Chapter 24
Cytotoxic Triterpene Glycosides from
Sea Cucumbers

Valeria P. Careaga and Marta S. Maier

Abstract The class Holothuroidea (sea cucumbers) belonging to the phylum Echi-
nodermata is characterized by the production of triterpene glycosides with sulfate
groups attached to the monosaccharide residues in a great majority of the saponins
isolated so far. Due to their toxicity and membranotropic action, these polar com-
pounds have attracted the attention of chemists and pharmacologists and a wide
spectrum of biological activities has been found for these secondary metabolites.
The purpose of this communication is to review the structural characteristics and
the cytotoxic properties of triterpene glycosides isolated from sea cucumbers in
the last five years, focusing on structure-activity correlations and research on their
mechanisms of action.

Keywords Triterpene glycosides « Sea cucumbers * Echinodermata - Cytotoxic
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24.1 Introduction

Echinoderms belonging to the class Holothuroidea (sea cucumbers) produce com-
plex mixtures of triterpene glycosides (holothurins) that are responsible for their
general toxicity and may play a defensive role due to their membranotropic ac-
tion [1, 2]. Most of these saponins contain an aglycone based on a “holostanol”
skeleton [3[3,205-dihydroxy-50.-lanostano-18,20-lactone] (1) (Fig. 24.1) and a
sugar chain of two to six monosaccharide units linked to the C-3 of the aglycone.
Two main series of aglycones can be distinguished in their structures: glycosides
based on a 3B-hydroxy-holost-9(11)-ene aglycone and those containing a 3f-
hydroxy-holost-7-ene skeleton. Usually aglycones that have a A>!! double bond are
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Fig. 24.1 Structure of hypothetical holostanol

characteristic of sea cucumbers belonging to the order Aspidochirota, while those
with a A7 unsaturation were generally isolated from animals of the order Dendro-
chirotida.

Sea cucumber triterpene glycosides differ in the composition and number of the
sugar units, the number and positions of the sulfate groups and the structural charac-
teristics of the aglycone. Some examples of holothurins having non-holostane agly-
cones have been found in seven species of sea cucumbers belonging to the order
Dendrochirotida. The majority are monosulfated at the glucose or xylose units [1].

Most of the triterpene glycosides are tetra- or pentaglycosides. Carbohydrate
units include quinovose, glucose, 3-O-methylglucose, xylose and sometimes 3-O-
methylxylose, 3-O-methylquinovose, 3-O-methylglucuronic acid and 6-O-acetyl-
glucose. The first monosaccharide unit is always xylose, while 3-O-methylglucose
and 3-O-methylxylose are always terminal. Sixty percent of the triterpene glycosides
isolated so far from holothurians have sulfate groups linked to the monosaccharide
units of the oligosaccharide chain. Although most of them are monosulfated oligo-
glycosides, a number of di- and trisulfated glycosides have been isolated, mainly
from the order Dendrochirotida. Most tetra- and pentasaccharides are sulfated at
C-4 of the xylose unit. Additional sulfate groups at C-6 of the 3-O-Me-glucose and
glucose units have been found in trisulfated tetraglycosides. The majority of tetra-
saccharides show a linear chain with the most common 3-O-Me-Glc-(1 — 3)-Glc-
(1—>4)-Qui-(1 —>2)-Xyl structure. The few disaccharides that have been isolated
show a Qui-(1— 2)-4-OSO,Na-Xyl chain attached to C-3 of the triterpenoid agly-
cone. Some hexasaccharides have been isolated from sea cucumbers of the order
Aspidochirota: Stichopus japonica, Stichopus chloronotus, Parastichopus califor-
nius and Bohadschia bivittata [1]. They are non-sulfated glycosides with a linear
3-O-Me-Gle-(1 — 3)-Gle-(1 - 4)-Xyl chain and a branching of a linear trisaccha-
ride at C-2 of the xylose unit.

Several holothurins are specific for different taxonomic groups of sea cucum-
bers and structural characteristics of triterpene glycosides have been used to resolve
taxonomic problems in the class Holothuroidea [3].

