the standard methodology
(~350 mg) was submitted to column chromatography on Si gel using CHCl; /EtOH/H,0
(100:50:4) and CHCl3/MeOH/H,0O (250:75:3) as mobile phases to give subfractions DS-
1—-DS-8, which were subsequently subjected to HPLC on the same column as compounds
1-9. Individual DS-kuriloside M (11) (3.8 mg) was isolated as a result of separating the
subfraction DS-6 with 66% MeOH as the mobile phase which gave several fractions,
followed by the HPLC of one of them with 32% CH3CN as the mobile phase. HPLC of
subfraction DS-2 with 50% CH;3CN as the mobile phase, followed by 46% CH3CN as the
mobile phase, gave 4.0 mg of DS-kuriloside L (10).
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3.3.1. Kuriloside A3 (1)

Colorless powder; [zx]zDO —1° (¢ 0.1, 50% MeOH). NMR: See Tables S1 and S2, Figures
S1-S6. (—)HR-ESI-MS m/z: 1231.5063 (calc. 1231.5059) [Mn, — Na]~; (—)ESI-MS/MS m/z:
1069.5 [MNa —Na — C6H]()O5(G1C)]7, 1055.4 [MNa - Na—C7H1205(MeGlc)]*, 923.4 [MNa
— Na—CﬁHloOS(Glc) — C6H1004(Qui)]’, 747.3 [I\/INa - Na—C6H1005(Glc) — C5H1004(Qui)
— CyH1,05(MeGlc)]~, 695.1 [Mn, — Na — C24H3703(Agl) — C¢H19O05(Glc) — H]—, 565.1
[MNa - Na—C24H3702(Ag1) — C6H1005(G1C) - C6H1004(Qui) — H]f, 549.1 [MNa — Na-
C24H3705(Agl) — CgH1905(Glc) — CeH1904(Qui) — H] ™, 417.1 [MNa — Na-CoyHz703(Agl)
— CeHi005(Gle) — CeH1004(Qui) — CsHgO4(Xyl) — H] ™, 241.0 [MNa — Na-CpsH3705(Agl)
- C6H1005(G1C) - C6H1004(Qui) - C5H304(Xyl) - C7H1205(M6G1C) - H]f.

3.3.2. Kuriloside Dy (2)

Colorless powder; [a]2 -39° (c 0.1, 50% MeOH). NMR: See Table 1 and Table S3,
Figures 57-513. (—)HR-ESI-MS m/z: 1507.6291 (calc. 1507.6268) [Mn, — Na]~; (—)ESI-
MS/MS m/z: 1349.5 [MNa —Na — C8H1503 + H]_, 1187.5 [NINa —Na — C3H1503 —C6H1005
(GIC) +H]~, 10254 [MNa —Na — C8H1503 - C6H1005(G1C) - C6H1005(G1C) +H]~, 8794
[I\/INa —Na — C8H1503 *C5H1005(GIC) - C6H1005(G1C) — C6H1004(Qui) + H]i, 565.1
[Mna — Na — C30Hy704(Agl) — CsH19O5(Gle) — CsH1005(Gle) —CeHipO4(Qui) — H] 7,
417.1 [MNa —Na — C30H47O5(Ag1) - C6H1005(G1c) - C6H1005(G1C) - C6H1004(Qui) -
C5H804(Xy1) — H]i, 241.0 [MNa —Na — C30H4705(Ag1) — C6H1005(G1C) - C6H1005(GIC)
— CeH1004(Qui) — CsHgO4(Xyl) — C7H1,05(MeGlc) — H] ™.

3.3.3. Kuriloside G (3)

Colorless powder; [/X]ZDO —2° (c 0.1, 50% MeOH). NMR: See Table 2 and Table S2,
Figures 514-522. (—)HR-ESI-MS m/z: 1509.5102 (calc. 1509.5132) [Man, — Na] ~; 743.2624 (calc.
743.2626) [MoNna — ZNa]Zf, (—)ESI-MS/MS m/z: 1389.6 [Mana — Na — NaHSOy4] ™, 1333.5
[Mona — Na — C7H1,05(MeGle)]—, 1231.5 [Mana — Na — CyHp1OgSNa(MeGlcSO3Na)] —,
1069.4 [MZNa —Na — C7H11088Na(MeGlc503Na) - C6H1005(Glc)]*, 923.4 [M2Na —Na —
C7H11088Na(MeGlCSO3Na) — C6H1005(G1C)] — C6H1004(Qui)]’.

3.3.4. Kuriloside H (4)

Colorless powder; [zx]zDO —3° (c 0.1, 50% MeOH). NMR: See Table 3 and Table S4,
Figures 523-S31. (—)HR-ESI-MS m/z: 1683.4701 (calc. 1683.4730) [M3n, — Na]—, 830.2425
(calc. 830.2419) [Msn, — 2Na]?—, 545.8332 (calc. 545.8315) [Man, — 3Nal®~; (—)ESI-MS/MS
m/z: 1503.5 [Mana — Na — CH3;COOH — NaHSO,]~, 1443.5 [Msn, — Na — 2CH;COOH
— NaHSO4]~, 1281.4 [Msn, — Na — 2CH;COOH — NaHSO, — CgHi0O5(Gle)]~, 1165.4
[MSNa —Na — 2CH3COOH - NaHSO4 - C7H11088N6(MEG1COSO3)]7, 1003.4 [MSNa —Na
— 2CH3COOH - NaHSO4 — C7H11085Na(MeGlCOSO3) — C6H1005 (GlC)]7

3.3.5. Kuriloside I (5)

Colorless powder; [a}%) —9° (c 0.1, 50% MeOH). NMR: See Tables 4 and 5,
Figures 532-540. (—)HR-ESI-MS m/z: 1437.3952 (calc. 1437.3991) [M3na — Na]—, 707.2049
(calc. 707.2049) [Mana — 2Na]?~, 463.8076 (calc. 463.8069) [Msna — 3Na]>~; (—)ESI-MS/MS
m/z: 1317.4 [Mana — Na — NaHSO4]~, 1197.4 [M3na — Na — 2NaHSO,]~, 1173.4 [Man, — Na
— C¢HyOSNa(GlcOSO3)]~, 1039.4 [Mzn, — Na — NaHSO, — C7H;;05SNa(MeGlcOSO3)]~,
1027.3 [MSNa - Na — C6H908SN3(GICOSO3) - C6H1004(Qui)]*, 907.3 [M3Na — Na —
NaHSO4 — CéHgOgSNa(GlCOSO3) - C6H1004(Qui)]’, 895.4 [M3Na —Na — CéHgOgSNa
(GICOSO3) — C7H11085Na (MeGlCOSOQ,)]7, 667.4 [M3Na —Na — C24H3902(Ag1) — C6H903
SNa(GlC0503) - C6H1()O4(Qui) - H]i, 519.0 [MgNa —Na — C24H3903(Ag1) - C6H9085Na
(GICOSO3) — C6H1004(Qui) - C5H804(Xy1) - H]i, 4171 [M3Na —Na — C24H3903(Ag1) -
C6H9088Na(GlcOSO3) — C6H1004(Qui) — C5H804(Xyl) — NaHSO3]’.
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3.3.6. Kuriloside I; (6)

Colorless powder; [zx]zDO —5° (¢ 0.1, 50% MeOH). NMR: See Table 4 and Table S4,
Figures S41-S47. (—)HR-ESI-MS m/z: 1749.2148 (calc. 747.2155) [Man, — 2Na]?~, 491.8146
(calc. 491.8139) [Man, — 3Nal’~; (—)ESI-MS/MS m/z: 1281.4 [M3sy;, — Na — 2CH;COOH —
NaHSO,4] ™, 11974 [Man, — Na — CH3COOH — CgHgOgSNa(GlcOSO3)] ™, 1137.4 [M3n,
— Na — ZCHSCOOH - C6H9085Na (GlCOSOg,)]_, 859.4 [M3Na - Na — 2CH3COOH -
C6H908SN3(G1COSO3) — C7H11088N8(M6G1C0803)]7, 719.2 [M3Na —2Na — CH3COOH]27,
629.2 [Mana — 2Na — NaHSO4]?~, 557.2 [M3na — 2Na — 2CH3COOH — C4HgOgSNa
(GlcOSO3)1>~.

3.3.7. Kuriloside J (7)

Colorless powder; [zx]g) —10° (c 0.1, 50% MeOH). NMR: See Tables 6 and 7,
Figures 548-556. (—)HR-ESI-MS m1/z: 1377.4687 (calc. 1377.4709) [Mana — Nal~, 677.2413
(calc. 677.2408) [Man, — 2Nal?™; (—)ESI-MS/MS m/z: 1317.4 [Myn, — Na — CH;COOH]~,
1257.4 [Mona — Na — NaHSO4]~, 1197.5 [Mon, — Na — CH;COOH — NaHSO4]~, 1155.4
[MZNa —Na — CH3COOH - C6H1005(G1C)]7, 1039.4 [MZNa —Na — CH3COOH — C7H110g
SNa(MeGlcOSO3)]*, 1009.4 [MZNa —Na — CH3COOH — C6H1005(Glc) - C6H1004(Qui)]’,
889.4 [M2Na - Na — NaHSO4 — CHgCOOH — C6H1005(G1c) — C6H1004(Qui)]_, 667.4
[Mana —Na — CogHy1 O3(Agl) — C¢HipO5(Gle) — CeHi9O4(Qui) — H] ™, 519.0 [Man, — Na
— CoeHy1O3(Agl) — CeH19O05(Gle) — CgH19O04(Qui) — CsHgO4(Xyl) — H] ™, 417.1 [MaNa —
Na — CpeHy O5(Agl) — CgHiOs (Gle) — CsHyO4 (Qui) — CsHgOy (Xyl) — NaHSO3] ™.

3.3.8. Kuriloside K (8)

Colorless powder; [(x}%) —7° (0.1, 50% MeOH). NMR: See Tables 5 and 8, Figures S57-565.
(—)HR-ESI-MS m/z: 1335.4573 (calc. 1335.4603) [Mona — Na]~, 656.2357 (calc. 656.2356)
[Mona — 2Na]?~; (—)ESI-MS/MS 1m/z: 1215.4 [Mona — Na — NaHSO,]~, 1159.4 [Man, — Na
— C7H1,05(MeGlc)] -, 1071.4 [Mana — Na — CgHgOgSNa(GlcOSO3)]~, 925.4 [Mon, — Na —
CéHgOgSNa (GICOSO3) - C6H1004 (Qui)]*, 895.4 [M2Na —Na — C(,HgOgSN&(GlCOSO:;)
— C7H1205(MEG1C)]7, 713.3 [MZNa - Na — C24H3902(Ag1) — C6H9085Na(G1COSO3) -
H]i, 4171 [MZNa —Na — C24H3903(Ag1) — CéHgOgSNa(GlCOSO;:,) — C6H1004(Qui) —
C5H804(Xy1) — HJ]—, 241.0 [MNa - Na — C24H3903(Ag1) - C(,HgOgSN&(GlCOSO;;) -
CeH1004(Qui) — CsHgO4(Xyl) — C7H1,05(MeGle) — H] ™.

3.3.9. Kuriloside K (9)

Colorless powder; [a]& —4° (¢ 0.1, 50% MeOH). NMR: See Tables 7 and 8,
Figures S66-568. (—)HR-ESI-MS m/z: 1377.4723 (calc. 1377.4709) [Mana — Na] ™, 677.2426
(calc. 677.2408) [Mona — 2Na]?~; (—)ESI-MS/MS m/z: 1317.4 [Mona — Na — CH3;COOH]
1197.5 [Mana — Na — CH3;COOH — NaHSO4]~, 1069.5 [Myn, — Na — C¢HyO5 (Glo)]~, 1053.4
[Mona — Na — CH3;COOH — C4HoOgSNa(GlcOSO5)]~, 877.4 [Mona — Na — CH;COOH
*C6H9085N3(G1COSO3) - C7H1205(M€G1C)]7, 731.3 [MZNa —Na — CH3COOH - C6H908
SNa(GlCOSO3) - C7H]205(MEG1C) - C6H1004(Qui)]’, 565.1 [MZNa —Na — C26H4103(Agl)
— CéHgOgSNEl(GlCOSOg,) — C6H1004(Qui) — H]i, 4171 [MZNa —Na — C26H4104(Ag1) —
C5H9088N3(GICOSO3) - C6H1004(Qui) - C5H804(Xy1)]7.

3.4. Cytotoxic Activity (MTT Assay)

All compounds (including cladoloside C used as the positive control) were tested in
concentrations from 1.5 uM to 100 uM using two-fold dilution in dH,O. The solutions
(20 puL) of tested substances in different concentrations and cell suspension (180 uL) were
added in wells of 96-well plates (1 x 10* cells/well) and incubated 24 h at 37 °C and 5%
CO,. After incubation, the medium with tested substances was replaced by 100 uL of
fresh medium. Then, 10 puL of MTT (thiazoyl blue tertrazolium bromide) stock solution
(5 mg/mL) was added to each well and the microplate was incubated for 4 h. After that,
100 uL of SDS-HCI solution (1 g SDS/10 mL dH,O/17 uL 6 N HCI) was added to each
well followed by incubation for 4-18 h. The absorbance of the converted dye formazan
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was measured using a Multiskan FC microplate photometer (Thermo Fisher Scientific,
Waltham, MA, USA) at a wavelength of 570 nm. Cytotoxic activity of the substances was
calculated as the concentration that caused 50% metabolic cell activity inhibition (ICsp). All
the experiments were made in triplicate, p < 0.01.

3.5. Hemolytic Activity

Blood was taken from CD-1 mice (18-20 g). Erythrocytes were isolated from the blood
of albino CD-1 mice by centrifugation with phosphate-buffered saline (pH 7.4) for 5 min at
4 °C by 450x g on a LABOFUGE 400R (Heraeus, Hanau, Germany) centrifuge for three
times. Then, the residue of erythrocytes was resuspended in ice cold phosphate saline
buffer (pH 7.4) to a final optical density of 1.5 at 700 nm, and kept on ice. For the hemolytic
assay, 180 uL of erythrocyte suspension was mixed with 20 pL of test compound solution
(including cladoloside C used as the positive control) in V-bottom 96-well plates. After
1 h of incubation at 37 °C, plates were exposed to centrifugation for 10 min at 900x g on a
LMC-3000 (Biosan, Riga, Latvia) laboratory centrifuge. Then, we carefully selected 100 pL
of supernatant and transferred it to new flat-plates respectively. Lysis of erythrocytes
was determined by measuring the concentration of hemoglobin in the supernatant with
a microplate photometer Multiskan FC (Thermo Fisher Scientific, Waltham, MA, USA),
A =570 nm. The effective dose causing 50% hemolysis of erythrocytes (ED5() was calculated
using the computer program SigmaPlot 10.0. All experiments were made in triplicate,
p <0.01.

3.6. Solvolytic Desulfation

A part of the glycosidic sum (350 mg) was dissolved in a mixture of pyridine/dioxane
(1/1) and refluxed for 1 h. The obtained mixture was concentrated in vacuo and subsequently
purified by using Si gel column chromatography (as depicted in the Section 3.3).

4. Conclusions

Thus, nine unknown earlier triterpene glycosides were isolated from the sea cucumber
Thyonidium (=Duasmodactyla) kurilensis in addition to the series of kurilosides found re-
cently [19]. Five new types of the carbohydrate chains (kurilosides of the groups G-K) were
discovered. There were trisulfated penta- (kurilosides of the group I (5, 6)) and hexaosides
(kuriloside H (4)) among them. Kuriloside H (4) is the second example of the most polar
triterpene glycosides, along with tetrasulfated pentaosides found earlier in the sea cucum-
ber Psolus fabricii [20]. The structures of disulfated hexa- and pentasaccharide chains of
kurilosides of the groups G (3), ] (7), and K (8, 9) clearly illustrate a combinatorial (mosaic)
type of biosynthesis of the glycosides, namely, the positions of the sulfate group attachment.
At the same time, the position of one of the sulfate groups (at C(6) Glc, attached to C(4)
Xyl1) remained the same in all glycosides found in this species. Three new non-holostane
aglycones lacking a lactone ring, two of them being the 22,23,24,25,26,27-hexa-nor-lanostane
type and one having a normal side chain, were found in glycosides 1-9. The majority
of the aglycones of T. kurilensis glycosides differed from each other in the substituents at
C-16 (x- and B-oriented hydroxy- or acetoxy groups, or keto-group) and C-20 (hydroxy-,
acetoxy-, or keto-groups), representing the biogenetically related rows of the compounds.
As mentioned in a previous paper [19], the glycosides with 16a-substituents were isolated
from T. kurilensis only. The finding of 16-hydroxylated aglycones is also for the first time.
Such compounds can be considered as “hot metabolites”, biosynthetic intermediates or
precursors of the aglycones with the 168-acetoxy-group.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19040187/s1. Table S1. NMR spectrometric data of the carbohydrate moiety of kuriloside
Ajz (1); Table S2. NMR spectrometric data of the aglycone moiety of kurilosides A3 (1) and G (3);
Table S3. NMR spectrometric data of the carbohydrate moiety of kuriloside Dy (2); Table S4. NMR
spectrometric data of the aglycone moiety of kurilosides H (4) and I; (6); Table S5. NMR spectrometric
data of the carbohydrate moiety of DS-kuriloside L (10); Table S6. NMR spectrometric data of the
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aglycone moiety of 10; Table S7. NMR spectrometric data of the carbohydrate moiety of DS-kuriloside
M (11); Table S8. NMR spectrometric data of the aglycone moiety of 11; Figure S1. "H NMR and *C
NMR spectra of 1; Figure S2. COSY spectrum of 1; Figure S3. HSQC spectrum of 1; Figure S4. ROESY
spectrum of 1; Figure S5. HMBC spectrum of 1; Figure S6. HR-ESI-MS and ESI-MS/MS spectra of 1;
Figure S7. 13C NMR spectrum of 2; Figure S8. "H NMR spectrum of 2; Figure S9. COSY spectrum of
2; Figure 510. HSQC spectrum of 2; Figure S11. HMBC spectrum of 2; Figure S12. ROESY spectrum
of 2; Figure S13. HR-ESI-MS and ESI-MS/MS spectra of 2; Figure S14. 3C NMR spectrum of 3;
Figure S15. 'H NMR spectrum of 3; Figure S16. COSY spectrum of 3; Figure S17. HSQC spectrum
of 3; Figure S18. HMBC spectrum of 3; Figure S19. ROESY spectrum of 3; Figure S20. 1 D TOCSY
spectra of Xyl1, Qui2 and Glc3 of 3; Figure S21. 1 D TOCSY spectra of the MeGlc4, Glc5 and MeGlc6
of 3; Figure $22. HR-ESI-MS and ESI-MS/MS spectra of 3; Figure $23. 3C NMR spectrum of 4;
Figure S24. 'H NMR spectrum of 4; Figure S25. COSY spectrum of 4; Figure $26. HSQC spectrum
of 4; Figure S27. ROESY spectrum of 4; Figure 528. HMBC spectrum of 4; Figure S29. 1 D TOCSY
spectra of Xyll, Qui2 and Glc3 of 4; Figure S30. 1 D TOCSY spectra of Glc4, Glc5 and MeGlc6 of 4;
Figure S31. HR-ESI-MS and ESI-MS/MS spectra of 4; Figure S32. 13C NMR spectrum of kuriloside
I (5); Figure S33. "H NMR spectrum of 5; Figure S34. COSY spectrum of 5; Figure $35. HSQC
spectrum of 5; Figure S36. HMBC spectrum of 5; Figure S37. ROESY spectrum of 5; Figure S38. 1D
TOCSY spectra of Xyll, Qui2 and Glc3 of 5; Figure 539. 1D TOCSY spectra of Glc4 and MeGlIc5 of 5;
Figure S40. HR-ESI-MS and ESI-MS/MS spectra of 5; Figure S41. 13C NMR spectrum of 6; Figure 542.
TH NMR spectrum of 6; Figure $43. COSY spectrum of 6; Figure S44. HSQC spectrum of 6; Figure S45.
ROESY spectrum of 6; Figure S46. HMBC spectrum of 6; Figure S47. HR-ESI-MS and ESI-MS/MS
spectra of 6; Figure $48. 13C NMR spectrum of kuriloside J (7); Figure S49. "H NMR spectrum of
7; Figure S50. COSY spectrum of 7; Figure S51. HSQC spectrum of 7; Figure S52. HMBC spectrum
of 7; Figure S53. ROESY spectrum of 7; Figure S54. 1 D TOCSY spectra of Xyl1, Qui2 and Glc3 of 7;
Figure S55. 1 D TOCSY spectra of Glc4 and MeGIc5 of 7; Figure S56. HR-ESI-MS and ESI-MS/MS
spectra of 7; Figure S57. 13C NMR spectrum of kuriloside K (8); Figure S58. TH NMR spectrum of
8; Figure S59. COSY spectrum of 8; Figure S60. HSQC spectrum of 8; Figure S61. HMBC spectrum
of 8; Figure 562. ROESY spectrum of 8; Figure S63. 1 D TOCSY spectra of Xyll, Qui2 and Glc3 of §;
Figure S64. 1 D TOCSY spectra of Glc4 and MeGlIc5 of 8; Figure S65. HR-ESI-MS and ESI-MS/MS
spectra of 8; Figure S66. 1>*C NMR spectrum of 9; Figure S67. 'H NMR spectrum of 9 in; Figure
S68. HR-ESI-MS and ESI-MS/MS spectra of 9; Figure 569. '*C NMR spectrum of DS-kuriloside L
(10); Figure S70. "H NMR spectrum of 10; Figure S71. COSY spectrum of 10; Figure S72. HSQC
spectrum of 10; Figure S73. HMBC spectrum of 10; Figure S74. ROESY spectrum of 10; Figure S75. 1
D TOCSY spectra of Xyll, Qui2 and Glc3 of 10; Figure S76. HR-ESI-MS (—) and ESI-MS/MS spectra
of 10; Figure S77. 13C NMR spectrum of DS-kuriloside M (11); Figure S78. 'H NMR spectrum of 11;
Figure S79. COSY spectrum of 11; Figure S80. HSQC spectrum of 11; Figure S81. HMBC spectrum of
11; Figure 582. ROESY spectrum of 11; Figure S83. 1 D TOCSY spectra of Xyl1, Qui2 and Glc3 of 11;
Figure 584. 1 D TOCSY spectra of Glc4 and MeGlIc5 of 11; Figure S85. HR-ESI-MS (—), ESI-MS/MS
spectra of 11.
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Abstract: Today, marine natural products are considered one of the main sources of compounds
for drug development. Starfish and sea cucumbers are potential sources of natural products of
pharmaceutical interest. Among their metabolites, polar steroids, triterpene glycosides, and polar
lipids have attracted a great deal of attention; however, studying these compounds by conventional
methods is challenging. The application of modern MS-based approaches can help to obtain valuable
information about such compounds. This review provides an up-to-date overview of MS-based
applications for starfish and sea cucumber bioactive compounds analysis. While describing most
characteristic features of MS-based approaches in the context of starfish and sea cucumber metabolites,
including sample preparation and MS analysis steps, the present paper mainly focuses on the
application of MS-based metabolic profiling of polar steroid compounds, triterpene glycosides, and
lipids. The application of MS in metabolomics studies is also outlined.

