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Biological effects of the triterpene glycosides, cucumariosides A2-2 and A7-1 from the edible sea
cucumber Cucumaria japonica and their aglycones were investigated using embryos of the sea urchin
Strongylocentrotus nudus and the BALB/C line mouse peritoneal macrophages. Cucumariosides were
highly cytotoxic in a sea urchin embryo development test with EC50 values of 0.3 and 1.98 µg/mL,
respectively. The aglycone was completely lacking in cytotoxicity. In subtoxic concentrations (0.001-
0.1 µg/mL), cucumarioside A2-2 showed more then 2-fold stimulation of lysosomal activity and induced
a rapid short-term increase in cytosolic Ca2+ content in mouse macrophages. The maximal stimulatory
effect was detected after 1-2 h of cultivation of cells with this glycoside. Cucumarioside A7-1
demonstrated more weak effects and even slightly inhibited lysosomal activity, while the aglycone
was completely ineffective. At the toxic concentration (1 µg/mL), cucumarioside A2-2 induced the
sharp irreversable increase of intracellular Ca2+ concentration. We suggested that cucumariosides,
especially A2-2, may act as Ca2+ agonists due to their membranolytic properties.
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INTRODUCTION

The Far Eastern edible sea cucumber (holothurian)Cucumaria
japonica is at the least a source of 13 different triterpene
oligoglycosides cucumariosides (1-4). Aglycones of cucumari-
osides are derivatives of so-called holostane (lanostane (18f20)
lactone). All of these compounds have carbohydrate chains with
five monosaccharide units linked to C-3 of the aglycones.
Glycosides of this series contain one, two, or three sulfate groups
bounded with sugars.

Some triterpene glycosides from the Far Eastern holothurian
C. japonica are known as active substances of a veterinary
immunostimulatory preparation approved for the treatment of
mink, pigs, dogs, and other animals in Russia (5, 6). These
cucumariosides in low doses were shown to increase signifi-
cantly the animal resistance to bacterial infections elicited by
various pathogens (7-9). The effect of cucumariosides is
mediated in part by the increase in macrophage phagocytic
activity, which was at least doubled 7-14 days after the
intraperitoneal injection of the mixture of cucumariosides (0.03
µg/mouse). Cucumariosides were also shown to possess strong
adjuvant properties potentiating the effect of some bacterial
vaccines (8, 9) and demonstrated some antiviral activity, possibly
through the activation of T- and B-cell cooperation (10). The
substances blocked the mitotic activity of rat liver cells at the

concentration of 0.05µg/kg during the first 28-32 h of
treatment but increased the hepatocyte proliferation 12 h later
(11).

Recently, we found that the intraperitoneal injection of
picogram to nanogram doses of some cucumariosides signifi-
cantly induced the macrophage lysosomal activity in a dose-
dependent manner. The stimulatory effect was related to
chemical structures of cucumariosides and was influenced by
the number and positions of sulfate groups in the carbohydrate
moiety of the molecules (12).

Despite comprehensive knowledge concerning chemical
structures and properties of these glycosides as well as their
practical use in veterinary medicine and medicine, the mecha-
nism underlying immunostimulatory properties of the individual
glycosides fromC. japonica remains to be elucidated. To
address this question, effects of two predominant cucumari-
osides, A2-2 and A7-1, from C. japonica(Figure 1) and their
chemically obtained aglycone on the course and amplitude of
intracellular calcium signals and lysosomal activity in mouse
peritoneal macrophages are studied usingin Vitro models.