Triterpene glycosides are produced in the skin and in the Cuvier’s tubules of sea
cucumbers and are ejected when the animals are disturbed. This behavior may be
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associated to a defensive function due to the ability of holothurins to form complex-
es with cholesterol and other A 3-sterols that lead to the development of single ion
channels and larger pores which cause significant changes in the physico-chemical
properties of cell membranes [4-6]. Sea cucumbers are resistant to their own toxins
due to the presence of A’7-, 140-methyl- and 140-dimethyl-A%!'-sterols as well as
their conjugated forms such as steryl sulfates and steryl xylosides [7].

Sea cucumbers are important as human food source and they have long been uti-
lized in folk medicine in Asia. Their triterpene glycosides exhibit a wide spectrum
of biological effects: antifungal, cytotoxic, hemolytic, cytostatic and immunomodu-
latory activities [5]. These biological activities are a consequence of their membra-
notropic action against any cellular membrane containing A3-sterols.

Several monographs concerning the structures and biological activities of ho-
lothurins have been published [1-3, 5, 8—10]. The aim of the present review is to
report the most recent findings in the field, focusing on the structural characteristics
and cytotoxic activities of these glycosides from 2009 to 2013.

24.2 Chemical Structure and Cytotoxic Activity

24.2.1 Glycosides with 33-hydroxy-holost-9,11-ene Aglycones

Two new triterpene glycosides with hydroxyl groups at positions 120 and 1700 of
the holostanol skeleton, scabrasides A (2) and B (3) (Fig. 24.2), were isolated from
the sea cucumber Holothuria scabra [11]. This holothurian is widely distributed
in the South China Sea and is used as a tonic in China. The in vitro cytotoxicity of
both glycosides was evaluated against human leukemia (HL-60, MOLT-4), human
lung cancer (A-549), and human hepatoma (BEL-7402) cells. Compounds 2 and 3
showed high activities towards HL-60 and MOLT-4 with IC,; values of 0.05 and
0.09 uM (for compound 2) and of 0.25 and 0.08 uM (for compound 3), respectively.
Both compounds displayed lower activities towards A-549 and BEL-7402 cells.

The new sulfated triterpene glycoside scabraside D (4) (Fig. 24.2) showed sig-
nificant cytotoxicity against A-549 (IC, =1.72 uM), mouse leukemic cell (P-388)
(IC,,=0.96 uUM), gastric cancer cell (MKN-28) (IC,;=1.27 uM), human colorectal
cancer cell (HCT-116) (IC,,=1.72 uM), and human breast cancer cell (MCF-7)
(IC5,=1.80 uM) [12].

Two sulfated tetraglycosides, hemoiedemosides A (5) and B (6), (Fig. 24.3) iso-
lated from the Patagonian sea cucumber Hemioedema spectabilis [13] were evalu-
ated for in vitro cytotoxicity and antiproliferative activity on human lung cancer
(A-549) and cervical cancer (HeLa) cell lines [14]. Compounds 5 and 6 differ only
in the degree of sulfation of the oligosaccharide chain. Trisulfated glycoside 6 con-
tains an additional sulfate group at C-6 of the terminal 3-O-methyl glucose unit.
Glycoside 6 exhibited high antiproliferative activity towards Hela and A-549 with
IC,, values of 2.15 and 3.16 UM, respectively. Compound 5 was less active than 6
with IC, values of 7.43 UM in A-549 and 9.95 uM in HeLa cell lines. Besides, the



518 V. P. Careaga and M. S. Maier

@)
o 5 R;,=SO;Na R3=H
CH,0R,
CH,OR, S0 9 OH 6 Rj 3= SO3Na
0. O
OH OH

OH

Fig. 24.3 Chemical structures of hemoiedemosides A (5) and B (6)

higher cytotoxicity of glycoside 6 on both cell lines with CC, values of 2.80 uM for
Hela and 5.96 uM for A-549 may be related to the presence of a third sulfate group
in the carbohydrate chain. Similar results were observed for okhotosides B, B,
and B,. Monosulfated okhotoside B, showed lower cytotoxicity than the disulfated
analogs B, and B, in HeLa cell line [15].