Keywords: starfish; sea cucumber; polyhydroxysteroids; triterpene glycosides; steroid glycosides;
lipids; mass spectrometry; metabolomics; metabolomic profiling

1. Introduction

The emergence of novel diseases and resistant forms of known diseases in recent
years and the emergence of multidrug-resistant pathogens has led to a renewed interest in
the exploration of new sources of bioactive compounds. The sea environment possesses
extraordinary ecological variety, and its inhabitants exhibit enormous biochemical diversity.
At present, over 29,000 marine natural products have been discovered [1-4]. To date, several
dozen marine natural products or their derivatives have been approved as therapeutic
agents or are undergoing Phase III, II, or I drug development [5]. As the biodiversity
of marine organisms is higher than that of terrestrial plants and animals, and as only a
minor portion of metabolites present in marine species has been studied, it can be assumed
that the number of new marine compounds will continue to increase, providing new
therapeutic alternatives.

Marine invertebrates have long been considered an inexhaustible source of novel
natural products. Although Porifera and Cnidaria are the two major sources of new marine
natural products, Echinodermata is viewed as another abundant source of new bioactive
compounds. Over the past five years, just over two hundred new compounds have been
isolated from echinoderms [1-4,6]. The phylum Echinodermata includes about 7500 species
found in all seas at every depth, from intertidal to abyssal, and in all ecosystems, from
coral reefs to shallow shores. Echinoderms are divided into five different taxonomic classes,
including Asteroidea (starfish) and Holothuroidea (sea cucumbers).

Starfish and sea cucumbers are extensively employed in traditional medicine, being a
rich source of bioactive compounds. Several starfish species are used to treat rheumatism or
as tonics in traditional Chinese medicine [7,8]. Sea cucumbers are one of the most valuable
aquaculture species in China, Korea, and Japan, as well as other countries, where they are
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used as functional foods. Traditional medicine in China and other countries in Asia and
the Middle East uses sea cucumbers widely to treat a broad range of diseases, including
asthma, arthritis, hypertension, and kidney disease [9,10].

Unique pharmacological properties, including anticancer, antioxidant, antithrombotic,
and immunostimulating activities, among others, are associated with bioactive starfish and
sea cucumber compounds [11-15]. Moreover, the secondary metabolites of sea cucumbers
affect the biological clock and circadian rhythm of lipid metabolism [16], reduce fat accu-
mulation [17], and protect against high fat diet-induced metabolic disorders in mice [18].
Extracts of certain specimens may accelerate wound healing and tissue regeneration [19].

The distinctive chemical composition of starfish and sea cucumbers seems to be the
main reason for these beneficial properties. Starfish and sea cucumbers are high in valuable
nutrients such as vitamins, minerals, and metabolites such as peptides, sterols, phenolics,
sphingolipids, glycosaminoglycans, sulfated polysaccharides, and lectins [10]. Among
these compounds the most exciting are unique polar steroid compounds and triterpene gly-
cosides, which are characteristic of starfish and sea cucumbers. These compounds have un-
usual chemical structures and demonstrate a variety of biological effects, such as cytotoxic,
antifungal, antiviral, antibacterial, anti-inflammatory, analgesic, ichthyotoxic, hemolytic,
anti-biofouling, anticancer, immunomodulating, and neuritogenic actions [12,20-33].

Secondary metabolites are usually present in the extracts of starfish and sea cucumbers
as complex mixtures of very similar compounds. Conventional methods for the structural
study of bioactive compounds are usually time-consuming and labor-intensive procedures
that include the isolation of individual compounds by a combination of chromatographic
techniques and structure elucidation through a combination of different methods [20].
The final structure confirmation of a new compound is always performed with a set of
independent methods, such as nuclear magnetic resonance (NMR) spectroscopy, mass
spectrometry (MS), or other analytical methods and chemical transformation. Despite the
instrumentation developments of recent years, the analysis of bioactive natural compounds
using conventional approaches remains a challenging task due to the difficulty of isolating
individual compounds from fractions consisting of many components and with high chem-
ical diversity covering a broad concentration range. As a result, only certain compounds
can be described; overall, the entire metabolite pool remains poorly studied.

At present, modern mass spectrometry techniques are widely employed for the iden-
tification and structural analysis of novel natural compounds [34-36]. Hyphenated tech-
niques combining various separation methods with mass spectrometry are applied for
metabolomic and target profiling and allow for the characterization of compounds in
complex mixtures extracted from biological material. Different MS-imaging techniques pre-
cisely localize and quantify the metabolites in tissues [37]. Recently developed ion mobility
(IM) methods add dimension to conventional chromatography separation, allowing the
stereoisomers that cannot be separated by liquid chromatography (LC) to be identified [38].

Mass spectrometry is used in various fields of marine sciences today, including marine
proteomics [39], metabolomics [40,41], lipidomics [42], marine toxicology [43], ecology
studies [44], and others. The introduction of modern mass-spectrometric approaches has
greatly contributed to the development of metabolomics as a transdisciplinary science that
aims at the qualitative and quantitative determination of the whole metabolite pool of
organisms. Although no single analytical method exists that can determine all members of
the metabolome simultaneously, MS-based metabolomics has been successfully applied
to analyze a wide range of compounds from various sources. In recent years, MS-based
metabolomics has emerged as a useful tool in natural product research. In addition to
metabolic fingerprinting, two approaches used in metabolomics studies can be distin-
guished [45]. The first, metabolic profiling, focuses on the analysis of structure-related
metabolites or metabolites related to a specific metabolic pathway. Such an approach
provides information on the chemical composition of extracts or fractions and allows for
the dereplication of known bioactive compounds and detection of new compounds as well
as the evaluation of the their isolation possibility [34]. The metabolome-oriented approach
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aims to detect differences in metabolic profiles that occur in response to stress, disease,
changing environmental conditions, or other influences in comparative experiments.

Metabolomic studies of marine organisms is a field that uses a variety of modern
approaches, including MS, NMR methods, and hyphenated techniques [40,41,44]. This
review focuses on the use of MS-based metabolomics techniques applied in studies of
extracts and fractions of starfish and sea cucumber bioactive compounds. The following
section provides a general overview of the characteristic features in workflows, including
sample preparation and analytical approaches. Section 3 includes illustrative examples
of MS-based applications in the analysis of bioactive compounds such as polar steroids,
triterpene glycosides, cerebroside, and ganglioside, as well as examples of the multi-
class approach application. Instrumental and methodological details are highlighted
and summarized in tables (Table 1, Table 2, Tables S1 and S2). Section 4 reviews the
recently published advances in the field of metabolome-oriented studies of starfish and
sea cucumbers.

2. Overview of MS-Based Metabolomic Workflows in the Analysis of Starfish and Sea
Cucumber Bioactive Compounds

In terms of workflow, a typical MS-based metabolomic study involves the stages of
sample collection, extraction, fractionation and/or purification, measurement, identifi-
cation, and analysis of the results (Figure 1). The analytical protocols used in MS-based
marine metabolomics have several important differences from those used to analyze the
metabolites of terrestrial animals and plants [41]. This section discusses the characteristic
features of MS-based metabolomic approaches in the context of starfish and sea cucumber
bioactive compounds, including steps of sample preparation, acquisition, and analysis.

Sample
collection

Extraction

\
Purification and o .
fractionation H Data acquisition H Data analysis
/

* Manually
* SCUBA divers

* Bottom trawling

o LLE Direct MS analysis
. SPE « MALDI MS

EtOH
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* HPLC = Separation: RPLC,

EtOA¢/MeOH analysis

fractionation NPLC, HILIC LC, GC

* lonization interfaces:
ESI, nanoESI, HESI,
APPI, EI

Figure 1. Main research stages in MS-based metabolomics studies of starfish and sea cucumber
bioactive compounds.

2.1. Sample Preparation

The sample preparation stage, which comprises sample collection and extraction,
is the most important in metabolomics research. Most of the studied starfish and sea
cucumbers are collected from the coastal area manually or by SCUBA divers, or, if the
depth exceeds 30 m, by bottom trawling. The main difficulties encountered in the collection
of echinoderms are related to accessibility and their limited quantity. Many starfish and sea
cucumbers are common species found in coastal areas where collection is unproblematic,
while others occur in restricted or inaccessible geographic areas or in limited populations.
Certain sea cucumber species, such as Apostichopus japonicus and Holothuria scabra, are
aquaculture species, making their collection much simpler than the collection of wild
specimens. In contrast to terrestrial ecosystems, when collecting marine samples the depth,
salinity, and oxygen concentration of the water must be considered in addition to general
factors such as temperature and light. A specimen’s location, physiological state, sex, and
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season can have a great metabolic influence. Difficulties are often caused by significant
distances between the collection site and the laboratory, which requires more complicated
logistics and specific sample preparation protocols.

Stress caused by handling induces responses in animals at the biochemical level [46]
and can cause sea cucumber evisceration, the expulsion of the internal organs from the
body [47]. To avoid such changes, as well as metabolomic changes resulting from enzymatic
turnover during transportation or sample processing, it is highly recommended to quench
the metabolism rapidly [48]. There are protocols designed for quenching, including flash-
freezing using liquid nitrogen or dry ice, lyophilization, and freeze-drying; however, some
of these are difficult to implement when animals are collected in the wild. Therefore, in
most cases researchers use alternative protocols such as freezing or direct extraction with
organic solvents [41].

The collected sample material must be processed to extract the metabolites of interest
and remove salts and impurities. Extractions with organic solvents are commonly used
for this purpose. Due to the high chemical diversity of metabolites, there is no single
solvent capable of capturing all the required compounds without related impurities and
contaminants. Generally, polar and semi-polar metabolites such as triterpene glycosides,
asterosaponins, and gangliosides are preferentially extracted with hydro-alcoholic solutions,
while lipid, sterol, terpene, and other non-polar compound extraction can be achieved with
hydrophobic solvents (chloroform, hexane) or liquid-liquid extraction (LLE) by Folch’s [49]
and Bligh and Dyer’s [50] methods. Extraction with methyl tert-butyl ether (MTBE) [51]
can be used for the recovery of both polar and non-polar metabolites into separate fractions.
In addition, the selected extraction protocols and solvents must be related to the analytical
methods used.

It should be noted that most starfish and sea cucumber extracts contain significant
amounts of salts, even if a non-polar solvent is used for extraction. Such samples are
incompatible with analytical techniques such as mass spectrometry and NMR because
of the effect of salts on analytical performance. For example, the presence of a small
concentration of NaCl can cause the appearance of unexpected adducts at ESI MS, while
larger concentrations can suppress analyte ionization and lead to salt crystal deposits in
the ion source and the capillary, which can cause the instrument malfunction. MALDI MS
is more tolerant to salt impurities and can be used for preliminary screening of extracts
without additional purification. Desalting of marine extracts typically involves column
chromatography (CC), liquid-liquid extraction, and solid-phase extraction (SPE).

Another problem can be the presence of lipid impurities and/or proteins in sam-
ples of polar secondary metabolites. For example, when extracting starfish polar steroid
compounds or sea cucumber triterpene glycosides the crude hydro-alcoholic extracts may
contain a large concentration of phospholipids, which can complicate chromatographic
separations and suppress the ionization of the target analytes. If lipid compounds are not
included in the target pool, additional purification of the extract can improve both LC
separation and MS identification of target analytes. In order to remove such interfering
compounds, column chromatography with Amberlite XAD-4, Sephadex LH-60, or other
sorbents, LLE or SPE is usually used. In order to simplify the analysis of extremely complex
extracts and obtain a mixture containing only structure-related metabolites of interest,
fractionation using column chromatography, flash chromatography, or HPLC is used.

The choice of extraction solvent and purification methods affects the efficiency of
the sample preparation stage. The use of unsuitable solvents and extraction methods can
result in quantitatively and qualitatively incomplete extraction, while the use of suboptimal
purification or fractionation procedures can lead to loss of the target metabolites. To the
best of our knowledge, there are no published studies comparing the effectiveness of the
most commonly used sample preparation protocols for the analysis of starfish and sea
cucumber bioactive compounds.
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2.2. Data Acquisition

Structural elucidation of starfish and sea cucumber bioactive compounds remains
a difficult task due to the great diversity of these compounds and the complexity of the
analyzed mixtures. Usually, these compounds form very complicated mixtures which are
difficult to separate into pure compounds by chromatography. In the past, the application
of chemical methods was required in order to identify the structure of such compounds. In
particular, acid hydrolysis was used to recognize steroid and triterpene glycoside structures.
While this approach allowed the partial characterization of aglycon structures and the
determination of qualitative and quantitative monosaccharide composition, the destruction
of native aglycon was frequent.

For a long time, electron ionization (EI) was the only possible mass spectrometry
technique. Rashkes et al. carried out mass spectrometry research on six polyhydroxysteroid
compounds and glycosides isolated from the Far Eastern starfish Patiria pectinifera and
determined the characteristic fragmentation pattern of starfish polyhydroxysteroid under
EI conditions [52]. EI and GC-EI MS were widely used for the determination of structures
of aglycones and oligosaccharide chains of asterosaponins and triterpene glycosides after
hydrolysis of glycosides and chemical derivatization of monosaccharides [20]. GC coupled
with EI MS remains one of the most suitable metabolomic techniques for analyzing the wide
range of volatile, semi-volatile non-polar compounds and derivatized polar metabolites.
Electron impact ionization results in highly reproducible fragmentation patterns that can
be used for identification by database search along with retention times indexes.

The application of fast atom bombardment (FAB) MS allows for analysis of the more
polar and unstable compounds. Introduced in 1983, FAB has been successfully used
for the determination of the structures of starfish steroid glycosides and sea cucumber
triterpene glycosides as well as cerebrosides and gangliosides, which could not be analyzed
by EI MS [53]. FAB mass spectra of starfish and sea cucumber glycosides can show
molecular ions as well as fragmentation products, providing information about molecular
formulae, the presence and location of sulfate groups, the structures of carbohydrate chains,
and aglycon. Collision-induced dissociation (CID) experiments can provide additional
structural information on the structural features of aglycon, the quantity and type of
monosaccharides attached to aglycon, and their location.

Electrospray ionization (ESI) and Matrix-Assisted Laser Desorption/Ionization (MALDI)
have significantly expanded the possibilities of mass spectrometry for the analysis of
natural products. ESI has had an enormous impact on the analysis of polar and non-
volatile molecules as well as large biomolecules. In contrast to electron ionization, in-source
fragmentation under ESI conditions is practically unrealized; tandem MS methods are used
to initiate the fragmentation of these ions. ESI mass spectrometry is currently the most
common ionization technique; it has been widely used for the characterization of natural
compounds, including steroid and triterpene glycosides, polar lipids, and other compounds
from purified starfish and sea cucumber extracts. MALDI MS is another efficient method
for the analysis of natural compounds. The necessity of using matrices and the presence of
matrix ion peaks at spectra in the low mass range are drawbacks; however, due to its high
sensitivity, high speed of analysis, and tolerance to inorganic salts impurities, MALDI MS is
widely used for rapid screening and chemical characterization of complex mixtures. Recent
advances in analytical techniques, including high-resolution time-of-flight (TOF), Fourier
transform (FT), and Orbitrap mass analyzers have high scan speeds along with extended
dynamic range and sensitivity, allowing for the development of hybrid instruments and new
ionization interfaces such as nanoelectrospray (nanoESI) and heated electrospray ionization
(HESI) and leading to the establishment of high-throughput protocols for the analysis of the
most complex mixtures of natural compounds. The development of hyphenated techniques
combining liquid chromatography or gas chromatography with mass spectrometry (LC-
MS or GC-MS) makes allows for straightforward analysis of the compounds present in
complicated extracts.
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2.3. Data Analysis

Data analysis is the next important stage of MS-based research. Generally, the pro-
cessing of data obtained using chromatography-MS methods has included the steps of
identifying m/z signals, chromatographic peak detection, filtering, alignment, and iden-
tification [54]. Many freely available (XCMS [55], MZmine 2 [56], OpenMS [57], and
MS-DIAL [58]) and commercial software tools are currently available for the processing of
LC-MS and GC-MS data. While the processing of GC-MS data is well-established and rela-
tively simple, the results are usually limited to known compounds presented in databases.
LC-MS is a more versatile method, covering broad chemistries and sensitivity ranges,
although it produces more complex data. Due to the lower resolution and reproducibility
of LC separation and the presence of adduct, isotope, fragment, and contamination peaks
in ESI spectra, LC-MS data processing is much more difficult.

In certain cases, special approaches are useful for data processing. In order to process
MS profiling data, methods based on scanning neutral losses, characteristic fragments, and
an in-house library for rapid screening of the compounds of interest are often used. For
example, the construction of ion chromatograms for negative fragment ions at /2 96.96 can
be used for detecting sulfated compounds like asterosaponins and sulfated triterpene
glycosides, and cerebrosides can be detected according to the neutral loss fragments of
180 Da [59].

Similar to common metabolomic studies, metabolite identification is a current bottle-
neck in the analysis of starfish and sea cucumber metabolites. Chromatography-MS-based
analysis can result in a huge number of peaks that are extremely difficult to identify. Even
when analyzing well-studied organisms, only small percentages of the data collected in a
typical LC-MS experiment can be matched to known molecules [60]. The chemical com-
position of starfish and sea cucumbers remains poorly investigated and the percentage
of identified compounds can be extremely low. According to Metabolomics Standards
Initiative recommendations, high identification confidence can be obtained by comparing
an accurate high-resolution monoisotopic mass, MS/MS spectra, and retention times with
data from an authentic chemical standard [61]. However, the available libraries of certified
standards do not cover the entire scope of biochemical diversity, especially in the area
of marine bioactive compounds. Although only putative annotation is possible without
matching experimental data to data for authentic chemical standards [61], the availability of
comprehensive open-access databases is extremely important for the successful application
of mass spectrometry to the analysis of complex mixtures of natural compounds. Existing
databases cover various natural compounds [62], and several databases, such as the GNPS
database [63], MassBank [64], Metlin [65], the Human Metabolome Database [66], and
MassBank of North America (https://mona.fiehnlab.ucdavis.edu, accessed on 1 April 2022)
include MS/MS spectra of natural compounds from different sources. Databases such
as the Dictionary of Marine Natural Products (https:/ /dmnp.chemnetbase.com, accessed
on 1 April 2022) and MarinLit (https:/ /marinlit.rsc.org, accessed on 1 April 2022) include
structural information, and the NMR and UV spectra of marine-derived compounds, al-
though MS and MS/MS data on marine natural compounds in all existing databases is
extremely limited. There are currently no databases covering taxonomic, structural, and
experimental mass spectrometry data on bioactive metabolites of marine echinoderms.

Moreover, unlike peptides, oligosaccharides, and lipids, the MS fragmentation of most
secondary metabolites is less studied due to the vast structural variability, and the de novo
identification of metabolites by MS/MS spectra is very difficult. Several computational
approaches based on machine learning or quantum chemistry calculations have been
proposed for the in silico generation of MS/MS spectra or the prediction of structural
features of compounds based on the experimental MS/MS spectra [67,68]. The molecular
networking approach is based on the clustering of detected compounds by the similarity
of their MS/MS spectra and allows for the annotation of related metabolites [63]. Using
models for the in silico prediction of LC retention times can help to improve the reliability
of identification in metabolomics analysis [69]. However, despite the recent advances in
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computational approaches, the currently used algorithms need to be significantly improved
before effective identification and structural elucidation of marine bioactive compounds
is possible. Along with the huge degree of structural variability, these issues limit the
application of MS for annotation, dereplication, and structural elucidation in studies of
metabolites from marine organisms.

In the case of research aimed at discovering metabolomic alterations between distinct
biological groups of organisms, the statistical analysis is applied to the peak lists obtained
after the processing of MS data. The choice of statistical methods is often determined by
the study design, and can be divided into univariate (-test, analysis of variance (ANOVA),
fold-change analysis) and multivariate (unsupervised Principal Component Analysis (PCA)
and supervised Partial Least Squares Discriminant Analysis (PLS-DA)) methods of anal-
ysis. Generally, the statistical methods used in the analysis of starfish and sea cucumber
metabolites are the same as those used for conventional metabolomics studies, which are
thoroughly discussed in [70]. Tables S1-S3 provide a general overview of the statistical ap-
proaches used for the treatment of analytical data in research on starfish and sea cucumber
bioactive compounds.