MATERIAL AND METHODS

Compounds.Cucumarioside A2-2 (1) and cucumarioside A7-1 (2)
from the sea cucumberC. japonicawere obtained as described (Figure
1). Aglycones were obtained using acid hydrolysis of glycosides (13).
Chemical structures and purities of the obtained compounds were
confirmed by the determination of their physical constants, by the
mobility on silica gel TLC plates, and by1H and 13C NMR spectra
(1, 2).
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Cytotoxicity. The sea urchinStrongylocentrotus nudusembryos were
used as a test material for cytotoxic bioassays, according to the method
of Kobayashi (14) with some modifications. To isolate the mature eggs
or sperm, 1-2 mL of 0.5 M KCl solution was injected into the cavity
of a sea urchin. The eggs and sperm (separately) were collected into
glass beakers with seawater. When the female had completly spawned,
the eggs were allowed to settle to the bottom of a cultivator box filled
with filtered and aspirated seawater and then seawater. This process
was repeated three times in order to wash out the egg’s jelly coating.
After artificial fertilization, 0.9 mL of egg suspension with a density
of 1 × 103 cell/mL was put into each well of a 24 well microplate
containing the sample solutions (0.1 mL) and the plate was kept at
20-22°C during 2 h before the stage of eight blastomeres (control).
Then, aliquots of formaldehyde solution (2%) were added to each well
to fix the embryos. A hundred embryos were examined at each
concentration of toxicant, and the number of developed eight blas-
tomeres were determined with the inverted microscope. All experiments
were repeated in triplicate. The results were expressed as percent of
the controls and plotted. The means and standard errors (SE) for each
treatment were calculated, and EC50 values were estimated using
SigmaPlot 3.02 software (Jandel Scientific, San Rafeal, CA).

Ca2+ Signaling in Single Macrophages.Biomembrane permeable
Ca2+ sensitive fluorescent probes and microcytophotometry techniques
were applied to record [Ca2+]i changes in single macrophages (15).
BALB/C line mice were used as a source of peritoneal macrophages.
The mouse peritoneal macrophage suspension (20µL) was transferred
to glass coverslips and stored for 1 h in anincubator at 37° for cell
adhesion. Then, the coverslips were washed (three times) with PBS
(pH 7.5) and transferred to 10µM Calcium Green-1/AM (Molecular
Probes) in saline solution to load cells with fluorescent dye for 40 min
at 37°C. The components of saline solution were as follows: NaCl,
140 mM; KCl, 5 mM; CaCl2, 1 mM; HEPES, 10 mM, pH 7.4. Then,
cells were washed with the same solution but without fluorescent dye
and incubated for 15-20 min in serum-containing medium to let cells
recover. After that, coverslips were mounted on an epifluorescent
microcytometer (LUMAM IUF-1, St.-Petersburg, Russia). The light
from a mercury lamp was filtered through a FITC band-pass filter block
(488 nm) and focused on a single cell. The emitted fluorescence was
directed to a PMT connected with an amplifier and a 14 bit AD/DA
converter (Decision Computer International Co., Taipei, Taiwan). The
recording and quantitation of fluorescence changes were performed
using our own C++ laboratory made software. Changes in single cell
fluorescence were expressed asF/F0, whereF0 is the cell background
fluorescence (mV) andF is the resulting maximum fluorescence after
glycoside treatment (mV). A micropipet perfusion system with a flow
rate of 100µL/min was used to apply the test solution of glycosides to
macrophages plated on the glass coverslip. All experiments were
performed at 20-22°C.

Lysosomal Activity. An estimation of intracellular lysosome activity
was conducted by staining and the localization of lysosomes in live
macrophages with a fluorescent dye Acridine orange (16-18) followed
by fluorescence image analysis. The image analysis of lysosomal
fluorescence was done according to the Lowe method (19) with
modifications. For this purpose, 250µL of a BALB/C mice peritoneal
fluid was applied on a microscope cover glass and left at 37°C in an
incubator for 1 h. After adhesion of macrophages, the cover glasses
were washed (three times) with PBS (pH 7.5). A 250µL amount of
Acridine orange solution (Calbiochem, 100µg/mL in PBS) was added
dropwise to the cell monolayer, and glasses were incubated at 37°C