One new sulfated diglycoside, leucospilotaside B (7) (Fig. 24.4) was isolated
from the sea cucumber Holothuria leucospilota [16]. Glycoside 7 exhibited signifi-
cant cytotoxicity against four tumor cell lines (lung cancer A-549, leukocythemia
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Fig. 24.4 Chemical structure of leucospilotaside B (7)

HL-60 and MOLT-4, and liver cancer BEL-7402) with IC,, values ranging from
0.44-2.62 ng/ml.

Two new disulfated holostane glycosides with an acetyl group at position 163
of the aglycone, pentactasides B (8) and C (9) (Fig. 24.5), were isolated from the
sea cucumber Pentacta quadrangularis [17]. Both saponins differ only in the side
chain of the triterpene aglycone. The in vitro cytotoxicity of both glycosides was
evaluated against five human tumor cell lines (P-388, A-549, HCT-116, MCF-7 and
MKN-28). Compounds 8 and 9 showed significant cytotoxicities against all tumor
cell lines with IC,, values between 0.09 and 2.30 uM. Interestingly, the activity of 8
against HCT-116 (IC,;=0.09 uM) and of 9 against A-549 (IC,,=0.58 uM) was sig-
nificantly higher than that of the positive control, 10-hydroxycamptothecine (ICj,
of 0.14 and 0.74 uM, respectively).

Two sulfated triterpene glycosides, holothurin A, (10) and 24-dehydroechino-
side A (11) (Fig. 24.6), isolated from the sea cucumber Pearsonothuria graeffei,
possess an identical carbohydrate chain and differ in their side chains [18]. Gly-
coside 10 has a hydroxyl group at C-22, while 11 possesses a 24(25)-double bond.
Both glycosides were evaluated for their effects on metastasis in vitro and in vivo.
Both compounds strongly inhibit tumor metastasis but 10 had more potent anti-
metastatic activity than 11, suggesting that the 24(25)-double bond in the side chain
of 11 could promote antimetastasic activity. In addition, only glycoside 10 markedly
suppressed the expression of NF-«B indicating that a hydroxyl group at C-21 may
relate to the targeting of NF-xB in tumor metastasis. Recently, 24-dehydroechino-
side A (11) was isolated from the sea cucumber Holothuria scabra [12] and showed
significant cytotoxicity (IC,;=0.41-1.21 uM) against five tumor cell lines (P-388,
A-549, MKN-28, HCT-116 and MCF-7).

Ds-echinoside A (12) (Fig. 24.7), a non-sulfated triterpene glycoside, was iso-
lated for the first time as a natural product from the sea cucumber P. graeffei [37].
Previously, it had been obtained by desulfation of echinoside A [19]. Compound
12 inhibited the proliferation of human hepatocellular liver carcinoma cells HepG2
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Fig. 24.5 Chemical structures of pentactasides B (8) and C (9)
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Fig. 24.6 Chemical structures of holothurin A, (10) and 24-dehydroechinoside A (11)

(IC,,=2.65 uM) and suppressed HepG2 cell adhesion, migration and invasion in a
dose-dependent manner. It exhibited a significant antimetastatic activity through the
specific inhibition of NF-AB-dependent matrix metalloproteinase-9 (MMP-9) and
vascular endothelial growth factor (VEGF) expressions.

Recently, echinoside A (13) (Fig. 24.7) was isolated from P. graeffei [21]. Gly-
coside 13 and its desulfated analog 12 exhibited marked anti-cancer activity in
HepG?2 cells by blocking cell-cycle progression and inducing apoptosis through the
mitocondrial pathway.
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Fig. 24.7 Chemical structures of ds-echinoside A (12) and echinoside A (13)

24.2.2 Glycosides with 33-hydroxy-holost-7-ene Aglycones

Two monosulfated glycosides (14 and 15) (Fig. 24.8) with an oxygenated function
at C-16 and differences in the third unit of the carbohydrate chain were evaluated
for their effects on caspase activation and apoptosis of human leukemia (HL-60)
cells [22]. Frondoside A (14), a major triterpene glycoside isolated from sea cucum-
ber Cucumaria frondosa, has an acetoxy group at C-16 of the aglycon and xylose
as the third monosaccharide residue [23], while cucumarioside A,-2 (15), isolated
from Cucumaria japonica, depicts a 16-keto group and a glucose residue as the
third monosaccharide unit in the carbohydrate chain [24].