3. MS-Based Metabolomic Profiling Approaches to the Study of Starfish and Sea
Cucumber Bioactive Compounds

3.1. Starfish Polar Steroid Compounds

Unlike other echinoderms, starfish are characterized by a wide variety of steroid com-
pounds, both non-polar sterols and polar steroid compounds. The latter form a large group
of biologically active compounds, including polyhydroxysteroids, related glycosides, and
steroid oligoglycosides (asterosaponins) (Figure 2). Starfish polyhydroxysteroids are steroid
compounds, and usually contain from four to nine hydroxy groups in a steroidal nucleus
and side chain. Polyhydroxylated glycosides have one, two, or rarely three monosac-
charides attached to a steroid moiety, either to side chains or to the steroid nucleus and
side chain simultaneously. The most common sugar residues in these compounds are
xylose or its derivatives and arabinose. Polyhydroxylated glycosides have been found
in both sulfated and non-sulfated forms. A characteristic feature of the asterosaponins
is the 33,6«-dihydroxysteroid aglycon with a 9(11)-double bond and a sulfate group at
C-3. The asterosaponin carbohydrate chain consists of four to six sugars and is attached
to C-6. The oligosaccharide chain of pentaosides contains one branching at the second
monosaccharide, while hexaosides can have one or two branches at the second and third
monosaccharide residues of the chain. Hexoses (glucose, galactose), pentoses (arabinose,
xylose), and deoxyhexoses (fucose, quinovose) are the most common sugar residues in
asterosaponins. Monosaccharides in asterosaponins are always in pyranose forms and are
connected, as a rule, by -glycosidic bonds (Figure 2).
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Figure 2. The structures of typical starfish polyhydroxysteroid (5«-cholestane-3$,6,8,15x,163,26-
hexaol (1) from the starfish Protoreaster nodosus [71]), a glycoside of polyhydroxysteroid (linckoside
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A (2) from the starfish Linckia laevigata [72]), and asterosaponin (thornasteroside A (3) from the starfish
Acanthaster planci [73]).

Demonstrating significant structural diversity, individual representatives of starfish po-
lar steroids show a variety of biological effects including cytotoxic, neuritogenic hemolytic,
antibacterial, antiviral, and anti-inflammatory effects [12,20,27-31]. Several starfish polar
steroids are promising antitumor and cancer-preventing agents [14]. A recent study has
reported that starfish polar steroids in combination with X-ray radiation affect colony
formation and apoptosis induction in human colorectal carcinoma cells [74]. Starfish polar
steroids have shown a combined anticancer effect with alga polysaccharides on human cell
lines in models of 2D and 3D cultures [75,76].

ESI and MALDI are currently the most suitable and widely used ionization techniques
for analyzing starfish polar steroids (Table 1). Typically, starfish sulfated steroid glycosides
are detected as [M + Na]" and [M — Na]~ ions in the positive and negative ion modes of
ESI MS, respectively. Non-sulfated polyhydroxysteroids and related glycosides are usually
revealed as [M — H]™ and [M + Cl]~ ions in the negative ion mode and as [M + Na]*
ions in the positive ion mode. Although both positive and negative ion mass spectra are
good enough to characterize all types of glycosides, the negative ion mode contains peaks
of higher intensities and is more suitable for the analysis of sulfated compounds, while
non-sulfated glycosides are analyzed by the positive ion mode [77-79].

Preliminary asterosaponin structures can be predicted from experimental tandem
MS data because typical fragment ions and neutral losses provides valuable information
about aglycon structures and sequences of monosaccharide units in carbohydrate chains.
Tandem mass spectra show intensive characteristic fragment peaks for all asterosaponins
and sulfated glycosides, indicating the sulfate group (peak at m/z 96.9 in negative ion
mode and neutral loss of 120 Da and peak at m1/z 142.9 in positive ion mode) (Figure 3).
In the negative product ion spectra, an intense Y-type ion series (nomenclature by Domon
and Costello [80]) associated with the cleavages of glycosidic bonds and corresponding
sequential losses of sugar units has been observed. The analogous Y-type product ion series
corresponding to losses of monosaccharide units as well as B- and C-type product ion
series can be observed in the positive ion spectra of asterosaponins. The fragmentation of
certain asterosaponins under CID conditions produces a very intense characteristic product
ion series corresponding to the loss of side chain neutral fragments. For example, the
spectra of many asterosaponins display neutral loss of a fragment of 100 Da as well as
the Y-100 product ion series. This fragmentation corresponds to the loss of the CcH1,0
molecule associated with the C-20-C-22 bond cleavage and 1H transfer, which is charac-
teristic of asterosaponins containing an aglycon with a 20-hydroxy-cholestan-23-one side
chain (Figure 3) [20]. The similar product ion series Y-114 and Y-128 indicate aglycons
with 20-hydroxy-24-methyl-cholestan-23-one and 20-hydroxy-24-ethyl-cholestan-23-one
side chains.

The structural characterization of polyhydroxysteroids and glycosides of polyhydrox-
ysteroids is challenging due to the great diversity of compounds in this class. Spectra of
polyhydroxysteroid compounds and related glycosides contain fragmentation patterns
indicate a number of hydroxy groups and structures of the side chains and steroid nu-
clei. Tandem spectra of polyhydroxysteroid glycosides with sulfated monosaccharide
unit usually show diagnostic ion By at m/z 241.0 [C¢HoOgS]~, 225.0 [C4HoO7S]~ or
210.9 [C5H70;S]~, which are characteristic of sulfated hexose, methylated pentose, or
pentose units, respectively, whereas the presence of intense Y-type ions is associated with
non-sulfated compounds or sulfated aglycon. In certain cases the A- and X-type product
ions formed by cross-ring cleavages of sulfated monosaccharides can be detected, poten-
tially allowing isomeric monosaccharides with different positions of the sulfate group to be
distinguished [81,82]. In other cases, the structure of the polyhydroxysteroidal aglycon can
be proposed from both obtained MS data and from biosynthetic considerations [77,83].
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Figure 3. ESI MS/MS spectrum of [M — Na]~ precursor ion at n/z 1213 identified as ophidianoside
F (modified from [77]).

Table 1 provides a general overview of the approaches used for metabolomic profiling
of starfish polar steroids and triterpene glycosides of sea cucumbers, including extractions,
purification methods, and analytical techniques. Table S1 provides more expansive technical
details of these particular approaches, including sample preparation protocols and the
instrumental setups of the ESI MS, MALDI MS, and hyphenated techniques.

Table 1. Selected examples illustrating MS-based approaches for the analysis of starfish polar steroids
and sea cucumber triterpene glycosides *.

Species Name

Extraction

Number of
Research Results Detected Analytes Ref.

Purification

Methods MS Approach

Asteroidea

Asterias rubens

extraction

A combination of MSPD
extraction with on-flow
LC-NMR-MS for rapid
chemical screening and
RPLC-NMR-ESI-IT structural elucidation
MS was applied; a series of
new asterosaponins were
found and their
structures
were established

17 asterosaponins [84]

A series of known and
new asterosaponins were
MALDI-QTOF MS; detected and

MALDI-

A. rubens

characterized;

90% MeOH LLE, CC

TOF/TOF MSI;
RPLC-ESI-QQQ MS

localization, inter- and
intra-organ variability of
asterosaponin
were described

26 asterosaponins

[85,86]

Aphelasterias
Jjaponica

SPE

RPLC-ESI-QTOF MS

A series of new polar
steroid compounds were
detected and
characterized; a
theoretical scheme of
biogenesis of several
polar steroids
was proposed

33 asterosaponins,
28 polyhydroxylated
glycosides,

7 polyhydroxysteroids

[77]
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Table 1. Cont.

Species Name Extraction Pﬁleil;?)g:n MS Approach Research Results Det?cltlex?ib:;;)lfytes Ref.
A series of new polar
steroid compounds were
detected and
characterized; .
I 35 asterosaponins,
peculiarities of the 22 polyhydroxys.
Patiria EtOH SPE RPLC-ESI-QTOF MS biosynthesis of the foroids, and. | [78,87]
pectinifera starfish polar steroids 15 ! ’
. polyhydroxylated
were discussed. Changes lveosid
in steroid metabolome glycosides
induced by
environmental factors
were studied
Luidia New asterosaponins 5 asterosaponins,
seneealensis 70% EtOH SPE RPLC-ESI-IT MS were detected 2 polvhvdrox ster(;i ds [88]
8 and annotated polyhy Y
A series of new polar
steroids compounds
were detected and their
] fragxs;tz;::)ennl;i}g;lors 106 asterosaponins,
Lethﬂsiterms EtOH LLE, SPE nanoRPLC-CSI- investigated; variafions 81 polyhydroxylated [79,89]
fusca QTOF MS in the distribution of glycosides, 14 polyhy—
. droxysteroids
individual
representatives in
different organs
were found
New asterosaponins
were detected and
Echinaster 60% MeOH LLE ESI-QOrbitrap Mg~ annotated; significant 11 asterosaponins [90]
sepositus inter-organ variability in
asterosaponins
was demonstrated
The presence of sulfated
steroidal glycosides in 1 asterosaponin
Heliaster EtOH LLE, CC ESI-QTOF MS the fractions studied was 2 polyhvd P 1 tld [91]
helianthus ’ confirmed and their polyydroxytate
glycosides
structures
were established
Holothuroidea
A series of triterpene
glycosides were detected
and characterized;
Holothuria o MALDI-QTOF MS; variations in triterpene 26 triterpene
forskali 70% EtOH LLE, CC RPLC-ESI-QTOF MS  glycoside composition in glycosides 921
Cuvierian tubules and
body walls
were demonstrated
MALDI- Staﬁistical differenges in
. TOF/TOF MS; triterpene glycoside . .
H. forskali 70% EtOH LLE, CC MALDI- ! distribution between 8 triterpene glycosides [93]
TOF/TOF MSI control and Stress'ed
groups were described
H. atra, A series of new and
H. leucospilota, known glycosides were H. atra—4,
Pearsonothuria detected and H. leucospilota—6,
graeffei, o MALDI-QTOF MS; characterized; variations P. graeffei—8,
Actinopyga 70% EtOH LLE, CC RPLC-ESI-QTOF MS between species and A. echinites—10, [94]
echinites, between body B. subrubra—19
Bohadschia compartments triterpene glycosides
subrubra were established
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Table 1. Cont.

Species Name Extraction

Purification
Methods

MS Approach

Research Results

Number of
Detected Analytes

Ref.

H. forskali 70% EtOH

LLE, CC

MALDI-QTOF MS;
RPLC-ESI-QTOF MS

Localization of triterpene
glycosides in the body
wall tissues was
described; variations of
secreted glycosides were
found in the seawater
surroundings of
non-stressed and
stressed animals

8 triterpene glycosides

[95]

H. scabra,
H. impatiens,
H. fuscocinerea

70% EtOH

LLE, HPLC

nanoRPLC-ESI-
QTOF MS;
MALDI-FTICR MS

Triterpene glycoside
compositions of three sea
cucumber species were
described; variations and
sample-specific
compounds were found

H. scabra—32,
H. impatiens—32,
H. fuscocinerea—33
triterpene glycosides

[96]

H. scabra MeOH

LLE, CC

MALDI-QTOF MS

The triterpene glycoside
composition of the
H. scabra body wall was
characterized, as was
processed holothurian,

6 triterpene glycosides

[97]

H. sanctori MeOH

LLE, CC

MALDI-QTOF MS

Qualitative and
quantitative differences
in the body wall and
Cuvierian tubules of
composition
were described

18 triterpene glycosides

[98]

Eupentacta

Sfraudatrix EtOH

SPE

RPLC-ESI-QTOF MS

A series of triterpene
glycosides were
discovered and

characterized; qualitative
and quantitative
variations in the body
wall and viscera
were found

54 triterpene glycosides

[99]

H. scabra

SPE

RPLC-multimode
source-QTOF MS

Several known and new
triterpene glycosides
were identified in
conditioned water of
H. scabra

16 triterpene glycosides

[100]

H. forskali MeOH

LLE

MALDI-QTOF MS;
RPLC-ESI-QQQ MS;
RPLC-ESI-IM-
QTOF MS

The triterpene glycoside
compositions of the body
wall, gonads, and
Cuvierian tubules of
H. forskali were described

26 triterpene glycosides

[101]

70% EtOH;
H,0 or
n-BuOH

H. leucospilota

LLE

MALDI-TOF/TOF
MS; MALDI-
TOF/TOF MSI

The presence of
triterpene glycosides was
confirmed in the body
wall and epidermis
extracts; epidermal
pigmented cells were
reported to involve in the
accumulation and release
of the triterpene
glycosides to the
surrounding seawater

12 triterpene glycosides

[102]
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Table 1. Cont.

. . Purification Number of
Species Name Extraction Methods MS Approach Research Results Detected Analytes Ref.

A combination of LC-MS
profiling and molecular
networking followed by

target compound

RPLC-ESL- isolation was applied; 15 triterpene
H. atra EtOAc/MeOH LLE QOrbitrap MS variations in triterpene glycosides (4—isolated [103]
P glycoside composition as pure compounds)

between H. atra from the
Persian Gulf and
previously reported
results were described

Variability in triterpene

glycoside composition

Apostichopus RPLC-ESI-

ponicits 70% EtOH LLE QOrbitrap MS among different types of 5 triterpene glycosides [104]
Jap P A. japonicus was
described
H. polii,
H. leucospilota,
: ’ Ztrf/ RPLC-ESI MISt-based profli'liggf 4 triterpene glycosides;
. edulis, o -ESI- results were applied for .
Bohadschia 96% EtOH LLE QOrbitrap MS chemotaxonoﬂlpy of sea 451,[5.fat? ?Clds’ " (03]
marmorata, cucumber species rlacylglycerols
Actinopyga
mauritiana
X . A series of triterpene
Hlii;‘;:lgﬁ;a glycosides were d(IeJtected
: H e;Iu l‘is ’ in crude extracts; 102 triterpene
Boha d'schia m:gus MeOHLEOA LLE SPE anti—foulin% activity of glycosid?s ir} czlude
T e :Et c, , . sea cucumber extracts extracts (including
BSiz:dlitclheZlessp; MeOH HPLC RPLC-ESL-QTOF MS was found to be 23 triterpene (106l
Actinopyga v species-specific and glycosides in
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* Abbreviations: CC, column chromatography; CSI, captive spray ionization; ESI, electrospray ionization; FTICR,
Fourier-transform ion cyclotron resonance; HPLC, high-performance liquid chromatography; IM, ion mobility; IT,
ion trap; LC, liquid chromatography; LLE, liquid-liquid extraction; NMR, nuclear magnetic resonance; MALDI,
matrix-assisted laser desorption/ionization; MS, mass spectrometry; MSI, mass spectrometry imaging; MSPD,
matrix solid-phase dispersion; nanoESI, nanoelectrospray; QOrbitrap, quadrupole-Orbitrap; QTOF, quadrupole
time-of-flight; QQQ, triple-quadrupole; RPLC, reverse-phase liquid chromatography; SPE, solid-phase extraction;
TOF, time-of-flight.

Polar steroid compounds are usually extracted from animal materials using methanol,
ethanol, or hydro-alcoholic solutions. As crude extracts contain a large concentration
of impurities and inorganic salt, there is a need for additional purification procedures
before analysis. SPE with reverse-phase (RP) sorbents is the most fast and versatile way
of obtaining the purified total fraction of polar steroids [77,78]. Regarding asterosaponin
fraction extraction, LLE is preferred. The most commonly used protocol is adapted from
that in [108], and includes the dilution of the dry extract in 90% methanol followed by
successive partitioning against n-hexane, dichloromethane, and chloroform. After col-
umn chromatography with an Amberlite XAD-4 column, the eluate is extracted against
isobutanol. The resulting fraction contained purified asterosaponins [85,90].
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Although LC coupled to MS through electrospray ionization interface is the most
popular combination for profiling due to its efficiency, versatility, and capability in an-
alyzing isomeric compounds, MALDI is commonly used as the primary technique for
the rapid screening of extracts [85]. All of the researchers reviewed here used columns
with RP C18 sorbents for analytical separation; however, it should be noted that the high
complexity of the extracts and fractions places high demands on both chromatography and
detection. The use of high-resolution MS analyzers (TOF and Orbitrap) enables calculation
of the elemental composition of the analytes via high accuracy measurements and true
isotopic patterns, while using tandem techniques allows for structural characterization of
the detected compound.

LC-NMR-MS was used for the profiling and characterization of Asterias rubens aster-
osaponins [84,109]. The on-flow LC-NMR-MS screening showed novel asterosaponins in
A. rubens, and their tentative structures were proposed by MS and NMR data [109]. Using
a similar experimental setup, the authors replaced time-consuming classical extraction
with matrix solid-phase dispersion (MSPD) extraction, which combines both sample ho-
mogenization and extraction in a single step starting from the intact sample material. The
structures of seventeen asterosaponins were established based on complementary struc-
tural information from both MS and NMR detection, including 1H-NMR spectra obtained
in on-flow mode, 2D WET-TOCSY spectra from the MS-triggered stopped-flow mode,
information about molecular mass before and after H-D exchange, and fragmentation
patterns and characteristic neutral losses [84].

Further studies on A. rubens using a combination of MALDI MS, MALDI imaging
(MALDI MSI), and LC-MS have focused on the diversity, body distribution, and localization
of asterosaponins [85,86]. Asterosaponins from the body walls, stomach, pyloric caeca, and
gonads were extracted and analyzed by MALDI-TOF MS and LC-ESI MS [85]. As a result,
seventeen known and nine novel asterosaponins were detected. It was found that each
organ was characterized by a specific mixture of asterosaponins, and that their concentra-
tion varies considerably among individuals. MALDI MSI was used to clarify the inter- and
intraorgan distribution of asterosaponins [86]. Sample preparation is a particularly impor-
tant step in MALDI imaging. Because the starfish body wall contains calcareous ossicles,
the researchers used carboxymethyl cellulose as an embedding medium to facilitate the
cryosectioning procedure. The results confirmed that asterosaponin distributions are not
homogeneous, and revealed that certain asterosaponins are located both inside the body
wall and within the outer mucus layer, where they probably protect the animal.

As a part of starfish polar steroid exploration, metabolite profiling of polar steroids in
the Far Eastern starfishes Aphelasterias japonica and Patiria pectinifera was performed [77,78].
A detailed LC-MS analysis of the complicated mixture of polar steroids from A. japonica
revealed 68 polar steroid metabolites, including 33 asterosaponins, 28 polyhydroxysteroid
glycosides, and seven polyhydroxysteroids [77]. Fragmentation analysis indicated aster-
osaponins with rare and atypical units in their oligosaccharide chains that have thus far
not been identified from marine sources. The profiling of polar steroid compounds of
P. pectinifera using the LC-MS allowed many different polar steroid compounds to be dis-
covered [78]. LC-ESI MS analysis revealed 72 components (35 asterosaponins, 15 sulfated
glycosides of polyhydroxysteroids, and 22 polyhydroxylated steroids). Annotation was
based on MS data obtained in both negative and positive ion modes. Liquid chromatog-
raphy coupled with atmospheric pressure photoionization (LC-APPI) MS was applied
for non-sulfated polyhydroxysteroid compounds. APPI MS/MS exhibited extensive frag-
mentation, with sequential neutral losses of HyO molecules and cleavages in side chains
and tetracyclic nucleus. The comparison of the steroid constituents of P. pectinifera and
A. japonica revealed significant differences associated with details of the biosynthesis of
starfish polar steroids.
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A combination of SPE and ultra-high performance liquid chromatography (UPLC)
coupled with ion trap (IT) mass spectrometry was used to profile asterosaponins from
the Brazilian starfish Luidia senegalensis [88]. Seven components were detected as a result,
and five of which were characterized as asterosaponins. ESI MS was used together with
NMR to detect and characterize asterosaponins and sulfated polyhydroxysteroid glycosides
in bioactive fractions obtained by LLE and chromatography purification of the ethanolic
extract from the starfish Heliaster helianthus [91].

The profiling of polar steroids from the starfish Lethasterias fusca was carried out by
nanoflow liquid chromatography coupled with captive spray ionization (CSI) mass spec-
trometry [79]. As a result, the structure of the largest number of polar steroid metabolites
was discovered, and the MS fragmentation of a large series of starfish polar steroids was
studied. A total of 207 compounds, including 106 asterosaponins, 81 glycosides of polyhy-
droxysteroids, and 14 polyhydroxylated steroids, were detected and characterized. Further
study of the distribution of the detected compounds in L. fusca body components showed
that the polar steroid compositions in the body walls, coelomic fluid, gonads, stomach,
and pyloric caeca were qualitatively and quantitatively different [89]. Research on the
distribution of asterosaponins from Echinaster sepositus revealed eleven compounds, and
found significant variability in asterosaponin composition depending on the organ, sex,
and season [90].

In summarizing the aforementioned results it is necessary to note the huge variety
of starfish polar steroids. Each studied species contained dozens, and in several cases,
hundreds of polar steroids, most of which had not been previously described [77-79].
Additional studies of the polar steroids in the studied species often lead to the identi-
fication of both known compounds and new previously-undescribed metabolites. For
example, the study of asterosaponins of A. rubens by LC-NMR-MS revealed seventeen
asterosaponins [84]. Subsequent studies led to the detection of both previously discovered
compounds as well as the discovery of new asterosaponins [85,86]. This is related both to
the instrumental advancements involving increasing sensitivity and selectivity of analysis
and to the great variability in the polar steroid composition of starfish, even among rep-
resentatives of the same species. The observed large structural variability together with
the huge number of structures in each species studied and the small number of species
studied (a total of six species have been studied using metabolomic methods) may indicate
a potentially huge chemical space for starfish polar steroids.

Most studies have focused on both the description of the structural diversity and on
the study of the localization of the discovered compounds. It has been determined that
each organ is characterized by a certain composition of polar steroids. The comparison
of the content of individual steroids in different starfish organs probably suggests the
different biological roles of these metabolites in the starfish. Asterosaponins, which are
the most toxic starfish compounds, have been found in all organs of the starfish [85,86,89].
However, the body walls often show the highest content of asterosaponins. In addition,
these compounds have been found in the outer layer of mucus [86]. This may be due to
the toxic, protective, or antimicrobial properties of these compounds. The main potion of
polyhydroxysteroid glycosides is located in the pyloric caeca, which confirms the digestive
function of these steroids in starfish [89,110]. At the same time, the levels of polar steroids
can vary greatly depending on the individual, season, and sex [85,90,111]. This high inter-
individual variability may be associated with different physiological statuses of the animals,
and partly with the biogenesis of certain compounds from dietary steroids.