for 30 min. The cell monolayers were then washed (three times) in
PBS. Cover glasses were mounted on a microscopic glass of epifluo-
rescent microcytometer (LUMAM IUF-1). The FITC filter block was
set for visualization of Acridine fluorescence in lysosomes. The images
of red-orange fluorescent cells were acquired using digital CCD color
videocamera CCS-212 (Samsung, Seoul, Korea), captured, and trans-
ferred to an IBM compatible computer with WinFast 3D S680 frame
grabber (Leadtek, Taipei, Taiwan). The true color acquired images were
transformed to the 256 grey scale using PhotoShop 3.0 software (Adobe
Systems Inc., San Jose, CA), and gray level intensity of cells was
determined with Axon Image Workbench 2.1.1 software (Axon
Instruments Inc., Foster City, CA). The fluorescence of randomly
selected 100 cell images was measured for each concentration of tested
compounds as an average pixel intensity of gray level for each cell.
The intensity of lysosome fluorescence in cells from treated animals
was expressed as a percentage of the average fluorescence of 100 cells
in comparison with the fluorescence of control cells.

RESULTS

Cytotoxicity. The cytotoxic activities of cucumariosides A2-
2, A7-1, and aglycone were measured in a sensitive sea urchin
embryo development test instead of the conventional cytotoxicity
methods based on the Trypan blue cell stain to avoid the errors
related with dye penetration into the cells through the pores
generated by glycosides. It was found that cucumariosides had
high antimitotic activities and exhibited many undivided
(blocked) and lysed blastomeres when applied at a concentration
over 5 µg/mL. Many morphological abnormalities, such as
abnormal cleavages (three blastomeres, shaped eggs, and
unequal cleavages) and delay of development at lower concen-
trations of cucumariosides, were observed. EC50 values of
cucumariosides A2-2 and A7-1 were determined as 0.30 and 1.98
µg/mL, correspondingly; the aglycone did not show any activity
to 100 µg/mL. In concentration ranges of 0.1-0.001 µg/mL
(subtoxic doses), all tested compounds did not influence embryo
development of the sea urchins. Representative dose-response
curves are illustrated inFigure 2.

Ca2+ Signaling in Single Macrophages.The increased Ca2+

intracellular content in the presence of cucumariosides in the
concentration range of 0.001-0.1µg/mL was detected with a
Calcium Green-1/AM preloaded single mouse macrophage.
Figure 3 depicts the typical responses of macrophages to various
doses of cucumarioside A2-2. Changes in basal [Ca2+]i were
observed after several seconds following glycoside addition to
the cell monolayer; [Ca2+]i increased sharply after glycoside
treatment and then slowly decreased to the basal level (Figure
3). The rise in [Ca2+]i was transient at the mentioned above

Figure 1. Chemical structures of triterpene glycosides from the sea
cucumber C. japonica.

Figure 2. Cytotoxic effects of cucumariosides on the sea urchin S. nudus
embryo.
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glycoside concentrations, peaking within 10-60 s and declining
slowly to the control value of about 50-150 s.

The intensity of the short-term Ca2+ spikes depended on the
glycoside concentration in the extracellular incubation medium.
When the [Ca2+]i responses in individual experiments were
compared, a dose-response relationship with various doses
(0.001-0.1µg/mL) of cucumariosides was observed (Figure
4). The dose-response curve was linear at all nontoxic
concentrations examined. Among the studied glycosides mono-
sulfated cucumarioside, A2-2 was the most active compound in
inducing a rapid increase in cytosolic Ca2+ content when
compared with the polysulfated cucumarioside A7-1 producing
a weak effect. The aglycone was absolutely ineffective (Figure
4). Simultaneously, toxic concentration (1µg/mL) of A2-2 or
A7-1 gave the sharp increase of intracellular calcium level, but
the subsequent recession was not detected.

Lysosomal Activity. Using the Acridine orange technique
to stain lysosomes in viable cells, the significant stimulation of
mouse BALB/C macrophage activityin Vitro by cucumarioside
A2-2 was detected (Figures 5and6). Monosulfated cucumari-
oside A2-2 (Figure 1) action was estimated to be accompanied
by about 2-fold stimulation of macrophage lysosomal activity,

which was expressed in the increase in number and volume of
lysosomes as well as their acidity in mouse peritoneal mac-
rophages. The stimulation of cell activity depended on the
cucumarioside A2-2 concentration in the incubation medium
(from 0.002 to 2.0µg/mL). It was established that the most
effective concentration was of 0.02µg/mL; additional augmen-
tation of cucumarioside concentration in the incubation medium
resulted in reduction of effect down to inhibition (Figure 6).
The peak of the glycoside-mediated stimulatory effect was
registered after 2 h of cell cultivation at a glycoside concentra-
tion of 0.02µg/mL. The subsequent increase of incubation time
up to 3 h lead to some decrease of the stimulatory effect (Figure
5).