Both glycosides strongly induced apoptosis of HL-60 cells, but frondoside A
(14) had more potent effects than cucumarioside A,-2 (15) on cytotoxicity, cell
cycle changes and apoptosis. This study indicated that the acetyl group at C-16 of
the aglycon in frondoside A may play a significant role in frondoside’s cytotoxicity
and caspase activation since glycoside 14 led to no caspase activation before early
apoptosis while cucumarioside A,-2-induced apoptosis was caspase-dependent.
New studies on cucumarioside A -2 have shown that this glycoside affects mouse
cell immunity in vitro, which is reflected in significant changes in immune cell
morphology and behavior [25]. A new immunomodulatory lead named cumaside
was created on the basis of a mixture of monosulfated triterpene glycosides isolated
from C. japonica (mainly cucumarioside A -2) with cholesterol in an approximate
molar ratio of 1:2. Cumaside showed antitumor activity against different forms of
experimental mouse Ehrlich carcinoma in vivo both independently and in combina-
tion with cytostatics [26].

Recently, it has been demonstrated that frondoside A inhibited the migration
of human breast cancer cell line MDA-MB-231 in a wound healing assay [27] as
well as the metastasis in vivo from a gland-implanted tumor [28]. Frondanol-ASP,
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Fig. 24.8 Chemical structures of frondoside A (14) and cucumarioside A, 2 (15)

a parent compound containing C. frondosa-derived glycosides, inhibited growth of
S2013 and AsPC-1 pancreatic cancer cells [29].

Four new triterpene glycosides, cucumariosides H (16), H, (17), H, (18) and
Hg (19) along with the known cucumarioside H (20) (Fig. 24.9) were isolated from
the Far Eastern sea cucumber Eupentacta fraudatrix. These glycosides have a rare
branched pentasaccharide carbohydrate moiety with one sulfate group at C-4 of the
first xylose unit and 3-O-methyl-D-xylose as the terminal monosaccharide unit.
Glycosides 16-18 and 20 differ from each other in the side chains of the aglycones,
while cucumarioside Hg (19) has a novel aglycone with an unprecedented 16(22)-ep-
oxy group [30]. The cytotoxic activities of glycosides 16—18 and 20 against mouse
spleen lymphocytes and hemolytic activity against mouse erythrocytes were stud-
ied. Glycoside 17 having a 24(25)-double bond in the aglycone side was less ac-
tive, while cucumariosides H (20) and H, (16) having diene-systems and H, (18)
with a saturated side chain in the aglycone moiety showed a more potent cytotoxic
and hemolytic activities. The new cucumarioside H, (21) with a 25-hydroxyl group
in the side chain showed low activity against mouse spleen lymphocytes and Eh-
rlich carcinoma cells [31]. Evaluation of the cytotoxicity of new minor cucumari-
osides A, (22), A (23), A, (24), A, (25), A (26), A, (27) and A, (28) showed that
glycosides 22 and 26 were the most active [32]. These results demonstrate that the
structure of aglycone side chains influences significantly the cytotoxic action of
these glycosides.

Patagonicoside A (29), the major triterpene glycoside of the sea cucumber Pso-
lus patagonicus [33], and its desulfated analog (30) (Fig. 24.10) were tested for
their antiproliferative activity in human hepatocellular (Hep3B), human mammary
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Fig. 24.9 Chemical structures of cucumariosides H; (16), H, (17), H, (18), H, (19), H (20), H,
(21), A, (22),A,(23),A,(24), A (25), A, (26), A, (27) and A ; (28)