3.2. Sea Cucumber Triterpene Glycosides

Triterpene glycosides are the characteristic secondary metabolites of sea cucumbers.
Their chemical structures are characterized by the large variability of certain structural
features, although the general structure of these compounds is rather conservative. Most
sea cucumber triterpene glycosides have a lanostane-type aglycon with an 18(20)-lactone.
Usually, aglycon has a polycyclic nucleus with a 7(8)- or 9(11)-double bond and oxygen-
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containing substituents, which may be bonded to C-12, C-17, or C-16. Structures of the side
chains of aglycons demonstrate significant natural diversity and may have one or more
double bonds, hydroxyl or acetate groups, and other substituents. Certain glycosides have
aglycons with shortened side chains. The carbohydrate chains of sea cucumber glycosides
may include up to six sugar units and be attached to C-3 of the aglycon. Xylose, glucose,
quinovose, 3-O-methylglucose, and rarely 3-O-methylxylose are the most common sugar
residues in triterpene glycosides. The first monosaccharide unit is always xylose, and
monosaccharides with the 3-O-methyl group are always terminal ones. Many glycosides
have up to four sulfate groups in the first xylose, glucose, and 3-O-methylglucose units.
The oligosaccharide chains that have up to four monosaccharide units usually represent a
linear structure, while the penta- and hexaosides contain a branching at the first or second
monosaccharide unit (Figure 4) [21,23,24,32,33].
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Figure 4. The structures of typical holothurian triterpene glycosides with holostane aglycon (okho-
toside By (4) from the sea cucumber Cucumaria okhotensis [112]) and rare non-holostane aglycon
(kurilosides A; (5) from the sea cucumber Thyonidium (=Duasmodactyla) kurilensis [113]), demonstrat-
ing different carbohydrate chain architecture.

Triterpene glycosides demonstrate both biological and pharmacological effects, in-
cluding cytotoxic, antifungal, bactericidal, antiviral, and antiparasitic effects [21,22,32,33].
The most interesting of these is the ability of certain glycosides to induce apoptosis and
inhibit tumor cell growth; thus, sea cucumbers have become a promising source for the
discovery of new drugs [114]. Additionally, certain triterpene glycosides have been re-
ported to exhibit immunomodulatory properties [115]. Several species of sea cucumber
are an important aquaculture resource and are used as functional foods [116]. It has been
suggested that dietary triterpene glycoside supplements can improve lipid metabolism,
significantly suppress adipose accumulation, and reduce serum and hepatic lipids [117].

Most triterpene glycosides have been detected within 7/z range from 1000 to 1600 as
[M + Na]* ions. In most cases, sulfated and disulfated triterpene glycosides are detected
in negative ion mode as [M — Na]~ and [M — 2Na]?~ ions, respectively, whereas non-
sulfated compounds are detected as [M — H]~ ions. The tandem mass spectra of triterpene
glycosides usually reveal B- and C-type product ion series arising from the cleavage of
glycosidic bonds. These product ion series are characteristic, and they provide information
about the sequence of monosaccharide residues in carbohydrate chains (Figure 5).
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Figure 5. ESI MS/MS spectrum of [M — Na]~ precursor ion at m/z 1277, identified as cucumarioside
F;, (modified from [118]).

Tandem mass spectra of many triterpene glycosides show typical mass losses related
to aglycon fragmentation, and can provide information about the structure of the nucleus
and the side chain. In the MS/MS spectra of certain glycosides a mass loss of 60 Da between
the precursor and the intense fragment ion has been detected, which corresponds to the
loss of the C;H4O;, molecule and is a characteristic of glycosides containing an acetoxy
group. An intense fragment ion with a mass loss of 104 Da from the precursor is related
to the loss of a [CoH4O, + CO;] fragment, which is characteristic of compounds with an
acetoxy group and an 18(20)-lactone cycle. Certain triterpene glycosides tend to lose the
neutral fragments of the side chain under CID conditions.

Regarding the extraction of triterpene glycosides from animal tissue, the most pre-
ferred solvents are 70% ethanol and methanol, although ethanol and ethyl acetate:methanol
mixtures have been used (Tables 1 and S1). Crude extracts must be purified before analy-
sis to remove inorganic salts, lipid, and protein contaminants. For these purposes, most
researchers use successive liquid-liquid partitioning against n-hexane, dichloromethane,
and chloroform, followed by column chromatography with an Amberlite XAD-4 column
and extraction against butanol or similar LLE-based protocols. Another purification ap-
proach includes SPE with C18 cartridges [99,100]. Omran et al. used LLE with a solvent
combination of MTBE/MeOH /H,O for the purification of crude ethanol extract to obtain
the polar fraction of the triterpene glycosides and non-polar fraction of lipids in a single
extraction step [105]. The purified extracts can be fractionated using HPLC [96,106] or flash
chromatography [107].

MALDI MS is often used as the primary technique for rapid screening of triterpene
glycoside mixtures. As sea cucumber triterpene glycosides are characterized by the presence
of isomeric compounds, the LC-MS technique can be used as a tool for discriminating
different isomers and structure confirmation. In order to separate glycosides, most LC-MS
applications use analytical columns with C18 sorbents. Ion mobility technology provides
additional orthogonal separation for the discrimination and structural characterization of
isomeric compounds [119].

A combination of MALDI MS and ESI MS was used to annotate the triterpene glyco-
sides in purified fractions of the Australian sea cucumber Holothuria lessoni [120-123]. As
a result, a series of known and novel triterpene glycosides were annotated by extensive
MS fragmentation. It should be noted that the authors determined the structures of novel
glycosides based only on MS data. However, it is known that different epimeric monosac-
charides as well as types of bonds between sugars and absolute configuration of asymmetric
atoms cannot be strictly distinguished by MS [124]. The proposed structures are therefore
tentative, and must be verified by additional approaches such as NMR spectroscopy.
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MS-based approaches were used for screening, characterization, and study of the bod-
ily distribution of the triterpene glycosides of the sea cucumber Holothuria forskali [92,93,95].
Triterpene glycosides were extracted from two different body components, the body wall
and the Cuvierian tubules (a defensive organ that can be ejected in response to predator
attacks), and analyzed by a combination of MALDI MS, MALDI MSI, and LC-ESI MS.
The analysis revealed at least 26 triterpene glycosides, including twelve glycosides in
the body wall and twenty-six in the Cuvierian tubules. The glycosides detected in the
body wall were found in the Cuvierian tubules, with the latter containing fourteen other
specific glycosides as well. A more detailed study of triterpene glycoside localization in
the body wall revealed that the glycosides were mainly localized in the epidermis and
mesothelium [95]. A combination of MALDI, LC-ESI MS, and LC-ESI-IM MS was used in
order to better tackle the structural complexity of H. forskali glycosides [101]. As a result,
at least 10, 16, and 22 different triterpene glycosides within the body wall, gonads, and
Cuvierian tubules, respectively, were detected. Glycosides with pentasaccharide chains
were dominant within the extracts from the gonads and the Cuvierian tubules, whereas the
body wall extract exhibited equally abundant tetra-, penta- and hexaosides. In addition,
the authors described the interaction of branched triterpene glycosides with sodium ions,
and proposed a new schematic for data representation using sector diagrams constructed
from MS data.

The diversity of triterpene glycosides was studied in five tropical sea cucumber
species [94]. Triterpene glycosides from the body wall and the Cuvierian tubules were
extracted and analyzed with a combination of MALDI MS, ESI MS, and LC-MS. The re-
searchers indicated that the smallest number of glycosides was observed in Holothuria
atra, which contained a total of four compounds, followed by Holothuria leucospilota, Pear-
sonothuria graeffei, and Actinopyga echinites with six, eight, and ten compounds, respectively.
Bohadschia subrubra showed the highest triterpene glycoside diversity. Differences between
the glycoside composition in the body walls and the Cuvierian tubules were highlighted.

The profiles of three tropical sea cucumber species were determined and compared to
examine their chemical diversity with phylogenetic data [96]. Semi-purified extracts from
the body wall of Holothuria scabra, H. impatiens, and H. fuscocinerea were first analyzed by
MALDI-FT MS and chip-HPLC-ESI MS. The obtained data showed holothurines common
for three species (for example, holothurin A) as well as glycosides specific for certain species
(for example, impatienside A in H. impatiens). Glycosidic fractions of three species contained
approximately the same number of compounds (32 glycosides in H. scabra and H. impatiens
and 33 glycosides in H. fuscocinerea); however, the glycoside profiles were both quantita-
tively and qualitatively different from each other. Moreover, the authors demonstrated
a relationship between metabolomic and phylogenetic data. Their obtained results show
the possibility of effectively using MS-based metabolomic profiling for chemotaxonomy
purposes in sea cucumbers.

The MALDI MS analysis of triterpene glycosides of Holothuria scabra revealed six
major compounds saved during the processing of the body wall [97]. Mitu et al. showed
that H. scabra releases triterpene glycosides into the surrounding seawater [100]. The
characterization of these compounds by LC-multimode source MS led to the annotation
of sixteen new and known compounds. A recent study used MALDI MS and LC-IM
MS to characterize the triterpene glycoside composition of the viscera of H. scabra [107].
A combined analysis revealed 26 sulfated triterpene glycosides.

MALDI MS was used for the rapid structural characterization of triterpene glycosides
in the body wall and Cuvierian tubules of the sea cucumber Holothuria sanctori [98]. Mass
spectrometry analysis revealed eighteen triterpene glycosides, including eight novel com-
pounds. Body wall triterpene glycosides showed higher diversity than those from the
Cuvierian tubules.

LC-MS profiling of the sea cucumber Eupentacta fraudatrix revealed 26 sulfated, 18 non-
sulfated, and 10 disulfated triterpene glycosides [99]. Many novel compounds were charac-
terized by tandem MS, including those with previously unknown oligosaccharide chain
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types. Two new glycosides were isolated and their tentative structures were confirmed by
NMR. Based on the literature data and obtained results, a biosynthetic pathway for oligosac-
charide fragments of E. fraudatrix glycosides was proposed. LC-MS analysis of extracts
from the respiratory trees, body walls, gonad tubules, guts, and aquapharyngeal bulbs
indicated triterpene glycosides in all body components, although quantitative variability
for certain triterpene glycosides was observed.

A combined technique involving microscopic analysis, MALDI MS, and MALDI
MSI was used to study triterpene glycoside localization in the body wall of Holothuria
leucospilota [102]. MALDI MS analysis of the body wall and the epidermal tissue extracts
revealed twelve triterpene glycosides. The following MALDI MSI analysis showed the
presence of detected glycosides in the epidermis of H. leucospilota, whereas in the dermis
the circular and longitudinal muscle bands had no glycosides.

The composition of triterpene glycoside in the sea cucumber Holothuria atra, collected
in the Persian Gulf, was studied using a modern analytical approach combining LC-MS,
molecular networking, pure compound isolation, and NMR spectroscopy. In order to
evaluate the entire pool of triterpene glycosides, the purified extract was subjected to
LC-MS analysis using a column with pentafluorophenyl phase. The obtained MS data were
used to create a molecular network using the GNPS Molecular Networking website. As
a result, twelve triterpene glycosides were found, including three novel glycosides. Four
major triterpene glycosides were isolated by HPLC, and their structures were confirmed by
NMR [103].

The metabolic profiling of the polar fractions obtained from MTBE-based LLE of
six sea cucumbers allowed for the identification of two sulfated glycosides found in all
species and two species-specific nonsulfated glycosides [105]. Metabolic profiling was
used for the screening of crude extracts of nine tropical sea cucumber species related
to anti-fouling activities [106]. LC-MS analysis detected glycosides in all extracts; in
total 102 triterpene glycosides were detected. The extract of Bohadschia argus represents
one of the most active anti-fouling extracts, and includes 23 glycosides. The obtained
results demonstrate that anti-fouling activities in sea cucumber extracts are species-specific
and related to both triterpene glycoside total concentration and structures of presented
triterpene glycosides. In another study, the relation between anti-fouling activities and
the presence of triterpene glycosides was observed [125]. The UPLC-MS approach was
used to evaluate the glycoside composition of Apostichopus japonicus [104]. As a result, five
triterpene glycosides were detected and the variability of content of identified triterpene
glycosides among the different types of A. japonicus was described.

The results of the aforementioned metabolomics studies indicate a huge structural
variability of triterpene glycosides, as in the case of starfish polar steroids. Interestingly,
certain species contain only a few triterpene glycosides, while dozens of glycosides have
been found in the extracts of others. The maximum number of triterpene glycosides was
detected in the extract of E. fraudatrix, with 54 compounds [99]. It should be noted that
certain researchers used only MALDI MS methods, which do not distinguish between
isomeric compounds in mixtures; thus, the real number of structures may be somewhat
higher. Several studies have demonstrated the strict taxonomic specificity of the chemical
composition of studied systematic groups of sea cucumbers [96,105]. Thus, MS-based
metabolomic profiling can easily be used for chemotaxonomy purposes, both to clarify the
species identity of unknown specimens and to confirm or revise the status of taxa.

The application of MALDI MSI and LC-MS profiling of extracts from various organs
provides a better understanding of the distribution and localization of triterpene glycosides
in animal tissues. Although glycosides are present in all organs, their distribution is hetero-
geneous [99]. Maximum total concentrations and number of structures can be found for
the body walls and Cuvierian tubules [94,98,101]. By using MS-based methods, it has been
found that sea cucumbers secrete toxic triterpene glycosides into the surrounding water [95].
These facts confirm the suggestion that triterpene glycosides have multiple defensive roles,
including defense against predators and protection from parasites and microorganisms.
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3.3. Starfish and Sea Cucumber Lipids

Marine invertebrates are known to be a valuable source of bioactive and dietary lipids,
which are connected to the prevention of diseases and have applications in nutrition, cos-
metics, pharmacy, and other fields. In this respect, an essential part of modern lipidomic
studies is focused on fatty acids, glycerophospholipids, and sphingolipids in marine organ-
isms such as sponges, cnidarians, worms, molluscs, and arthropods. Regarding starfish
and sea cucumbers, research interest is largely linked to studying fatty acid composition
and bioactive sphingolipids, including unique cerebrosides and gangliosides [126].

Sea cucumbers and starfish contain fatty acids in relatively small amounts [127]. Sea
cucumber fatty acids usually account for less than 8% of their total weight, enriched in
unsaturated fatty acids that may account for up to 70% [128]. The main fatty acids of sea
cucumbers are 20:4 (n-6), 20:1, 20:5 (n-3), 16:0 and 18:0 [129]. Starfish are characterized by a
high level of polyunsaturated acids, among which 20:5 (n-3) and 20:4 (n-6) are dominant [130].
MS-based analysis of fatty acids can be considered a well-established approach in view of both
sample preparation and analysis protocols. Nowadays, GC-MS with chemical derivatization is
routinely used to obtain an exhaustive view of the composition and metabolism of fatty acids.
Analytical approaches and scientific results on fatty acid composition in marine invertebrates,
including sea cucumbers and starfish, are discussed in detail in [13,131-133]. Fatty acid and
sterol compositions of numerous sea cucumber [134] and starfish species [135] have been
analyzed using GS-MS-based approaches. In addition, the variability in fatty acid content
studied by GC-MS is used to analyze the effects of diet [136] and geographical origin [137,138]
and to distinguish between wild and cultured animals [139].

The major phospholipids in Echinodermata include phosphatidylcholine,
phosphatidylethanolamine, and phosphatidylserine. Sea cucumbers are characterized
by high phosphatidylinositol content, while their lysophosphatidylcholine, lysophos-
phatidylethanolamine, diphosphatidylglycerol, phosphatidic acid, and phosphatidylinositol-
4-phosphate contents are low [140].

Sample preparation for phospholipid determination in sea cucumbers and starfish is
commonly based on extractions from the fresh whole body, body walls, or viscera via the
classic Folch method [141], the Bligh and Dyer method [142], or extraction using a solvent
combination of MTBE/MeOH/H,0 [105] (Table 2 and Table S2). Different phospholipid
headgroups and alterations in chain length, amount and position of double bonds in fatty
acids, and ester bond types lead to an extremely complex composition of phospholipid
mixtures. Traditionally, protocols that use deacylation and derivatization followed by GC
or GC-MS identification were used to establish the fatty acid composition of phospholipids.
However, such approaches are associated with the destruction of the original structures. In
contrast, LC-MS methods allow for the detailed investigation of complex lipid mixtures in a
high-throughput manner without prior purification and chemical modification. However,
good chromatographic separation is critical for the accurate identification of lipids in such
complex mixtures. Most frequently used reverse-phase sorbents, such as C8 or C18, allow for
the separation of the molecules of phospholipids according to chain length and degree of
saturation of acyl fatty acids. The use of HILIC or normal-phase (NP) columns, on the other
hand, allows for the separation of molecules based on the structure of the polar head groups.

Table 2. Selected examples illustrating MS-based approaches for the analysis of starfish and sea
cucumber lipids *.

Purification Number of

Species Name Extraction Method MS Approach Research Findings Analytes Ref.
AC““‘?“?“ Cerebroside compositions of Cerebroside
molpadioides, th b . lecul .
Cucumaria RPLC-ESL ree sea cucumber species molecular species:
CHCl3/MeOH LLE, CC were characterized; many A. japonicus—26, [143]
frondosa, ITTOF MS 1ol brosid d
Apostichopus novel glucocerebroside C. fron gsq—40,
P . structures were described A. molpadioides—12
japonicus
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Table 2. Cont.

Species Name Extraction Pﬁgﬁ;:;m MS Approach Research Findings N:]E:’;Z:f Ref.
A series of cerebrosides
. . from four sea cucumber Cerebroside
A japonicus, i detected and molecular species:
Thelenota ananas, RPLC-ESI Sapfrfcl)izsatvevg-riheerelation of A juponicuf 55, '
A molpadm{des, CHCls/MeOH LLE, SPE QTOF MS long-chain base structures T. ananas—107, 1591
Bohadschia . .
marmorata and fatty acids to sea A. molpadioides—87,
cucumber genera B. marmorata—75
were described
A series of cerebrosides of
the sea cucumber P. graeffei
. were detected and .
Peﬂrsonothrza CHCl3/MeOH LLE, SPE RPLC-ESI- annotated; characteristic 89 cerebros1d§ [144]
graeffei QTOF MS molecular species
structural features of sea
cucumber cerebrosides
were described
The sphingolipid
composition of the sea 35 cerebroside
cucumber C. frondosa was molecular species
C. frondosa CHCl;/MeOH/H,0  LLE, CC QROP;irI;IpEi/IIS relat‘;(‘)fi;gf:&g; e § ceramide [145]
. . molecular species,
cucumber sphingolipid 2 sphingosines
structures and pro-apoptotic Phing
activities was discussed
Cerebroside composition
and distribution in viscera
of the starfish A. amurensis
Asterias amurensis Bligh and cc RPLC-ESI- were investigated; the 23 cerebrosides [146]
Dyer protocol ITTOF MS potential usefulness of molecular species
starfish as a source of raw
material for cerebrosides
was discussed
A series of phospholipids,
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Isostichopus fuscus, ~ Bligh and Dyer NPLC-ESI- qualitative and quantitative species from [142]
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marmorata of using phospholipid data
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subclasses, including rare
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I fuscus, H. polli, structures, were discovered -
H. mexicana, H,0 LLE, SPE HQIgil];i;)Hﬁ?_ in six sea cucumber species; 175‘3%2%;15221:6 [147]

C. frondosa
P. califormicus

variations and characteristic
features of the ganglioside
composition of sea
cucumbers were described

* Abbreviations: CC, column chromatography; ESI, electrospray ionization; HESI, heated electrospray ionization;
HILIC, hydrophilic interaction chromatography; IT, ion trap; LC, liquid chromatography; LLE, liquid-liquid
extraction; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; NPLC, normal-phase liquid chro-
matography; MS, mass spectrometry; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidyl-
glycerol; PI, phosphatidylinositol; PS, phosphatidylserine; QOrbitrap, quadrupole-Orbitrap; QTOF, quadrupole
time-of-flight; RPLC, reverse-phase liquid chromatography; SPE, solid-phase extraction; TOF, time-of-flight.

Although phospholipids have drawn intense interest in recent years as substances with
the potential for human health benefits, and although modern LC-MS lipidomic methods
have been used extensively, only limited studies are available on the phospholipid content
of starfish and sea cucumbers [148]. The investigation of the composition of phospholipids
in several echinoderm species by LC-ESI MS revealed the predomination of alkylacyl-PC
and alkenylacyl-PE forms in starfish and sea cucumbers [141]. Structural characterization
was achieved by comparing the retention times and in-source fragmentation patterns ob-
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tained in negative and positive ion modes with single-stage MS. The NPLC-ESI TripleTOF
MS was employed to study the phospholipid composition of the dried body walls of six
sea cucumber species [142]. The application of normal-phase liquid chromatography as
a separation technique allowed for the division of complex mixtures into subclasses with
reproducible retention times as well as the separation of isobaric molecules in the same sub-
class. As a result, between 295 to 445 molecular species belonging to eleven phospholipid
subclasses (phosphatidylcholines, phosphatidylserines, phosphatidylethanolamines, phos-
phatidylinositol, phosphatidic acids, phosphatidylglycerols, lysophosphatidylcholines,
lysophosphatidylethanolamine, lysophosphatidylserine, lysophosphatidylinositol, and
rare phosphonoethanolamine) were detected in each species. Identification and structure
elucidation were based on retention times, ion forms, and specific fragmentation patterns
obtained in negative ion mode using the LIPIDMAPS database. Semiquantitation followed
by statistical analysis demonstrated differences in the phospholipid profiles of the stud-
ied species. Analysis of the nonpolar fraction obtained by extraction of six Egyptian sea
cucumber species was performed using UPLC-Orbitrap MS in positive and negative ion
modes [105]. For metabolite identification, the obtained data (111/z, retention time, isotope
and fragmentation patterns) were searched against public databases. A total of fifteen
free fatty acids and 45 triacyl glycerols were detected. Statistical analysis showed that
quantitative variations in lipid content between the studied species were associated with
habitat or food changes, not with taxonomical relationships.

Sphingolipids constitute an extremely diverse class of bioactive polar lipids. As
components of cell membranes and intracellular mediators, sphingolipids are involved in
cell recognition and signal transduction processes [149,150]. Sphingolipids from marine
organisms exhibit various activities, including antitumor, immunomodulatory, antiviral,
neuritogenic, and other activities [126,151].

Sphingolipids, particularly cerebrosides and gangliosides, are important components
of echinoderm lipids that have drawn attention because of their structure and bioactivity.
Compared to those present in mammals and plants, the sphingolipids present in echin-
oderms have notable structural differences. Variations in chain length and in the degree
of saturation and/or hydroxylation of the sphingoid backbone and fatty acids lead to the
extensive variety of cerebrosides structures. Starfish and sea cucumber gangliosides remain
little studied. These compounds have a specific sugar core, including sialic acids within
carbohydrate chains, as well as additional monosaccharide residues and unusual types
of glycosidic bonds between them (Figure 6) [126]. The determination of their diverse
structures and variety of sphingoid backbones are very important for understanding the
functional and nutritional significance of dietary sphingolipids. To date, about 150 sph-
ingolipids from fifteen starfishes and nine sea cucumbers have been studied, several of
which have demonstrated biological activity [126]. Cerebrosides from sea cucumbers and
starfish show activity against nonalcoholic fatty liver disease [152] and an inhibitory effect
on cell proliferation through the induction of apoptosis in cancer cells [153]. Sea cucumber
sphingosine has strong cytotoxicity against colon cancer cells [154]. Gangliosides of starfish
and sea cucumbers show slight neuritogenic activity. However, the bioactivity of these
compounds remains poorly investigated [126].

Regarding cerebroside extraction from starfish and sea cucumbers, LLE with methanol:
chloroform mixtures is preferred, although extraction following the Bligh and Dyer method
or modifications of it is applicable. Subsequent purification of crude extracts by LLE, SPE,
or silica gel column chromatography provides pure fractions containing cerebrosides. High-
speed counter-current chromatography (HSCCC) has recently been pointed out as a way
to improve the resulting cerebroside fractions without requiring extraction procedures or
additional purification [145]. Gangliosides, as the more polar compounds, can be extracted
from sea cucumber body walls by homogenization in water followed by purification using
LLE with a solvent combination of CHCl3/MeOH/ H,O followed by SPE purification
using C8 sorbent [147] (Tables 2 and S2).
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Figure 6. The structures of typical echinoderm cerebrosides (luidiacerebroside A (6) from the starfish
Luidia maculata [155] and glucocerebroside HPC-3-A (7) from the sea cucumber Holothuria pervi-
cax [156]) and gangliosides (ganglioside molecular species from the sea cucumber H. pervicax (8) [157]
and acanthaganglioside I (9) from the starfish Acanthaster planci [158]).

Because of their structural complexity, sphingolipids are difficult to analyze using one
method. Formerly, sphingolipids were quantified by thin-layer chromatography (TLC);
structure elucidation comprised many stages of chemical decomposition and derivatiza-
tion followed by GC, GC-MS, HPLC, MS, and NMR analyses [159]. Today, LC-MS with
electrospray ionization is the main tool for the detection and annotation of sphingolipids,
including both known and novel molecular species. RPLC with isocratic elution with 95%
MeOH with 5 mM ammonium acetate and 0.05% acetic acid or elution with 95% ACN is
commonly used to separate sphingolipids. HILIC-LC on the GOLD-amino column has
been used in the separation of gangliosides from sea cucumbers [147]. In this approach, the
ganglioside subclasses are eluted in a specific time range based on their amounts of sialic
acid residues.

The ESI in positive ion mode is the most extensively used ionization technique for
the analysis of cerebrosides (Table 2). Although the locations of the double bonds in
the fatty acyl chain often cannot be unequivocally identified by CID, the specific frag-
ment ions from fatty acid, sphingosine, and sugar units allow putative structures to be
proposed [59,143-145]. Gangliosides detected in the negative ion mode mainly form de-
protonated or double deprotonated ions. Characteristic fragment ions and neutral losses
formed by oligosaccharide chain fragmentation reveal a monosaccharide composition and
different sialic acid types [147].

The investigation of cerebrosides from various sources by LC-MS showed that the
cerebroside composition of sea cucumbers differs from those of plants (maize, rice) and
mushrooms (maitake). [160]. Research into the cerebroside composition of the sea cucum-
bers Apostichopus japonicus, Thelenota ananas, Acaudina molpadioides, Bohadschia marmorata,
Cucumaria frondosa, and Pearsonothria graeffei using LC-MS led to the discovery of a large
series of compounds and showed that sea cucumber sphingolipids are much more diverse
than was conventionally thought [59,143-145] (Table 2). Each studied species contained
several dozen cerebroside molecular species, with the most complicated composition be-
longing to T. ananas. Several sea cucumber species were found to have similar sphingolipid
compositions, while the profiles of others were dramatically distinctive. The analysis
of many structures allowed identification of the characteristic structural features of sea
cucumber cerebrosides. A sphingoid base (d17:1) is typically predominant in sea cucum-
ber cerebrosides and is not widely found in plants, mammals, or fungi. In addition, the
occurrence of C23:1h is characteristic of sea cucumber cerebrosides and is rarely found in
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plants, mammals, or fungi. The FA contained in cerebrosides from sea cucumbers is similar
to those of common mammals, although it has more double bonds and hydroxylation. The
study of the cerebroside composition of the gonads, viscera, and whole body of the starfish
Asterias amurensis revealed a characteristic structure distribution that can be divided into
three major structural groups [146].

HILIC-ESI MS was used to identify gangliosides in six sea cucumber species. Seven-
teen ganglioside subclasses were detected, and their oligosaccharide chains were character-
ized by tandem MS [147]. The results indicated that sea cucumber gangliosides differ from
mammalian gangliosides in monosaccharide composition, number, and types of sialic acids.
Moreover, gangliosides with phosphoinositidyled sialic acid and tetrasialogangliosides
were identified in sea cucumbers for the first time.

3.4. Multi-Class Profiling Studies

In contrast to the single-class approach, the multi-class approach attempts to simulta-
neously detect the qualitative and quantitative characterization of various metabolites of
different chemical groups in a single analysis run. Essentially, research that uses a multi-
class approach aims to investigate crude extracts or study the composition of bioactive
fractions. Due to the complicated composition of marine invertebrates, such extracts or
fractions contain a wide diversity of compounds. The chemical pool of such extracts de-
pends primarily on the solvent used and/or on the extraction protocol. Methanol, ethanol,
dichloromethane, chloroform, ethyl acetate, and their mixtures are often used for extraction.
Non-polar solvents extract complex mixtures of fatty acids, lipids, carotenoids, triterpenes,
and sterols, while the use of polar solvents leads to extracts containing mixtures of polar
steroid compounds or triterpene glycosides, polar lipids, and other compounds. The re-
sults depend on the analytical method and platform. The widely used multi-class GC-MS
approach is used for analysis and accurate identification via a database search of sterols,
triterpenes, and fatty acids such as methyl esters. LC-MS is used to characterize more
polar compounds.

The LC-MS metabolic profiling of sea cucumber Holothuria spinifera extract indicated
secondary metabolites of several classes [161]. Gradient elution on the C18 column with ESI-
Orbitrap MS operating in positive and negative ion modes was used for the investigation
of methanol:dichloromethane extract. It is worth noting that only 4% of metabolites were
detected in either mode. The molecular formula was predicted using the MZmine algorithm
and identification was achieved using MarinLit and the Dictionary of Natural Products
databases. As a result, thirteen secondary metabolites belonging to the fatty acids, phenolic
diterpenes, and triterpenes were identified.

Investigation of antifouling and antibacterial activities of three extracts from different
organs of the sea cucumber Holothuria leucospilota showed that ethyl acetate extract of the
body wall possessed the most pronounced activity [162]. In order to determine its bioactive
compounds, GC-MS was used. Using the NIST GC-MS library, seventeen metabolites,
including five terpenes and terpenoids and six fatty acids, were identified.

The lipid, fatty acid, and sterol compositions of four sea cucumbers were analyzed
to assess their feeding habits [163]. The extracts were obtained using a modified Bligh
and Dyer protocol and analyzed using a thin-layer chromatography-flame ionization
detector (TLC-FID) analyzer to quantify lipid classes and GC-MS for the identification
of individual metabolites. The sea cucumbers were found to be rich in phytosterols and
algal-derived fatty acids, suggesting tight trophic coupling to phytodetritus, while the
relatively large proportions of stanols were probably the result of enteric bacteria. GC-MS
was used for targeted profiling of fatty acids as methyl esters and amino acids after sample
derivatization with N-methyl-N-tert-butyldimethylsilyltrifluoroacetamide (BSTFA) and
trimethylchlorosilane (TMCS) of three sea cucumber species [127].

Dichloromethane, methanol, and aqueous extracts of Linckia laevigata, Fromia indica,
Cryptasterina pentagona, and Archaster typicus were tested in order to identify surface-bound
metabolites that protect the starfish from fouling; the most biologically active fractions
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were analyzed by GC-MS [164]. Several fatty acids and sterols were identified using the
NIST and Wiley GC-MS databases. GC-MS analyses of the surface-extracted metabolites of
each starfish specimen identified hexadecanoic acid, cholesterol, lathosterol, and sitosterol
as the compounds responsible for the antifouling effects.

Pereira et al. proposed the GC-MS method for simultaneous analysis of fatty acids,
amino acids, sterols, and lupanes in marine animals and applied this method to the charac-
terization of the starfish Marthasterias glacialis extract [165]. Using ethanol as the extraction
solvent at 40 °C and N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) as the deriva-
tization reagent, forty compounds (including fifteen amino acids, sixteen fatty acids, six
sterols, and three lupanes were detected and quantified.

The LC-MS approach was used for the profiling and identification of the active com-
pounds of dichloromethane:methanol extract of the holothurian Pseudocolochirus violaceus,
which exhibited strong antiproliferative effects [166]. The mixture was separated on a
C18 column and metabolites were detected using ESI MS in positive and negative ion-
ization modes. Compound identification was performed by accurate mass measurement
and comparison of the obtained data with previously reported information. As a result,
24 compounds, belonging mainly to the terpenes, steroids, and fatty acids, were detected
using both positive and negative ionization modes, several of which have previously been
reported to exhibit antiproliferative capacity in cancer cells.

A combination of the GC-MS and LC-MS methods was applied to obtain a compre-
hensive view of the composition of ethyl acetate extract of the sea cucumber Holothuria
forskali [167]. The GC-MS analysis revealed 25 major components identified by the NIST
GC-MS library, while LC-MS showed eight molecules, including fat-soluble vitamins, phy-
tosterols, and phenolic acids, identified by comparison of retention times and MS data
obtained for pure standards.

Zakharenko et al. proposed an alternative method for the extraction of bioactive
compounds from sea cucumbers using a two-step process with carbon dioxide extraction
followed by extraction with CO, and ethanol as a co-solvent [168]. The obtained extracts
were tested by LC-IT MS in negative and positive ion modes and tandem MS. The identifi-
cation of the metabolites was achieved using the Bruker library database and literature data,
and revealed the presence of fifteen triterpene glycosides, eighteen styrene compounds,
and fourteen carotenoids.

Variability in the chemical composition of the viscera and body walls of the sea
cucumber A. japonicus extracted by methanol was investigated by the LC-MS approach, and
85 metabolites were determined [169]. Multivariate data analysis using PCA and PLS-DA
revealed significant differences between the viscera and body walls. To identify the main
characteristic compounds of viscera, several sphingoid-based nucleoside analogs were
isolated and their structures were confirmed by MS/MS and NMR methods.

The investigation of sea cucumber metabolites is not restricted to metabolite profiling
of extract, and can be applied to the profiling of volatile compounds as well. Volatile
compounds of eight dried sea cucumber species with different geographical origins were
analyzed using a combination of headspace solid-phase microextraction and GC-MS [170].
Metabolite identification was achieved by matching data with NIST and Wiley GC-MS
databases and confirmed by comparing retention times and mass spectra with standard
compounds. As a result, 42 volatile compounds, including aldehydes, alcohols, aromatic
compounds, and furans, were identified in the dried sea cucumbers, several of which were
determined as odour-active compounds.

4. Applications of Metabolome-Oriented Approaches in Studies of Starfish and
Sea Cucumbers

MS-based targeted metabolomics were applied to investigate the influence of different
environmental factors on the polar steroids of the starfish P. pectinifera [87]. Extracts of
control starfishes and starfishes exposed to water heating, oxygen deficiency, feeding, injury,
and different water salinity levels were purified by SPE and analyzed using LC-ESI-QTOF
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MS. An in-house library of retention times and MS data on previously characterized polar
steroid metabolites of P. pectinifera were used for metabolite identification. Univariate and
multivariate statistical analyses revealed variations in the steroid metabolome between
the control and treatment groups. In order to further evaluate stress-induced differences,
PCA and PLS-DA analyses were carried out on each group of starfish individually with
the control group. The results revealed that differences caused by feeding, injury, and
heating were greater than in the other starfish groups. These states had similarities in their
effects on the steroid metabolome of starfish. Most asterosaponins were reduced, and most
polyhydroxysteroids and related glycosides were increased. These differences in steroid
metabolite profiles may relate to the biological multifunctionality of these compounds.

MALDI MSI was applied to study the precise localization of sea cucumber H. forskali
triterpene glycosides in the Cuvierian tubules of control and stressed sea cucumbers [93].
Stressed animals were mechanically disturbed for 4 h by repetitive hitting using a specific
device. Statistical multivariate tests using PCA showed statistical differences in triterpene
glycoside composition between the control and stressed groups. Triterpene glycosides with
corresponding ions at /2 1287 and 1303 were mainly localized in the connective tissue of
the tubules of both control and stressed sea cucumbers. Glycoside ions at 71/z 1125 and
1141 were present in relaxed animals, while ions at 71/z 1433, 1449, 1463, and 1479 were
observed in the Cuvierian tubules of stressed animals in the outer part of the connective
tissue. The authors proposed that the latest glycosides are stress-specific compounds
formed by modifications of the glycosides with shortened oligosaccharide chains. Another
study revealed that H. forskali releases glycosides into the surrounding seawater. Among
these secreted glycosides, holothurinoside G was detected in the seawater surrounding
relaxed sea cucumbers, while holothurinosides C, F, M, L, and desholothurin A were
secreted when the animals were stressed [95].

The most extensive metabolomics research has been performed on the commercially
important sea cucumber Apostichopus japonicus (Table S3). Most of these studies used a
non-targeted UPLC-QTOF MS approach and focused on primary metabolites such as amino
acids, sugars, fatty acids, and common metabolites, and did not involve sea cucumber-
specific triterpene glycosides and gangliosides.

High temperature and low oxygen concentration are the common environmental stress
factors for marine invertebrates, and their impact on A. japonicus has been studied using
MS-based metabolomics [171]. Changes in the concentrations of 84, 68, and 417 metabolites
related to the responses to heat, hypoxia, and combined stress, respectively, were detected
by LC-MS and multivariate statistical analysis. Among the detected metabolites, com-
pounds atypical for echinoderms such as the plant glycoside tokoronin, the synthetic drug
tirofiban, and others were found, which may be due to identification errors (the authors
did not provide information on how metabolite identification was performed). Another
investigation of acute hypoxia in A. japonicus showed that levels of most lipids increased
with the elongation of hypoxia. These results imply that the homeostasis of synthesis and
degradation of lipids and their derivatives are strongly affected by hypoxic stress [172].
Liu et al., used GC-MS to compare the metabolic profiles of a thermotolerant strain of
A. japonicus with a control group, and found significant differences in the concentrations
of 52 metabolites [173]. Evisceration is a well-known stress response of sea cucumbers,
although the biochemistry of this process is unclear. Metabolomic analysis of coelomic
fluids ejected during A. japonicus evisceration using LC-MS followed by univariate and mul-
tivariate analysis revealed five significantly changed signaling pathways [47]. In response
to high temperatures, sea cucumbers can enter a state characterized by inactivity, cessation
of feeding, gut degeneration, and decreased metabolic rate. This physiological state is
called aestivation. Yang et al. used transcriptomic and metabolomic approaches to explore
alterations in A. japonicus during the aestivation stage [174]. LC-MS analysis revealed
that downregulated metabolites were associated with fatty acid metabolism, carbohydrate
metabolism, and the TCA cycle. UPLC-QTOF MS was used to describe the metabolic
changes induced by skin ulceration syndrome, the main disease affecting the develop-
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ment of Apostichopus japonicus in the aquaculture industry [175]. As a result, variations
in metabolites mainly related to amino acid metabolism, energy metabolism, immunity,
osmoregulation, and neuroactive ligand-receptor interaction has been discovered.

Another research focus has been directed towards the study of metabolomic changes
induced by the impact of various factors. LC-MS has been used to highlight metabolomic
differences between cage-cultured, pond-cultured, and bottom-sowed A. japonicus [176].
Multivariate analysis and enrichment of metabolic pathway analyses revealed differential
metabolites participating in lipid, amino acid, carbohydrate, and nucleotide metabolism.
The investigation of A. japonicus coelomic fluids in different sexes and reproductive states
by UPLC-QTOF MS and multivariate statistical analysis revealed variations in phenylala-
nine metabolism and unsaturated fatty acid synthesis [177]. LC-MS highlighted significant
metabolic differences in the muscle tissue of animals between the nonbreeding and growth
stages [178]. The metabolite profiles obtained using UPLC-QTOF-MS of four A. japonicus
varieties (green, white, purple, and spiny) were compared, and differences were identified
using multivariate analysis [179]. Differential metabolites included fatty acids, amino acids,
phospholipids, and sugars. In another study, a similar approach was applied to reveal the
metabolic changes in white, green, and purple A. japonicus body walls during the pigmen-
tation process [180]. Statistical analysis differentiated the body wall chemical composition
among the three color morphs, and thirteen annotated metabolites showed significant
differences in white, green, and purple sea cucumbers. UPLC-QTOF MS metabolomic
profiling was applied to distinguish A. japonicus from different geographical origins [181].
Data analysis using OPLS-DA showed that differential metabolites mainly included amino
acids and lipids.

Melatonin-induced metabolomic changes in the muscle tissues of A. japonicus have
been tested using UPLC-QTOF MS [182]. Statistical analysis with PCA, PLS-DA, fold-
change analysis, and t-test showed alterations in the levels of 22 different metabolites,
including serotonin, retinoic acids, and fatty acids, which can explain the observed sedative
effect of melatonin on this species. The LC-MS metabolomic analysis revealed that pedal
peptide-type neuropeptides involved in the regulation of locomotor behavior in A. japonicus
induce changes in the levels of certain phospholipids [183].

Most of the mentioned metabolomics studies of A. japonicus used a similar workflow
involving the extraction of tissue samples with methanol, methanol:water, or methanol:
acetonitrile mixtures, homogenization, centrifugation, and LC-MS analysis mainly using
RP separation and ESI-QTOF mass spectrometers for the detection of metabolites operating
in the mass ranges from 50 to 1200 Da in positive and negative ion modes. Although a
huge number of metabolites (from several dozen to 4435 metabolites) are found in almost
every work, the compounds that are mainly responsible for the bioactive properties of
sea cucumbers (triterpene glycosides, cerebrosides, and gangliosides) remain undetected,
and their variations under the studied conditions remain unclear. At the same time, the
results of the other works [87,93] indicate statistically significant changes in the levels of
specific metabolites, namely, starfish polar steroids and sea cucumber triterpene glycosides,
in response to stresses and environmental factors. Thus, the influence of many factors and
physiological phenomena, such as aestivation and evisceration, on large groups of bioactive
metabolites remains unexplored. It is well known that starfish and sea cucumbers have
extraordinary regenerative potential, however, the features of this process remain poorly
explored at the metabolome level.

5. Conclusions and Perspectives

The unique features of biosynthesis and metabolism and the diversity of their metabo-
lites explain the researchers’ interest in these organisms. Starting in the middle of the
last century, chemical research on echinoderm metabolites has resulted in hundreds of
compounds, many of which have demonstrated biological and pharmacological effects.
The structural elucidation of the bioactive compounds of starfish and sea cucumbers is a dif-
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ficult task, combining isolation of pure compounds with modern MS and NMR techniques
to unambiguously determine the structures of new compounds.

MS-based metabolomics approaches have proven to be a powerful research tool in the
natural product area. The application of MS-based techniques has made it possible to study
chemical compounds without the laborious process of isolating individual compounds.
Using modern metabolomics methods in the marine sciences allows evaluation of the
biochemical diversity of marine systems and expands our understanding of the chemical
space of marine compounds.

To date, only a few dozen species of starfish and sea cucumbers have been studied us-
ing MS-based metabolomics approaches, a very small fraction of the more than 3600 known
species. Most of the studied species are aquaculture species or readily available and widely
distributed species, and most deep-sea and rare species remain almost unexplored.

In summarizing MS-based metabolomics studies on the bioactive secondary metabo-
lites of starfish and sea cucumbers, it was found that this approach allows for the ready
detection and annotation of polar steroids, triterpene glycosides, and lipids in producer
organisms. Obtained data allow for their exact or preliminary structures to be proposed.
The data obtained thus far make it possible to assess the prospects for the search for new
bioactive molecules as well as to draw conclusions about their taxonomic distribution,
biogenesis, and biological functions. These methods are used to compare metabolomic
profiles of different echinoderm species and populations in ecological, dietary, and biosyn-
thesis studies.

The main difficulties of applying MS-based metabolomics approaches are related to
the extreme complexity of the mixtures being analyzed. However, the use of modern
chromatography and mass spectrometry methods allows these methods to be successfully
applied. UPLC with analytical columns packed with sub-2-pum sorbents allows metabolites
with closely related structures to be separated. The introduction of cutting-edge mass-
spectrometry techniques such as ion mobility, improved ion dissociation techniques, and
ultra-high resolution mass analyzers can provide high-performance MS analyses. While
identification of detected peaks remain the main problem in MS data analysis, constructing
specialized databases of echinoderm metabolites and improving in silico computational
algorithms may improve the obtained results considerably.
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metabolomics studies of starfish and sea cucumbers.
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Abstract: Sphingolipids are complex lipids widespread in nature as structural components of
biomembranes. Commonly, the sphingolipids of marine organisms differ from those of terres-
trial animals and plants. The gangliosides are the most complex sphingolipids characteristic of
vertebrates that have been found in only the Echinodermata (echinoderms) phylum of invertebrates.
Sphingolipids of the representatives of the Asteroidea and Holothuroidea classes are the most studied
among all echinoderms. In this review, we have summarized the data on sphingolipids of these two
classes of marine invertebrates over the past two decades. Recently established structures, properties,
and peculiarities of biogenesis of ceramides, cerebrosides, and gangliosides from starfishes and
holothurians are discussed. The purpose of this review is to provide the most complete informa-
tion on the chemical structures, structural features, and biological activities of sphingolipids of the
Asteroidea and Holothuroidea classes.