(MDA-MB231), and human lung (A-549) carcinoma cells. Both compounds were
able to suppress the growth of the three tumor cell lines. Compound 30 exhibited
a slightly stronger antiproliferative activity for Hep3B (IC,,=5.09 uM) and MDA-
MB231 (IC,,=5.39 uM) while the effect for A-549 was similar to that of Patago-
nicoside A with IC, values of 16.53 and 15.04 UM, respectively. Studies on the
structure-activity relationship for sea cucumber glycosides revealed that their bio-
logical activities depend on both the aglycone and the carbohydrate structures. An
18(20)-lactone in the aglycone moiety is an important requirement for membrano-
tropic action, together with the presence of a linear tetrasaccharide fragment in the
carbohydrate chain. Besides, glycosides containing quinovose as the second mono-
saccharide unit are the most active. Patagonicoside A (29) and its desulfated ana-
log (30) contain these favorable structural features. Nevertheless, both glycosides
showed low hemolytic activity (82 and 87 UM, respectively) in comparison with sea
cucumber triterpene glycosides containing a linear tetrasaccharide chain [5]. This
could be assessed to the uncommon presence of two 12¢t- and 170-hydroxyl groups
and a A7 double bond in the aglycone moiety and may be related to their lower level
of cytotoxicity. In order to approach to the mechanism of antiproliferative action
of these compounds, the effect of both glycosides on nuclear factor-kB (NF-xB)
activation was studied. Patagonicoside A and its desulfated analog promoted NF-
kB translocation to the nucleus of tumor cells A-549, in absence and in presence of
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Fig. 24.10 Chemical structures of Patagonicosides A (29) and its desulfated analog (30)

the tumor necrosis factor-o. (TNF-o.). Hence, their antiproliferative action would be
related to their membranolytic activity [34].

Chemical examination of the sea cucumber Pseudocnus dubiosus leoninus led to
the isolation of a new disulfated tetraglycoside Pseudocnoside A (31) (Fig. 24.11)
[14]. Compound 31 was evaluated for in vitro cytotoxicity and antiproliferative
activity on two human tumor cell lines (A-549 and HeLa) and these activities were
compared to those of two structurally related triterpene glycosides, patagonicosides
B (32) and C (33) (Fig. 24.11) isolated from Psolus patagonicus [35]. The antip-
roliferative activity of 31 in A549 cells (IC,,=14.53 uM) was considerably higher
than in HeLa cells (IC,,=57.36 uM). Patagonicosides B (32) and C (33) exhibited
similar antiproliferative and cytotoxic activities in HeLa and A549 with IC,, values
of 7.94 and 9.73 uM (for compound 32) and of 3.57 and 5.56 uM (for compound
33), respectively. This study indicated that hydroxyls at C-12c and C-170. may play
an important role in the cytotoxicity of these glycosides in comparison to a keto
group at C-16 as in compound 31.

Stichoposide C (34) (Fig. 24.12) is a quinovose-containing hexaoside that was
isolated from the sea cucumbers Stichoposus chloronotus [36] and Thelenota anan-
as [37].

Glycoside 34 induced apoptosis in mouse CT-26 subcutaneous tumor and HL-60
leukemia cells in a dose-dependent manner and increased ceramide generation in
vivo through activation of acid and neutral sphingomyelinases [38].
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Fig. 24.12 Chemical structure of Stichoposide C (34)

24.3 Concluding Remarks

During the last five years many new examples of sea cucumber glycosides were iso-
lated, in particular those containing a 3B-hydroxy-holost-7-ene aglycone. Notably,
the sea cucumber Eupentacta fraudratrix is a rich source of triterpene glycosides
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containing this type of aglycone and displaying differences in their side chains. An
increased interest in the evaluation of the cytotoxicities of these polar metabolites
has allowed establish structure-activity correlations as well as investigation on their
mechanisms of action. Frequently, different tumour cell lines exhibit a differential
sensitivity to the cytotoxic effects of sea cucumber glycosides, which can be related
to their chemical structures.

Usually, sea cucumber triterpene glycosides occur as complex mixtures of
structurally related compounds that are present in low amounts in the organisms.
Therefore, their isolation requires a combination of chromatographic procedures
to obtain the pure compounds. Recently, new strategies based on the isolation of
partially purified mixtures of bioactive triterpene glycosides and their admixture
with cholesterol, such as cumaside, pose new alternatives to the development of
pharmaceutical drugs. The growth of sea cucumbers by aquaculture would contrib-
ute to the supply of triterpene glycosides preventing the overexplotation of these
echinoderms.
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