Keywords: sphingolipids; ceramides; cerebrosides; gangliosides; sialic acid; Asteroidea; Holothuroidea;
biological activity; neuritogenic activity

1. Introduction

Being the second-largest clade in a superphylum Deuterostomia after chordates,
Echinodermata (echinoderms) is a phylum of exclusively marine invertebrates, inhabiting
all the oceans in all the depths. These animals are characterized by radial symmetry,
a particular water vascular system, and calcareous particles (ossicles) embedded in the
dermis of their body walls. In some habitats, echinoderms are the dominant species in
marine communities. There are five living classes of Echinodermata: Holothuroidea (sea
cucumbers), Asteroidea (starfish), Ophiuroidea (brittle stars), Echinoidea (sea urchins),
and Crinoidea (sea lilies and feather stars). These invertebrates present a rich source of
diverse low molecular biologically active metabolites, including triterpene glycosides, polar
steroids, and their glycosides, peptides, fatty acids, carotenoids, quinoid pigments, and
different lipids, including sphingolipids. Our group is carrying out long-term studies on
natural products from echinoderms [1-6], but sphingolipids from these invertebrates [7] so
far were not in our main spotlight. However, our recent metabolomic studies on secondary
metabolites from echinoderms, showing their extremal diversity [8-13], and successful
attempts of application of some compounds as chemotaxonomic markers required the
examination of perspectives of similar use of sphingolipids.

Sphingolipids, a group of heterogeneous lipids known as constituents of the plant,
fungal, and animal cellular membranes, play a fundamental role in important phenom-
ena such as cell-cell recognition and antigenic specificity [14,15]. Sphingolipids include
ceramides, the hydrophobic molecules, involving a long-chain base (LCB) and an amide-
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HO

linked fatty acid residue (FAR) and their glycoconjugated derivatives. Glycosylated ce-
ramides are named cerebrosides, except for the corresponding oligoglycosides with car-
bohydrate chains, comprising one, two, three, or more sialic acid residues, which are
known as gangliosides [16]. Sphingolipids were isolated from a number of biological
sources, including marine invertebrates such as sea anemones [17], sponges [18-20], octo-
corals [21], ascidians [22], and representatives of other taxa. Various biological activities of
ceramides, cerebrosides, and gangliosides, including plant growth stimulatory action [23],
anti-inflammatory effects [24], the improving of the barrier function of the skin [25], cancer-
protective action [26], proangiogenic action [27] have been reported.

In their majority, reviews about sphingolipids from marine organisms [28], including
those concerning the corresponding natural products from echinoderms, were published
from 12 to 20 years ago [29-31]. The present review includes data concerning chemical
structures of sphingolipids from two classes of the phylum Echinodermata and their
biological activities and covers the literature from 2000 to March 2021. We have focused
our attention on the structures of these compounds, modern methods of analyses of
complicated fractions of these lipids, and their bioactivities. Current problems of these
studies are also discussed.

2. Ceramides

Ceramides are biosynthesized at the reaction of S-acyl-coenzyme A (usually C14-CoA)
with serine, catalyzed by serine palmitoyl transcriptase or related enzymes, followed by
reduction of carbonyl group by ketosphinganine reductase and the N-acylation by ceramide
synthase. Surprisingly, hydroxylation of long-chain bases (LCBs) that leads to so-called
phytosphinganine derivatives, takes a place in plants and in many echinoderms. When
hydroxylases act on fatty acid residues (FARs) in these invertebrates, an additional hydroxyl
is introduced also into a—position of FARs [32]. As result, four main types of ceramides are
known from different organisms including echinoderms, namely, A—containing sphinganine
bases and nonhydroxylated fatty acid residues, B—consisting of sphinganine bases and
a-hydroxylated fatty acids, C—containing phytosphinganine bases and nonhydroxylated
fatty acids, and D—consisting of phytosphinganine bases and a—hydroxylated fatty acids
(Figure 1). Both bases and fatty acids moieties in this type of natural products may contain
normal chains, as well as those with iso- and/or anteiso-branching. Therefore, ceramides
have great structural variety.
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Figure 1. Scheme of biosynthesis and structures of main types of ceramides in echinoderms.
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Class Asteroidea

Three ceramides 1-3 were isolated from the starfish Distolasterias nipon collected off
the coast of the East Sea, Republic of Korea [33]. Structures of 1-3 were established by
spectroscopic techniques and chemical transformations as (25,3R 4E,8E,10E)-2-[(2R)-2-
hydroxyhexadecanoylamino]-9-methyl-4,8,10-octadecatriene-1,3-diol (1), (25,3S,4R,7Z)-2-
[(2R)-2-hydroxyhexadecanoylamino]-7-docosene-1,3,4-triol (2), and (25,3R 4E,7E)-2-[(2R)-2-
hydroxyhexadecanoylamino]-7-docosene-1,3,4-triol (4) (Figure 2). Later ceramides 2 and 3
(iteratively) and 4-11 (additionally) were extracted from the same species of starfish and
purified by silica gel column chromatography and reversed-phase high-performance liquid
chromatography [34]. The high-energy collision-induced dissociation (CID) spectra of
ceramides with various structures, differing from each other in the number and positions
of double bonds on both the N-acyl and sphingoid chains as well as in the presence of
hydroxy groups or a double bond at the C-4 position of the sphingoid chains as well as an
additional o-hydroxy group in N-acyl chains, were established. The CID mass spectrum of
the monosodiated ion [M + Na]* of each ceramide molecular species provided structural
data concerning fatty acyl chains and sphingoid long-chain bases. This technique allowed
determining complete structures of ceramides and cerebrosides in a mixture of sphingoid
lipids and showed great potential for analysis of other sphingolipids isolated from various
biological sources [34].
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Figure 2. Ceramides from the starfish Distolasterias nipon and Luidia maculata.
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A sphingosine-type ceramide LMCer-1-1 (12) and three phytosphingosine-type ce-
ramides, LMCer-2-1 (13), LMCer-2-6 (14), and LMCer-2-7 (15), were isolated from the
ceramide molecular species LMCer-1 (16) and LMCer-2 (17), obtained from the chloroform—
methanol extract of the whole bodies of Luidia maculata [35]. The structures of ceramides
12-15 were determined on the basis of spectroscopic and chemical evidence as (25,3R 4E)-
2-[(2R)-2-hydroxyhexadecanoylamino]-16-methyl-4-octadecene-1,3-diol (12), (25,35 ,4R)-
2-[(2R)-2-hydroxyhexadecanoylamino]-16-methyl-octadecane-1,3,4-triol (13), (25,35 ,4R)-
2-[(2R)-2-hydroxydocosanoylamino]-hexadecane-1,3,4-triol (14), and (25,35 4R)-2-[(2R)-2-
hydroxydocosanoylamino]-14-methyl-hexadecane-1,3,4-triol (15) (Figure 2).

The phytosphingosine-type ceramide asteriaceramide A was isolated from the whole
bodies of the Northern Pacific starfish Asterias amurensis [23]. The structure of this com-
pound was determined as identical to compound 2. Asteriaceramide A (2) showed a
stimulatory activity toward root growth of Brassica campestris. The plant growth activity of
the ceramide was reported for the first time.

Since 2000, there were no data on the isolation, structure elucidation, and determina-
tion of biological activities of sea cucumber ceramides.

Thus, representatives of all the above-mentioned structural groups of ceramides
(Figure 1A-D) were found from starfish. The structural diversity of these metabolites is
connected with the presence of many variants of both sphingoid and fatty acid moieties.
It should be noted that generally ceramides from starfish were studied worse than other
groups of sphingolipids. Perhaps this is due to the difficulty of isolation of individual
ceramides or their molecular species.

3. Cerebrosides

Cerebrosides are glycosylceramides that contain glucose, galactose, or other monosac-
charide residues in their carbohydrate moieties. These compounds are synthesized by
enzymes: UDP-glucose:ceramide (3-D-glucosyl-transferase, UDP-galactose:ceramide (3-D-
galactose-transferase, and other glycosyl-transferases [32]. Cerebrosides can be divided
into three classes: monoglycosides, biglycosides (mainly lactosides), and oligoglycosides.
This class of complex lipids can contain an aminosugar residue (globosides) in their carbo-
hydrate moieties or be sulfated at a terminal monosaccharide residue [30]. Cerebrosides,
such as ceramides, are part of the plasmatic membranes of cells and perform a number
of important biological functions: they take part in the formation of new membranes,
such as phospholipids, sterols, and cellular membrane proteins, and also participate in
the transmission of cellular signals [14]. Moreover, the cerebrosides in cellular membranes
act as cell surface antigens and receptors. Interest in sphingolipids and their derivatives
mainly is associated with their high biological significance. Some studies have shown that
sphingolipids can inhibit the growth of microalgae, fungi, and bacteria. The presumptive
mechanism of this action is associated with the ability of this type of compound to perforate
cell membrane, in addition, in the presence of sphingolipids, the ability of bacterial cells
to adhere is reduced [36-38]. The ability of sphingolipids to stimulate plant growth [23],
demonstrate an anti-inflammatory effect [24], and improve the barrier function of the
skin [25] has also been shown.

An even larger variety of cerebrosides containing one or more monosaccharide
residues, in comparison with ceramides, was isolated from starfish and sea cucumbers.

3.1. Class Asteroidea

From the chloroform—methanol-water extract of gonads and body walls of the Patag-
onian starfish Allostichaster inaequalis, glucosylceramides were isolated [39], along with
the previously known phalluside-1 and two glucosylceramides earlier isolated from the
starfish Cosmasterias lurida [40]. Compounds were described as (25,3R,4E,8E,10E)-1-O-(p3-D-
glucopyranosyl)-2-[(2R)-2-hydroxy-15-tetracosenoylamino]-4,8,10-octadecatrien-3-ol (18)
and (2S,3R 4E,15Z)-1-O-(3-D-glucopyranosyl)-2-[(2R)-2-hydroxyhexadecanoylamino]-4,15-
docosadien-3-ol (19) using spectroscopic and chemical methods (Figure 3).
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Figure 3. Cerebrosides from the starfish Allostichaster inaequalis and Luidia maculata.

Glucosylcerebrosides, luidiacerebrosides A (20) and B (21), were isolated from the cere-
broside fraction obtained from the extract of the starfish Luidia maculata using HPLC [41].
The structures of cerebrosides were determined as 1-O-f-D-glucopyranoside of (25,35,4R)-2-
[(2R)-2-hydroxyhexadecanoylamino]-16-methyl-octadecane-1,3,4-triol (20) and (25,35 4R)-2-
[(2R)-2-hydroxytetracosanoylamino]-16-methyl-octadecane-1,3,4-triol (21), respectively [41].
In continuation of the studies on sphingolipids from the same starfish four cerebro-
sides, luidialactosides A-D (22-25), were isolated from its the water-insoluble lipid frac-
tion [42]. They were proved to contain lactosyl carbohydrate chains attached to C-1
of 2-[(2R)-2-hydroxytetracosanoylamino]-16-methyl-4-octadecene-1,3-diol (22), 2-[(2R)-2-
hydroxydocosanoylamino]-14-methyl-1,3,4-hexadecanetriol (23), 2-[(2R)-2-hydroxyhexade
canoylamino]-9-docosene-1,3,4-triol (24), and 2-[(2R)-2-hydroxydocosanoylamino]-1,3,4-
hexadecanetriol (25) (Figure 3).

Eight glucosylceramides were found in the Patagonian starfish Anasterias minuta [43].
One of these constituents, anasterocerebroside A (26), was identified as a new glucosyl-
ceramide, while the earlier known glucosylceramide (27) was isolated and characterized
for the first time as a pure compound. It was earlier isolated in a mixture with related
glucosylceramides from the Patagonian starfish Cosmasterias lurida [40]. The structures
of these sphingolipids were established by different spectroscopic and chemical methods
as (25,3R4E,8E,10E)-1-O-(f-D-glucopyranosyl)-2-[(2R)-2-hydroxy-14-tricosenoylamino]-
4,8,10-octadecatrien-3-ol (26) and (2S,3R 4E,8E,10E)-1-O-(3-D-glucopyranosyl)-2-[(2R)-2-
hydroxy-15-tetracosenoylamino]-9-methyl-4,8,10-octadecatrien-3-ol (27) (Figure 4).

The glucocerebroside, linckiacerebroside A (28), and known glucocerebroside S-
2a-3 were isolated from the chloroform-methanol extract of the starfish Linckia laevi-
gata, together with three pseudo homogeneous glucocerebrosides [44]. The structures
of this cerebroside were determined as (2S5,3S,4R)-1-O-(p3-D-glucopyranosyl)-2-[(2R)-2-
hydroxyhexadecanoylamino]-16-methyl-heptadecane-1,3,4-triol (28) (Figure 4).

A galactocerebroside molecular species CNC-2 (29) were isolated from the extract of
the tropical starfish Culcita novaeguineae [45] as a phytosphingosine type galactocerebroside
with nonhydroxylated and hydroxylated fatty acyl moieties (Figure 4).

155



Mar. Drugs 2021, 19, 330

1L 23' M '
El 31
H()% : 13
HO —
m \/Y\/\/\/\%m ~ OH \/M_I;/é\%\ 22

un|7

30 OH
Anasterocerebroside A Asteriacerebroside G
o
i ANh
15 HN n
24 OH =
OH HN 12 7 o :  OH
H OH HO : 8 19
(0] : 10 (o) X
HO o : S 8 HO
HO X 18 clc OH 6"
ol OH OH 6 OH  Oreacerebrosides A-C
27 19 31.n=19 32.n=20 33.n=21
(0] (0]
HE‘% 16 OH OH NJ\(@\
OH : g: 18 :
HO
Gal OH

0 17
clc OH
28 Linckiacerebroside A

Oreacerebr03|des D-l

34.R=H n=19 35.R=H n=20 36.R=Hn=21
37.R=CH3n=19 38.R=CH3n=20 39.R=CH;n=21

I
<O
o
o
o
O/%
I

o
1=12,14 (o]
HN m m =12, 18 (major), 19
OH H = j
OH o : 8}51 n =5 (major), 6, 7 OH HhEI L m
HO O A~ Ho%o PN -
HO X
cal OH . ~ OH \/Y\/\/W/\/Q\L\m
29 OH

Ophidiacerebrosides B-D
CNC-2 40. m=18 41. m=19 42. m=20

Figure 4. Structures of cerebrosides from the starfish Anasterias minuta, Cosmasterias lurida, Linckia laevigata, Culcita no-
vaeguineae, Oreaster reticulatus, and Narcissia canariensis.

The glucocerebroside, asteriacerebroside G (30), and two known cerebrosides, asteri-
acerebrosides A and B, were isolated from the chloroform—methanol extract of the whole
bodies of the Northern Pacific starfish Asterias amurensis [23]. The structure of 30 was de-
termined on the basis of chemical and spectroscopic evidence as (25,3R4E,132)-1-O-(3-D-
glucopyranosyl)-2-[(2R)-2-hydroxytetradecanoylamino]-4,13-docosadiene-1,3-diol (Figure 4).
Asteriacerebrosides A, B, and G exhibited growth-promoting activity for the whole body of
Brassica campestris.

The starfish Oreaster reticulatus contains nine glycosphingolipids named oreacerebro-
sides A-I (31-39) (along with earlier known ophidiacerebrosides C-E [46], Figure 4). All
these compounds have a 4,8,10-triunsaturated sphingoid base. Oreacerebrosides A—C
(31-33) are B-glucosylceramides in contrast with oreacerebrosides D-1 (34-39), all these
compounds were the first examples of (3-galactosylceramides containing this unusual
sphingoid base. Four representative glycosphingolipids were tested for cytotoxic activity
on rat glioma C6 cells and shown to be mildly cytotoxic. Previously, it was established
that the glucosylceramides were more active than the galactosylceramides. In addition,
oreacerebroside I (39) was shown to exert proangiogenic activity and was able to increase
VEGF-induced human endothelial cell proliferation.
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Mixtures of three known glucocerebrosides (F13-3), ophidiacerebrosides B-D (40-42),
were isolated from the starfish Narcissia canariensis collected off the coasts of Dakar, Sene-
gal [47]. This fraction included three homologous cerebrosides identified as peracetylated
derivatives on the basis of spectroscopic and chemical data (Figure 4). These compounds
contain a 3-glucopyranose as a sugar unit, 9-methyl-branched 4,8,10-triunsaturated long-
chain aminoalcohols as sphingoid bases, and amide-linked 2-hydroxy fatty acid chains.
The major component (63%) has an amide-linked 2-hydroxydocosanoic acid chain and was
identified as ophidiacerebroside C (41), isolated from the starfish Ophidiaster ophidianus
for the first time [48]. The minor components of F13-3 had one more or one less methy-
lene group and were identified as ophidiacerebrosides B (40) and D (42). The cytotoxic
activity of F13-3 was detected using KB cells. It was shown that three human cancerous
cell lines, KMS-11 (adherent plasma cells obtained from patients with multiple myeloma)
were inhibited by these cerebrosides with ICsg = 15.2 &+ 4 uM, GBM (astrocytoma cells
obtained after tumor resection of patients with glioblastoma multiforme-primary culture)
with ICsg = 34.6 + 5.1 uM, and HCT-116 (colorectal adenocarcinoma cells derived from a
patient with Lynch’s syndrome) with IC5y = 18 £ 3.9 uM.

In total, 21 galactocerebrosides, including 16 new compounds (43-58) (Figure 5), were
identified as cerebroside molecular species obtained from the chloroform-methanol extract
of pyloric caeca cut out from the starfish Protoreaster nodosus [49]. These compounds
were phytosphingosine-type galactocerebrosides with hydroxylated fatty acyl moieties.
It is important, that GC-MS analysis, followed by methanolysis and periodate oxidation
of these metabolites, gave reliable structural information of ceramide moiety rapidly in
minute amounts. The structures of earlier known compounds were the same as those of
galactosylcerebrosides previously found from other starfish and even mammalians.

Six glucocerebrosides (59-64) were isolated from the eggs of the starfish Asterias
amurensis by extraction and different type of column chromatography, including HPLC [50].
It was shown that the structures of cerebrosides could be completely characterized, based
on their sodium-adducted molecules, using FAB tandem mass spectrometry. The lipid part
of the glucocerebrosides 59-64 consisted of saturated and monounsaturated «-hydroxy
fatty acids and sphinganine type of the long-chain base (Figure 5).

Glucosyl ceramides (GlcCers) were later isolated from the viscera of the starfish
Asterias amurensis [51]. Degraded GlcCers generated A. amurensis sphingoid bases (ASBs)
that mainly consisted of the triene-type bases d18:3 and 9-methyl-d18:3. Actions of these
bases on ceramide synthesis and content were analyzed using normal human epidermal
keratinocytes (NHEKSs). The bases significantly raised the de novo ceramide synthesis in
NHEKSs and expression of genes, encoding enzymes such as serinepalmitoyltransferase and
ceramide synthase. Total ceramide (GlcCers) and sphingomyelin contents increased highly
upon ASB treatment. In particular, GlcCers bearing fatty acids with large carbon atoms
(> C28) exhibited a significant content increasing. These ASB-induced enhancements on de
novo ceramide synthesis were only observed in undifferentiated NHEKs. This stimulation
of de novo sphingolipid synthesis may improve skin barrier functions.

Four cerebrosides (65-68) were isolated from the starfish Distolasterias nipon by extrac-
tion and different type of column chromatography, including reverse-phase HPLC [34].
Structural elucidation was conducted using tandem mass spectrometry of monosodiated
ions desorbed by fast atom bombardment. Fatty acids in glucocerebrosides 65-68 were
identified as saturated and monounsaturated x-hydroxylated derivatives. The glucocere-
broside long-chain bases were found to be of di- and triunsaturated sphingenine types
(Figure 5).
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Figure 5. Cerebrosides from the starfish Protoreaster nodosus, Asterias amurensis, and Distolasterias nipon.

3.2. Class Holothuroidea

Overall, 18 glucocerebrosides (69-86) were detected in admixture from the sea cu-
cumber Holothuria coronopertusa [52]. Their structures were established on the basis of
liquid-secondary ion mass spectrometry (LSIMS) experiments. The CID mass spectrum of
the lithiated molecules ([M + Li]*) led to diagnostic fragment ions, which were further iden-
tified by tandem mass spectrometry (MS/MS). Fatty acids in glucocerebrosides 69-86 were
indicated as saturated and monounsaturated «-hydroxyl fatty acids. The glucocerebroside
long-chain bases were of sphingosine type (Figure 6).

Moreover, 10 glucocerebrosides, HPC-3-A-HPC-3-] (87-96), were isolated from the
extract of the sea cucumber Holothuria pervicax [53]. All these compounds were mixtures of
regio-isomers for terminal methyl groups in the LCB moiety, namely, mixtures of iso- and
anteiso-isomers (Figure 6).
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Figure 6. Cerebrosides from the sea cucumbers Holothuria coronopertusa and Holothuria pervicax.

Five glucocerebroside molecular species (SJC-1-SJC-5, 97-101) were isolated from the
extract of the sea cucumber Stichopus japonicus [54]. Cerebrosides 97-99 were sphingosine-
and phytosphingosine-type derivatives with nonhydroxylated and hydroxylated fatty
acyl moieties. At the same time, cerebroside molecular species 100 and 101 were also
sphingosine-type glucocerebroside molecular species with hydroxylated fatty acid moieties,
although they were new compounds with unique sphingosine bases containing additional
two hydroxy groups (Figure 7).
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Later, the content and components of cerebrosides from the sea cucumber Stichopus
japonicus were analyzed by Duan et al. [55]. The absorption of cerebrosides from S. japonicus
was studied with an in vivo lipid absorption assay. The result revealed that S. japonicus
was a rich source of cerebrosides that contained considerable amounts of odd carbon chain
sphingoid bases. The cumulative recoveries of d17:1 and d19:2 consisting cerebrosides
were 0.31 £ 0.16% and 0.32 £ 0.10%, respectively, for 24 h after administration. In addition,
dietary supplementation with sea cucumber cerebrosides to hairless mouse improved the
skin barrier function and increased the short-chain fatty acid content in caecal fraction,
which demonstrated its effects on host.

An anteiso-type regio-isomer on the LCB moiety HLC-2-A (102) from the extract of
the sea cucumber Holothuria leucospilota were isolated from its glucocerebroside molecu-
lar species HLC-2 (104), composed of iso- and anteiso-isomers [56]. Other glucocerebro-
side molecular species HLC-1(103) and HLC-3 (105) were indicated together with HLC-2
(Figure 8).

102 104. k +1=16, 17
17 m =18, 19, 20
n=6,7,8
OH
o HN
clc OH 0% E
“0%0 :
103. k+ /=18 HO e OH
m = 14, 16, 17, 18, 19, 20 OH
n=67 105. k + 1= 18
m = 18, 19, 20
n=5678

Figure 8. Cerebrosides from the sea cucumber Holothuria leucospilota.

Sugavara et al. reported the sphingoid base composition of cerebrosides from sea
cucumber (species was not identified) and their cytotoxicity against human colon cancer
cell lines [57]. The composition of sphingoid bases obtained from a sea cucumber was
different from that of mammals, and the major constituents were supposed from mass
spectra as containing branched C-17-C-19 alkyl chains with 1-3 double bounds. The
viability of DLD-1, WiDr, and Caco-2 cells treated with sea cucumber sphingoid bases
was reduced in a dose-dependent manner and was similar to that of cells treated with
sphingosine. The sphingoid bases induced such a morphological change as condensed
chromatin fragments and increased caspase-3 activity, indicating that these sphingoid bases
reduced the cell viability by causing apoptosis in the above-mentioned cells.

The galactocerebroside BAC-4-4a (106) was isolated from its parent galactocerebroside
molecular species BAC-4 (107), which was obtained from the extract of the sea cucumber
Bohadschia argus [58]. BAC-4 was obtained together with earlier known glucocerebroside
molecular species [53,54,56]. The structure of 106 was determined as (25,3R,4E)-1-O-(f3-D-
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galactopyranosyl)-2[(2R,15Z)-2-hydroxytetracosenoylamino]-4-heptadecene-1,3-diol
(Figure 9). Before this study, galactocerebrosides were not found in sea cucumbers.
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Figure 9. Cerebrosides from the sea cucumbers Bohadschia argus and Acaudina molpadioides.

The cerebroside molecular species AMC-2 (108) was isolated from the extract of the sea
cucumber Acaudina molpadioides [59]. The amide-linked fatty acid units were established
to contain four saturated and monounsaturated a-hydroxy fatty acids, the long-chain
dihydroxy sphingoid base, having one double bond, and the glucose residue (Figure 9).
It was shown the anti-fatty liver activity of 108 in rats with fatty liver, induced by orotic
acid. AMC-2 (108) significantly reduced hepatic triglyceride and total cholesterol levels at
a diet supplement of 0.03% and 0.006%. The indexes of stearoyl-CoA desaturase activity
and mRNA expression were significantly decreased by 108. This indicated that AMC-2
(108) ameliorated nonalcoholic fatty liver disease through suppression of stearoyl-CoA
desaturase activity and impaired the biosynthesis of monounsaturated fatty acids in the
livers of the rats.

Glucocerebrosides from three specimens of sea cucumbers, specifically, Acaudina
molpadioides, Cucumaria frondosa, and Apostichopus japonicus, were rapidly identified by
liquid chromatography—ion trap-time-of-flight mass spectrometry [60]. Various long-chain
bases of glucosylcerebrosides were detected in these sea cucumbers. Two of the most
common LCBs were identified as 2-amino-1,3-dihydroxy-4-heptadecene (d17:1) and 4,8-
sphingadienine (d18:2), which were acylated to form saturated and monounsaturated
nonhydroxylated and monohydroxylated fatty acids with 18-25 carbon atoms. The gluco-
cerebroside fractions were the most complicated in the sea cucumber C. frondosa and were
the simplest in the sea cucumber A. molpadioides.

It was found that a continuous oral administration of cerebrosides obtained from
the sea cucumber Acaudina molpadioides at the dose of 50 mg/kg body mass per day
suppressed body weight loss through alleviating adipose atrophy in cancer-associated
cachexia mice [61]. The long-chain base, hydrolyzed from the cerebroside, contains 2-amino-
1,3-dihydroxy-4-heptadecene (d17:1), which is a typical predominant sphingoid base in
sea cucumbers. The possible mechanism by which dietary cerebrosides prevent adipose
atrophy in cancer-associated cachexia mice was related to reducing serum inflammatory
cytokine levels, regulating over lipolysis, enhancing the function of lipogenesis, and
decreasing the lipid over-utilization. To elucidate the structure—activity relationships of
cerebrosides and their long-chain base, the antitumor activities were compared between
them. The results indicated that LCBs exhibited a more prominent antitumor effect both
in vivo and in vitro.
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In addition, sea cucumber cerebrosides and their main structural units, long-chain
bases, were obtained from Acaudina molpadioides and then administered to high fat diet-
induced obese C57BL/6] mice at a diet supplement dosage of 0.025% for 5 weeks to evaluate
their effects on obesity-related metabolic disorders [62]. Cerebrosides and long-chain bases
significantly decreased epididymal adipose tissue weights, lowered hepatic triacylglycerol
levels, and reduced serum glucose, insulin levels, and insulin resistance HOMA-IR index
in mice. The activities of hepatic lipogenetic proteins including FAS, ME, and the mRNA
levels encoding proteins SREBP-1c and FAS were reduced by cerebrosides and long-chain
bases treatment. However, cerebrosides and LCBs showed no effect on the hepatic lipolysis
pathway. Moreover, cerebrosides and LCBs efficiently upregulated the gene expression of
SREBP-1¢, FAS, ACC, ATGL, and HSL, and downregulated the gene expression of LPL and
VLDL-r in the adipose tissue. These results demonstrated that cerebrosides and LCBs were
effective in suppressing hepatic SREBP-1c mediated lipogenesis, inhibiting lipid uptake,
and increasing TG catabolism in the adipose tissue. The ameliorative degree and regulatory
mechanisms of these two groups of natural products were basically the same, suggesting
that long-chain bases are the key active structural units of cerebrosides [62].

Three glucocerebrosides, CF-3-1, CF-3-2, and CF-3-3 (109-111), were isolated from
the cerebroside fraction, which was obtained from the chloroform—-methanol extract of
the sea cucumber Cucumaria frondosa by La et al. [63]. The structures of these cerebro-
sides were determined as 1-O-f-D-glucopyranosides of (25,35,4R)-2-[(2R,15Z)-2-hydroxy-15-
tetracosenoylamino]-14-methylhexadecane-1,3,4-triol (109), (25,3R 4E)-2-[(2R,15Z)-2-hydroxy-
15-tetracosenoylamino]-15-methyl-4-hexadecene-1,3-diol ~ (110), and (111) (25,3R,
4E,87)-2-[(2R,15Z)-2-hydroxy-15-tetracosenoylamino]-4,8-octadecadiene-1,3-diol (Figure 10).
Compounds 110 and 111 were obtained as pure compounds for the first time.

Figure 10. Cerebrosides from the sea cucumber Cucumaria frondosa.

Three glucocerebroside molecular species (CFC-1, CFC-2, and CFC-3, 112-114) were
isolated from total cerebrosides from the sea cucumber Cucumaria frondosa by Xu et al.
(Figure 10) [64]. The structures of these substances were elucidated on the basis of spec-
troscopic and chemical evidence: fatty acids were identified mainly as saturated (C22:0
and C18:0), monounsaturated (C24:1 and C20:1), and «-hydroxylated derivatives (C24:1h,
C23:0h, C23:1h, and C22:0h), the LCB were identified as dihydroxy (d17:1, d18:2, and d18:1)
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and trihydroxy (t17:0 and t16:0) compounds. The composition analysis of long-chain bases
showed that the ratio of d18:2 and d17:1 was approximately 2:1. Four glucocerebrosides and
long-chain bases from sea cucumber Cucumaria frondosa were evaluated for their cytotoxic
activities against Caco-2 colon cancer cells in in vitro assays. The obtained results indicated
that both glucocerebrosides and LCB demonstrated an inhibitory effect on cell proliferation.
Moreover, 114 was the most effective substance from these four glucocerebrosides in the
Caco-2 cell viability test. The inhibitory effects of long-chain bases were much stronger
than glucocerebrosides.

Glucocerebrosides, isolated from the sea cucumber Cucumaria frondosa (CFC), were
investigated on their antiadipogenic activity in vitro [65]. These glucocerebrosides inhibited
the lipid accumulation of 3T3-L1 cells and suppressed PPARy and C/EBP« expressions,
which confirmed their antiadipogenic effect. Furthermore, CFCs suppressed lipogenesis in
mature adipocytes. Glucocerebrosides enhanced (3-catenin expression, promoted its nuclear
translocation, and upregulated the expression of CCND1 and c-myc, two target genes of
-catenin. Moreover, after cells were treated with the -catenin inhibitor 21H7, 3-catenin
nuclear translocation and transcription activity can be recovered by CFC. These findings
suggested that glucocerebrosides from Cucumaria frondosa promoted the activation of the
WNT/ B-catenin pathway. Additionally, CFCs enhanced the expressions of Wnt-receptor
frizzled-like protein variant 1(FZ1), low-density lipoprotein receptor-related proteins LRP5,
and LRP6, while they had no effect on the expressions of Wnt10b and GSK3f proteins.
These findings also confirmed that glucocerebrosides exhibit their antiadipogenic activity
through enhancing the activation of the WNT/ 3-catenin pathway, which was mediated by
FZs and LRPs.

Over the past two decades, about a hundred individual cerebrosides and their molecu-
lar species were isolated from starfish and sea cucumbers. The isolated compounds contain
both sphingosine and phytosphingosine bases of normal-, iso- and anteiso-types. In most
cases, long-chain bases include from 16 to 19 carbon atoms, but there were also longer
ones, up to C-22. In addition, many LCBs were unsaturated and contained one or two
double bonds. In particular, (4E,8E,10E)-sphinga-4,8,10-trienine; (4E,8E,10E)-9-methyl-
sphinga-4,8,10-trienine; (4E,13Z)-sphinga-4,13-dienine; (4E,15Z)-sphinga-4,15-dienine; and
(9Z)-4-hydroxy-9-sphingenine long-chain bases were often found. At the same time,
unique oxidized LCB (4E,9E)-9-methyl-8,11-dihydroxy-sphinga-4,9-dienine, and (4E,10E)-
9-methyl-8,9-dihydroxy-sphinga-4,10-dienine were found in the sea cucumber Stichopus
japonicus.

In most cases, the fatty acids in the cerebrosides were long-chain C-22-C-24 (2R)-
2-hydroxy acids of normal-, iso-, and anteiso-types. However, shorter FAs such as C-18,
C-16, and even C-14 were also found. Some fatty acids in the isolated cerebrosides were
unsaturated and most of them had the (15Z)-double bond. In contrast to cerebrosides from
starfish, cerebrosides from sea cucumbers contained non-a-hydroxylated FA with different
long polymethylene chains.

The carbohydrates in cerebrosides of starfish and sea cucumbers were represented
by the 3-D-glucopyranose and, more rarely, the 3-D-galactopyranose. Thus far, no other
types of monosaccharide residues have been found in cerebrosides of starfish and sea
cucumbers. In addition, cerebrosides lactosides (with Gal-(1—4)-Glc-(1—1)-Cer moieties)
were isolated from the starfish Luidia maculata. Other variants of cerebroside biglycosides
or oligoglycosides in starfish and sea cucumbers have not been found.

The following types of biological activity of cerebrosides from starfish and sea cucum-
bers were established: i. growth-promoting activity on Brassica campestris, ii. cytotoxic
activity against epidermal carcinoma of the mouth KB cells and rat glioma C6 cells; and
iil.proangiogenic activity. More detailed data are given in Table 1. The conducted studies
showed the promising prospects of the practical use of cerebrosides of starfish and sea
cucumbers. Accordantly, further expansion of the studies on the biological activity of
this class of glycolipids is required, as well as additional data concerning the molecular
mechanisms of their action.
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Table 1. Composition and biological activity of starfish and sea cucumber sphingolipids mentioned in this review.

o e Compounds T f Biological
Famil Scientific ype of Biologica Ref.
Order Y Name Ceramides Cerebrosides Gangliosides Activity €
Class Asteroidea
. . .. Allostichaster
Forcipulatida Asteriidae inaequalis 18,19 [39]
Anasterias
minuta 26,27 (431
Asterias Stimulating root
amrensis 2 30, 59-64 growth Bmsszca [23,50]
campestris (2, 30);
Distolasterias
igon 1-11 65-68 [33,34]
Evasterias 117, 118 [66]
echinosoma 4
Evasterias
retfera 125, 126 [67]
Cosmasterias
lurida 27 401
Neuritogenic activity
toward the rat
I e Luidia _ . . pheochromocytoma  [35,41,42,
Paxillosida Luidiidae maculata 12-17 20-25 122-124 PC12 cells in the 68,69]
presence of NGF
(124)
Binding eé)itope of
. Acanthaster- Acanthaster AG2
Valvatida idae planci 115,116 pentasaccharide to [70-73]
human Siglec-2
Neuritogenic activity
Patiria toward the rat
Asterinidae (=Asterina) 127 pheochromocytoma [74]
pectinifera PC12 cells in the
presence of NGF
Neuritogenic activity
toward the rat
L1 . Linckia . pheochromocytoma [44,75-
Ophidiasteridae laevigata 28 119-121 PC12 cells in the 77]
presence of NGF
(120)
. Culcita
Oreasteridae novaeguineae 29 [45]
Protoreaster
nodosuis 43-58 128-130 [49,78]
(1) Mildly cytotoxic
activity on the rat
glioma C6 cells
(31-39);
2) exertion of
Oreaster ( . g
reticulatis 31-39 proangiogenic [46]

activity and increase
of VEGF-induced
human endothelial
cell proliferation
(39).
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Table 1. Cont.

Order

Family

Scientific
Name

Compounds

Ceramides Cerebrosides

Gangliosides

Type of Biological
Activity

Ref.

Narcissia
canariensis

40-42

Cytotoxic activity
against KB cells (40)

[47]

Class Holothuroidea

Holothuriida

Holothuri-
idae

Holothuria
coronopertusa

69-86

[52]

Holothuria
pervicax

87-96

131

Neuritogenic activity
toward the rat
pheochromocytoma
PC12 cell line (131)

[53,79,80]

Holothuria
leucospilota

102-105

132-134

Neuritogenic activity
toward the rat
pheochromocytoma
PC12 cell line
(132-134)

[56,81]

Bohadschia
argus

106, 107

(58]

Synallactida

Stichopodi-
dae

Stichopus
japonicus

97-101

135

(1) Absorption of
cerebrosides in vivo
and improving skin

barrier functions

(97-101);

(2) neuritogenic
activity toward the
rat
pheochromocytoma
PC12 cells in the
presence of NGF
(135).

[54,55,82,
83]

Stichopus
chloronotus

136-138

Neuritogenic activity
toward the rat
pheochromocytoma
PC12 cells in the
presence of NGF

[84]

Molpadida

Caudinidae

Acaudina
molpadioides

108

(1) Anti-fatty liver
activity of 108 in the
rats with fatty liver

induced by orotic

acid;

(2) alleviating
adipose atrophy in
the cancer-associated
cachexia mice;
(3) effects of
cerebrosides on the
obesity-related
metabolic disorders
in mice.

[59,61,62]

Dendrochi-
rotida

Cucu-
mariidae

Cucumaria
frondosa

109-114

(1) In vitro cytotoxic
activity against
Caco-2 colon cancer
cells (112-114);
(2) in vitro
antiadipogenic
activity of
cerebrosides.

[63-65]

Cucumaria
echinata

139-141,
144-146
142,143

Neuritogenic activity
toward the rat
pheochromocytoma
PC12 cells in the
presence of NGF

[85,86]
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4. Gangliosides

Gangliosides are known as additionally hydroxylated derivatives of cerebrosides
with one or more sialic acid residues in their carbohydrate chains. Sialic acids are a
group of higher carbohydrates with nine carbon atoms, which includes several dozens of
derivatives of neuraminic acid (NeuAc) [87]. Gangliosides were so named for the first time
because they were isolated from brain ganglion cells. It is considered that gangliosides are
metabolites of vertebrates; however, they were also found in all classes of Echinoderms
and may indicate a high organization of their nervous system. To designate gangliosides,
they most often use abbreviated names according to Svennerholm’s nomenclature, in
which gangliosides are divided into so-called series, indicated by the number of sialic
acid units and their position in the carbohydrate chain. Gangliosides are biosynthesized
from the corresponding cerebrosides by sialyltransferases on the inner plasma membrane
or in the Golgi apparatus, and then they are incorporated into the plasmatic membrane,
where these glycosphingolipids perform their biological functions [88]. Gangliosides play
an important role in binding to some lectins and affect the activity of receptor protein
kinases, taking part in the transmission of cellular signals. In addition, gangliosides,
similar to other sphingolipids and cholesterol, play an important role in stabilizing plasma
membranes with positive curvature and also affect the surface charge of the membrane.
Finally, gangliosides can act as receptors for viruses, bacteria, and toxins, thus being part of
the immune system [88].

It is known that gangliosides play an extremely important role in the development of
various neurodegenerative diseases, as well as in the regulation of proliferation and energy
metabolism of tumor cells [89-91].

Thus, the search for new structural types of gangliosides in echinoderms, as well as a
comprehensive study of their biological activity, is an actual scientific task.

4.1. Class Asteroidea

The ganglioside molecular species, AG-1, were obtained from the whole body of the
starfish Acanthaster planci [70]. Enzymatic hydrolysis by endoglycoceramidase gave an
oligosaccharide and ceramides, quantitatively. The oligosaccharide moiety was determined
mainly by 2D-NMR experiments as (3-Fucg-(1—4)-a-Galp-(1—4)-o-NeuAc-(2—3)-B-Gal,-
(1—4)-Glcp. The sphingoid moiety was elucidated as the mixture of (25,2’S,3S,4R)-2-
((2R)-2-hydroxydocosanoylamino)-1,3,4-trihydroxyhexadecane and (25,2'S,3S,4R)-2-((2R)-
2-hydroxytetracosanoylamino)-1,3,4-trihydroxyhexadecane. Reversed-phase HPLC of
AG-1 gave two kinds of gangliosides named acanthagangliosides I (115) and J (116). It is
clear that the oligosaccharide moiety of AG-1 is different in its terminal monosaccharide
when compared with AG-2 and AG-3, which were isolated from A. planci earlier [71,72].
The terminal 3-Galf of AG-2 and AG-3 is linked to C-3 of a-Galp, while the terminal
B-Fuct of AG-1 is linked to C-4 of «-Galy,. This interesting difference in terminal sugar
linkages seems to be derived from the coexistence of different glycosyltransferases, namely,
(3-1,3-galactofuranosyl transferase and [3-1,4-fucofuranosyl transferase. The gangliosides
of A. planci characteristically have a terminal furanose-type sugar unit (Figure 11).

It was found by performing 'H NMR and saturation transfer difference (STD) NMR
experiments that AG2 pentasaccharide (structure not shown) binds to human Siglec-2 (a
mammalian sialic acid-binding protein expressed on B-cell surfaces, which involved in the
modulation of B-cell mediated immune response [73]. STD NMR experiments indicated
that the C-7-C-9 carbohydrate-chain and the acetamide moiety of the central sialic acid
residue were located in the binding face of human Siglec-2. The binding epitope of AG2
pentasaccharide to human Siglec-2 was determined as the «-Galp(1—4)-a-NeuAc-(2—3)-
Galp, unit. The information concerning the binding epitope of AG2 pentasaccharide is of
value toward the development of potent Siglec-2 inhibitors.
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Figure 11. Gangliosides from the starfish Acanthaster planci and Evasterias echinosoma.

Gangliosides molecular species were isolated from the starfish Evasterias echinosoma,
and their structures were elucidated [66]. Two major sphingolipids (117, 118) were found
to be disialogangliosides, whose carbohydrate chain is based on the trisaccharide f3-
N-acylgalactopyranosaminyl-(1—3)-3-galactopyranosyl-(1—4)-3-glucopyranose (acyl is
formyl or acetyl). Both residues of 8-O-methyl-N-acetylneuraminic acid are attached to the
N-acylgalactosamine residue at positions C-3 and C-6. Compound 118 is the first example
of when an N-formyl derivative of an amino sugar was found in gangliosides. The lipid
part of the gangliosides molecular species consists of monounsaturated sphingoid base
and nonhydroxylated fatty acids (mainly, palmitic and stearic acids) (Figure 11).

The ganglioside (119) was isolated from the starfish Linckia laevigata, and its structure
was determined by spectroscopic and chemical methods [75]. The carbohydrate part was
proved to be 8-O-Me-(N-glycolyl-a-D-neuraminosyl)-(2—3)-3-D-galactopyranosyl-(1—4)-
-D-glucopyranoside. The lipid moiety of this ganglioside consists of nonhydroxylated
fatty acids (the major component is palmitic acid) and iso-C18:1-sphingenine. Based on
the structure of the carbohydrate moiety, ganglioside 119 belongs to the hematoside type,
characteristic of erythrocytes of vertebrates. It differs from the other known hematosides
in the nature of the sialic acid. A hematoside with 8-O-methyl-N-glycolylneuraminic acid
unit was found for the first time (Figure 12).

Continuing research on gangliosides of the starfish Linckia laevigata, ganglioside molecu-
lar species LLG-5 (120) were obtained from the water-soluble portion of its lipid fraction [76].
On the basis of spectroscopic and chemical data, the structure of 120 was elucidated as 8-O-
methyl-(N-glycolyl-«-D-neuraminosyl)-(2—11)-(N-glycolyl-o-D-neuraminosyl)-(2—11)-(N-
glycolyl-x-D-neuraminosyl)-(2—3)-3-D-galactopyranosyl-(1—4)-f-D-glucopyranoside of
a ceramide composed of phytosphingosines and 2-hydroxy n-fatty acids. The major
components of the fatty acids and long-chain bases moieties of 120 were identified as (2R)-
2-hydroxy n-docosanoic acid and (25,3S,4R)-2-amino-1,3,4-octadecanetriol, respectively.
This was the first isolation and characterization of a trisialo-ganglioside from Asteroidea
(Figure 12). Furthermore, 120 is a new ganglioside molecular species containing a 2—11
linked trisialosyl moiety. The ganglioside molecular species LLG-5 (120) exhibited neurito-
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genic activity in rat pheochromocytoma PC12 cells in the presence of nerve growth factor
(NGF). The proportion of cells with neurites longer than the diameter of the cell body at a
concentration of 10 M or 120 was 59.3% when compared with the control (NGEF, 5 ng/mL:
20.6%). Furthermore, their effect was greater than that of the mammalian ganglioside GM1
(47.0%).
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Figure 12. Gangliosides from the starfish Linckia laevigata.

In addition, the hematoside-type ganglioside LLG-1 (121) was obtained from the polar
lipid fraction of the starfish Linckia laevigata [77]. The structure of LLG was elucidated on
the basis of spectroscopic and chemical evidence as 1-O-[(N-glycolyl-a-D-neuraminosyl)-
(2—3)-B-D-galactopyranosyl-(1—4)-B-D-glucopyranosyl]-ceramide. The ceramide moiety
was composed of 2-hydroxy fatty acids and phytosphingosine units (normal- and iso-type
long-chain bases). This was the first report on the isolation and structure elucidation of
naked hematoside-type ganglioside from echinoderms (Figure 12).

Two monomethylated GM3-type ganglioside molecular species (122 and 123) were
isolated from the extract of the starfish Luidia maculata [68]. The structures of these gan-
gliosides were determined as 1-O-[8-O-methyl-(N-acetyl-«-D-neuraminosyl)-(2—3)-3-D-
galactopyranosyl-(1—4)-p-D-glucopyranosyl]-ceramide (122) and 1-O-[8-O-methyl-(N-
glycolyl-a-D-neuraminosyl)-(2—3)-B-D-galactopyranosyl-(1—4)-3-D-glucopyranosyl]-
ceramide (123). The ceramide moieties were composed of heterogeneous nonhydroxylated
fatty acid, 2-hydroxy fatty acid, sphingosine, and phytosphingosine units. Compound 122,
designated as LMG-3, represented new ganglioside molecular species. Compound 123 was
identified as a known ganglioside molecular species (Figure 13).
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Figure 13. Ganglioside molecular species from the starfish Luidia maculata.

In addition, the GD3-type ganglioside molecular species LMG-4 (124) was obtained
from the extract of the starfish L. maculata [69]. The structure of this compound was
determined on the basis of spectroscopic and chemical evidence to be 1-O-[(N-acetyl-o-D-
neuraminosyl)-(2—8)-(N-acetyl-«-D-neuraminosyl)-(2— 3)-f3-D-galactopyranosyl-(1—4)-3-
D-glucopyranosyl]-ceramide. The ceramide moiety was composed of 2-hydroxy fatty acid
and phytosphingosine moieties. GD3-type ganglioside was isolated and its particular
structure elucidated for the first time from echinoderms (Figure 13). LMG-4 (124) exhibited
neuritogenic activity toward the rat pheochromocytoma PC12 cells in the presence of NGE.
The proportion of the neurite-bearing cells of 124 at a concentration of 10 tM was 47.7%, in
comparison with the control (NGE, 5 ng/mL: 20.6%). The effect of 124 was the same as that
of the mammalian ganglioside GM1 (47.0%).

Mono- and disialogangliosides (125, 126) were isolated from gonads of the starfish
Evasterias retifera [67]. Their structures were elucidated by spectroscopic and chemical
evidence, including enzymatic hydrolysis with neuraminidase. The monosialoganglioside
has the structure «-8-O-Me-NeuGce-(2—3)-p-GalNAc-(1—3)-p-Gal-(1—4)-3-Gle-(1—1)-
Cer, while the disialoganglioside contains an additional NeuAc residue, which glycosylates
GalNAc in position C-6. The lipid moieties of both gangliosides contain phytosphingosine
bases (mainly C18:0) and two types of fatty acids, nonhydroxylated (mainly C16:0 and
C18:0) and «-hydroxylated (mainly a-hydroxy-C16:0) (Figure 14).

The molecular species GP-3 (127) was obtained from the starfish Patiria (=Asterina) pec-
tinifera [74]. The structure of the ganglioside was determined as 1-O-x-L-arabinofuranosyl-(1—3)-
o-D-galactopyranosyl-(1—4)-(N-acetyl-«-D-neuraminosyl)-(2—6)-3-D-galactofuranosyl-(1—3)-[ -
L-arabinofuranosyl-(1—4)]-«-D-galactopyranosyl-(1—4)-(N-acetyl-«-D-neuraminosyl)-(2—3)-3-
D-galactopyranosyl-(1—4)-3-D-glucopyranoside of ceramide composed of heterogeneous
(25,35 4R)-phytosphingosine (iso-C-17-phytosphingosine as the major component) and
(2R)-2-hydroxy fatty acid units (docosanoic acid as the major component) (Figure 14).
Compound 127 represents new ganglioside molecular species possessing two residues of
sialic acids at the inner part of the sugar moiety. A ganglioside molecular species GP-3
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(127) exhibits neuritogenic activity toward the rat pheochromocytoma cell line PC12, in the
presence of NGF. The proportion of the cells with neurite longer than the diameter of the
cell body at the use of 127 at a concentration of 10 uM was 38.2% when compared with the
control (NGEF, 5 ng/mL: 20.6%). The effect of 127 was lower than that of the mammalian
ganglioside GM1 (47.0%).
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Figure 14. Gangliosides from the starfish Evasterias retifera and Patiria (=Asterina) pectinifera.

Three ganglioside molecular species PNG-1 (128), PNG-2A (129), and PNG-2B (130)
were isolated from pyloric caeca of the starfish Protoreaster nodosus [78]. Their struc-
tures as 1-O-[8-O-methyl-(N-acetyl-x-neuraminosyl)-(2—3)-f-galactopyranosyl]-ceramide
(128), 1-O-[ 3-galactofuranosyl-(1—3)-a-galactopyranosyl-(1—4)-8-O-methyl-(N-acetyl-«-
neuraminosyl)-(2—3)-p-galactopyranosyl]-ceramide (129), and 1-O-[3-galactofuranosyl-
(1—3)-a-galactopyranosyl-(1—9)-(N-acetyl-x-neuraminosyl)-(2—3)-3-galactopyranosyl]-
ceramide (130) were elucidated by a combination of spectroscopic and chemical meth-
ods. The ceramide moieties of ganglioside molecular species consisted of (25,35,4R)-
phytosphingosines (iso-C-18-phytosphingosine as the major component) and (2R)-2-hydroxy
fatty acid units (docosanoic acid as the major component). PNG-2A (129) and PNG-2B
(130) represent the first GM4 elongation products in nature (Figure 15).
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Figure 15. Gangliosides molecular species from the starfish Protoreaster nodosus.

4.2. Class Holothuroidea

The ganglioside molecular species HPG-7 (131) was isolated from the chloroform—
methanol extract of the sea cucumber Holothuria pervicax [79]. On the basis of the spectro-
scopic and chemical evidence, the structure of the major component of 131 was determined
as 1-O-[a-L-fucopyranosyl-(1—4)-(N-acetyl-a-D-neuraminosyl)-(2—11)-(N-glycolyl-a-D-
neuraminosyl)-(2—4)-(N-acetyl-a-D-neuraminosyl)-(2—6)-3-D-glucopyranosyl]-(2S,35,4R)-
[(2R)-2-hydroxytetracosanoylamino]-14-methyl-hexadecane-1,3,4-triol (Figure 16). The
trisialo-ganglioside was isolated for the first time from sea cucumbers. HPG-7 (131) was
studied for neuritogenic action toward the PC12 rat pheochromocytoma cell line. It was
shown that 131 does not have neuritogenic activity, in comparison with control, at a con-
centration of above 10 ug/mL, similar to three other ganglioside molecular species (HPG-1,
HPG-3, and HPG-8) [80].
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Figure 16. Ganglioside molecular species from the sea cucumber Holothuria pervicax.

Three ganglioside molecular species, HLG-1 (132), HLG-2 (133), and HLG-3 (134),
were isolated from the extract of the sea cucumber Holothuria leucospilota [81]. Structures of
these gangliosides were determined as 1-O-[(N-glycolyl-a-D-neuraminosyl)-(2—6)-3-D-
glucopyranosyl]-ceramide (132), 1-O-[(N-glycolyl-a-D-neuraminosyl)-(2—4)-(N-acetyl-«-
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D-neuraminosyl)-(2—6)-B-D-glucopyranosyl]-ceramide (133), and 1-O-[x-L-fucopyranosyl-
(1—11)-(N-glycolyl-a-D-neuraminosyl)-(2—4)-(N-acetyl-a-D-neuraminosyl)-(2—6)-3-D-
glucopyranosyl]-ceramide (134), respectively. The ceramide moieties were composed
of phytosphingosines or sphingosines and 2-hydroxy fatty acids (Figure 17). Compounds
133 and 134 represent new ganglioside molecular species. These three substances showed
slight neuritogenic activity toward the rat pheochromocytoma cell line PC12 cell in the
presence of NGF.
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Figure 17. Ganglioside molecular species from the sea cucumber Holothuria leucospilota.

The ganglioside molecular species SJG-2 (135) was obtained from the extract of the
sea cucumber Stichopus japonicus [82]. On the basis of spectroscopic and chemical studies,
the structure of SJG-2 (135) was determined as «-NeuAc-(2—4)-«-NeuAc-(2—3)-3-Gal-
(1—8)-x-NeuAc-(2—3)-p-GalNAc-(1—3)-B-Gal-(1—4)-p-Glc-(1—1)-Cer. The ganglioside
135, possessing a unique carbohydrate moiety, is the first corresponding substance with
a branched sugar chain moiety and N-acetylgalactosamine residue isolated from sea cu-
cumbers (Figure 18). Ganglioside S]G-2 (135) exhibited neuritogenic activity toward the
rat pheochromocytoma cell line PC12 cells in the presence of NGF. The proportion of
neurite-bearing cells at the use of SJG-2 (64.8 & 7.6%) was larger than that induced by
the previously isolated SJG-1 [83], (35.4 + 4.0%) when compared with the control (NGF,
5ng/mL: 20.6 & 2.2%). Furthermore, the effect of SJG-2 (135) was more considerable than
that of the mammalian ganglioside GM1 (47.0 £ 2.5%).
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Figure 18. Ganglioside molecular species from the sea cucumber Stichopus japonicus.

Three ganglioside molecular species, SCG-1 (136), SCG-2 (137), and SCG-3 (138), were
isolated from the extract of the sea cucumber Stichopus chloronotus [84]. On the basis of spec-
troscopic and chemical evidence, the structures of these gangliosides were determined to be
1-O-[(N-glycolyl-a-D-neuraminosyl)-(2—6)-f3-D-glucopyranosyl]-ceramide (136), 1-O-[8-O-
sulfo-(N-acetyl-«-D-neuraminosyl)-(2—6)-[3-D-glucopyranosyl]-ceramide (137), and 1-O-
[«-L-fucopyranosyl-(1—11)-(N-glycolyl-a-D-neuraminosyl)-(2—6)-3-D-glucopyranosyl]- ce-
ramide (138). The ceramide moieties were composed of isomeric long-chain bases and fatty
acid units. The molecular species 138 is the first representative of gangliosides containing
fucopyranose in the sialosyl trisaccharide moiety (Figure 19). Gangliosides 136-138 exhib-
ited neuritogenic activity toward the rat pheochromocytoma PC12 cells in the presence
of NGEF. The proportions of the neurite-bearing cells at a concentration of 136-138 of 3.3
ug/mL were 34.1%, 24.4%, and 24.5%, respectively. These effects were compared with that
of the mammalian ganglioside GM1 (22.1% at a concentration of 3.3 mg/mL).

Three monosialo-gangliosides, CEG-3 (139), CEG-4 (140), and CEG-5 (141), were
obtained, together with two previously known gangliosides, SJG-1 (142, structure not
shown, [83]) and CG-1 (143, structure not shown, [92]), from the extract of the sea cu-
cumber Cucumaria echinata [85]. In addition, three disialo- or trisialo-gangliosides, CEG-6
(144), CEG-8 (145), and CEG-9 (146), were also obtained along with the known ganglio-
side, HLG-3 (134, [81]) from this species of sea cucumbers [86]. Structures of these gan-
gliosides were determined as 1-O-[(4-O-acetyl-a-L-fucopyranosyl)-(1—11)-(N-glycolyl-
a-D-neuraminosyl)-(2—6)-p-D-glucopyranosyl]-ceramide (139), 1-O-[x-L-fucopyranosyl-
(1—11)-(N-glycolyl-o-D-neuraminosyl)-(2—6)-p-D-glucopyranosyl]-ceramides (140, 141),
1-O-[«-L-fucopyranosyl-(1—11)-(N-glycolyl-x-D-neuraminosyl)-(2—4)-(N-acetyl-x-D-
neuraminosyl)-(2—6)-p-D-glucopyranosyl]-ceramide (144), and homologous to each other
1-O-[(N-glycolyl-D-neuraminosyl)-(2—11)-(N-glycolyl-D-neuraminosyl)-(2—4)-(N-acetyl-
D-neuraminosyl)-(2—6)-D-glucopyranosyl]-ceramides (145, 146). The ceramide moieties of
each compound were composed of sphingosine or phytosphingosine bases and 2-hydroxy-
or nonhydroxylated fatty acid units (Figure 20). Gangliosides 134, 139-146 demonstrated
neuritogenic activity toward the rat pheochromocytoma cell line PC12 in the presence
of NGEF. The proportions of cells with neurites longer than the diameter of the cell body
after the treatment with compounds 134, 139-146 at concentration of 10 uM were of 40.2%,
50.8%, 34.0%, 35.7%, 39.1%, 43.0%, 43.0%, 40.2%, and 35.1%, respectively, in comparison
with the control experiments (NGEF, 5 ng/mL: 7.5%). The effects of 134, 139, and 142-145
were stronger than that of the mammalian ganglioside GM1 (35.6%). Compound 139 with
an acetyl group at the terminal fucopyranosyl unit showed the most potent activity.
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Figure 19. Ganglioside molecular species from the sea cucumber Stichopus chloronotus.

Enantiomeric pairs of sialic acids (D- and L-NeuAc) were converted to D- and L-
arabinose, respectively, by chemical degradation [93]. Using this approach, the absolute
configurations of the sialic acid residues NeuAc and NeuGc as D-forms were determined
in the gangliosides from the sea cucumber Cucumaria echinata. Although naturally occur-
ring sialic acids have been believed to have D-configurations on the basis of biosynthetic
evidence, this is the first report describing the determination of the absolute configuration
of the sialic acid residues in gangliosides using chemical methods.

Starfish and sea cucumbers gangliosides remain to be less studied, in comparison
with cerebrosides. At the same time, about 30 new compounds and/or molecular species
have been isolated since 2000. The carbohydrate chains of the starfish and sea cucumber
gangliosides differ markedly from the carbohydrate chains of mammals as well as from
each other. Generally, besides sialic acid residues, these compounds contain lactoside frag-
ment (Gal-(1—4)-Glc-(1—1)-Cer) and analogous fragment additionally glycosylated with
galactosamine (GalNAc-(1—3)-Gal-(1—4)-Glc-(1—1)-Cer). Part of them are derivatives of
galactosylceramides having (Gal-(1—1)-Cer) moiety.

In the sea cucumbers gangliosides, containing fragments of only two cerebrosides
were found: lactosides glycosylated with galactosamine (GalNAc-(1—3)-Gal-(1—4)-Glc-
(1—1)-Cer), and glucosylceramides (Glc-(1—1)-Cer).

Both starfish and sea cucumber gangliosides contain unusual sialic acid residues,
including sialic acids within carbohydrate chains as well as additional monosaccharide
residues and unusual types of glycosidic bonds between them. For example, terminal
B-D-Fucy was found in the gangliosides from the starfish Acanthaster planci, 8-O-Me-NeuAc
and 8-O-Me-NeuGc were found in the gangliosides from the starfish Linckia laevigata as well
as the glycosidic bond 2—11 between sialic acid residues. The ganglioside from the starfish
Evasterias echinosoma contains an unusual 3-D-N-formyl-galactosamine residue, while the
carbohydrate chains from gangliosides of the starfish Patiria (=Asterina) pectinifera bears the
terminal a-L-arabinofuranose residue and has three forms of galactose (3-D-Galp,, B-D-Galy,
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and o-D-Galp). These gangliosides contain the maximum number of monosaccharide
residues (up to nine), in comparison with other echinoderm gangliosides.
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Figure 20. Gangliosides from the sea cucumber Cucumaria echinata.
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Gangliosides with the terminal «-L-Fuc, were identified in several species of sea
cucumbers along with NeuAc and NeuGc residues within carbohydrate chains. A unique 8-
O-sulfo-NeuAc residue was found in the corresponding substances from the sea cucumber
Stichopus chloronotus. The maximum length of the carbohydrate chain in the sea cucumbers
gangliosides was found in the ganglioside from Stichopus japonicus, which contained seven
monosaccharide residues.

Lipid parts of gangliosides from both starfish and sea cucumbers were similar and
contained both sphingosine and phytosphingosine bases of normal-, iso- and anteiso-types.
Predominantly (2R)-2-hydroxy fatty acids of the normal type were found in these sub-
stances. For gangliosides of starfish and sea cucumbers, only one type of biological activity
was studied, neuritogenic activity toward the rat pheochromocytoma cell line PC12 in the
presence of NGE. In a number of cases, starfish and sea cucumbers gangliosides showed a
higher neuritogenic effect at concentration 10 uM than the mammalian ganglioside GM1,
while some gangliosides exhibited slighter action at the same concentration.

5. Conclusions

To the best of our knowledge, sphingolipids of 15 starfish and 9 sea cucumbers,
mainly common Pacific Ocean inhabitants, have been studied (Table 1). In total, these 24
echinoderm species were used for the isolation and identification of about 150 sphingolipids.
This indicates that echinoderms and, in particular, starfish and sea cucumbers are a rich
source of sphingolipids, structures of which may differ markedly from the corresponding
metabolites of plants and terrestrial animals.

Ceramides are the least studied group of echinoderms sphingolipids. Moreover, since
2000, only studies on starfish ceramides have been carried out. Nevertheless, a big variety
of structural types of the isolated ceramides was detected, for instance, sphingosine and
phytosphingosine LCBs of various lengths, normal-, iso-, and anteiso-types, often having
one or two additional double bonds, were found in starfish ceramides. Fatty acid residues
in starfish ceramides were most often identified as (2R)-2-hydroxy derivatives of various
lengths (usually from C-18 to C-22) with normal hydrocarbon chains, which can also
contain one additional double bonds. The “gray spot” in the study of starfish ceramides is
the lack of data on biological activity, with the exception of the stimulating root growth of
Brassica campestris activity by ceramides from Asterias amurensis.

Cerebrosides are the most studied class of starfish and sea cucumbers sphingolipids.
Generally, about one hundred individual cerebrosides and their molecular species have
been isolated from these animals. As in ceramides, sphingosine and phytosphingosine
LCBs of various lengths with normal-, iso-, and anteiso-structures were found in starfish
and sea cucumber cerebrosides. Unique oxidized sphingosine LCBs with additional hy-
droxy groups at either C-8 and C-9 or C-8 and C-11 were indicated in the sea cucumber
Stichopus japonicus. Mainly saturated and monounsaturated (2R)-2-hydroxy fatty acids
with normal hydrocarbon chains having various lengths were identified as constituents of
these cerebrosides, but nonhydroxylated FAs were sometimes also detected. Almost all the
isolated cerebrosides were monoglycosides and contained glucose or galactose residues.
Cerebroside lactosides were isolated from the starfish Luidia maculata.

The following types of biological activities of starfish and sea cucumbers cerebrosides
were studied: growth-promoting activity of Brassica campestris, anti-fatty liver activity in
rats treated by orotic acid, alleviating adipose atrophy action in cancer-associated cachexia
mice, effects on obesity-related metabolic disorders in mice, cytotoxic activities against KB,
rat glioma C6 cells, and colon cancer Caco-2cells, and proangiogenic action. As result, it
was shown that starfish and sea cucumbers cerebrosides possess various types of biological
activities that are important for their practical application in the human diet and in the
composition of food supplements (Table 1).

Starfish and sea cucumber gangliosides were also studied for some species, and
their structural diversity was proved to be great. Carbohydrate chains of starfish and sea
cucumbers gangliosides have interesting structural features and differ from gangliosides of
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terrestrial animals. Really, the residues of B-D-Fucf, 8-O-Me-NeuAc, and 8-O-Me-NeuGec, 3-
D-N-formyl-galactosamine, as well as terminal o-L-Aray were recently found in the starfish
gangliosides. In gangliosides from holothurians (sea cucumbers), the terminal «-L-Fucy,
cx-L-FuCACp, and 8-O-sulfo-NeuAc were detected.

For starfish and sea cucumbers gangliosides, only one type of biological activity
was studied, namely, neuritogenic activity toward the rat pheochromocytoma cell line
PC12 in the presence of NGF. Therefore, further research of other types of biological
activities including antitumor and anti-inflammatory properties might be of interest. It is
noteworthy that the starfish and sea cucumber gangliosides, as a rule, are species specific.
Therefore, they could be taxonomic markers, such as some unusual starfish polar steroidal
compounds [94,95] and sea cucumber triterpene glycosides [96]. However, the structures
of gangliosides were less studied than those of other secondary metabolites of starfish and
sea cucumbers and require further research.

Previously, we studied the metabolic profile of polar steroid compounds of three
species of starfish and their changes under stress conditions, as well as the metabolic profile
of triterpene glycosides from the sea cucumber Eupentacta fraudatrix [8-13]. The study of
the metabolomic profiles of sphingolipids and their changes under various environmental
conditions can also be one of the directions of metabolomics research. However, first
of all, it is necessary to systematize the literature data on the structures of all types of
sphingolipids, including ceramides, cerebrosides, and gangliosides, in these animals. We
believe this review can help meet this challenge.
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