However, the trisulfated cucumarioside A7-1 (Figure 1)
induced a weak peak of lysosome stimulation at low concentra-
tions (less than 0.1µg/mL). Moreover, this compound even
slightly inhibited lysosomal activity at higher concentrations as
0.2-2 µg/mL. The aglycone alone was completely inactive
(Figure 6).

DISCUSSION

Triterpene glycosides from holothuriods have a wide spectrum
of biological effects including cytotoxic, hemolytic, antifungal,
ichthiotoxic, and other activities. A majority of the activities
are based on the interaction of these compounds with membrane

Figure 3. Modulation of [Ca2+]i in mouse single macrophages preloaded
with Calcium Green-1 by cucumarioside A2-2. Cucumarioside concentra-
tions: 1, 1 µg/mL; 2, 0.1 µg/mL; 3, 0.01 µg/mL; and 4, 0.001 µg/mL.

Figure 4. Dose−response relationship between concentration of cucu-
mariosides and [Ca2+]i in Calcium Green-1 preloaded single mouse
macrophages determined by fluorescence microcytophotometry. Values
are means ± SE (n ) 10).

Figure 5. Dependence of macrophage lysosome activity on time of cell
incubation with cucumarioside A2-2 (0.02 µg/mL).

Figure 6. Effects of cucumariosides on BALB/C mouse peritoneal
macrophage lysosomal activity in vitro. Time of cell incubation with
glycosides is 2 h. Values are means ± SE (n ) 100).
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sterols. This interaction results in the formation of pores, changes
in membrane ion permeability and viscosity, and profound
inhibition of some membrane enzymes, especially ATPases, that
finally lead to cell death (4,20).

At the same time, subtoxic concentrations of these triterpene
glycosides may result in cellular activation and potentiation of
cellular functions. Applied in low concentrations, some glyco-
sides induced an increase of phagocytosis by human polymor-
phonuclear leucocytes (21) and showed mitogenic activities and
modulated the immune response in mice T- and B-lymphocytes,
while high concentrations were found to suppress cellular
function (22).

Nevertheless, these studies do not deal with the mechanism
by which holothurian triterpene glycosides stimulate cellular
activity. For some higher plant glycosides, the activation of Ca2+

uptake from extracellular environment was shown. The triter-
pene glycoside cauloside C was found to increase [Ca2+]i in
human fibroblasts, which was accompanied with more than
2-fold stimulation of cell proliferation in serum-free culture
medium. The stimulation was caused by activation of membrane-
associated Ca2+ channels at the excess of calcium incorporated
into cells with glycoside (23). Digitonin at subskinning con-
centrations caused the formation of pores in plasma membranes
as a result of the interaction with cholesterol and produced an
increase in cultivated cardiac cell motion and an augmentation
in [Ca2+]i while membrane fluidity was decreased (24). Ginseng
glycoside Rg1 stimulated the proliferation of lymphocytes,
influenced the fluidity of lymphocyte cytoplasmatic membrane
(25), and protected cardiomyocytes in the case of ischemia
disease. These findings were associated with the glycoside
modulation of K+-dependent Ca2+ channel current and K+, Na+,
and Ca2+ transport across the cellular membrane (26-28).

It is well-known that a change in intracellular free Ca2+

concentration is a crucial signal for diverse cellular functions
(29, 30). A [Ca2+]i increase is usually contributed by Ca2+

mobilization from intracellular stores and/or Ca2+ entry from
extracellular space through specific natural membrane Ca2+

channels, artificial pores, ion exchangers, and due to Ca2+-
ionophore activity. In the present study, the involvement of
intracellular Ca2+ as a possible messenger in the cucumarioside
effects was investigated. Because the macrophage lysosomal
activity stimulation occurred at the same subtoxic concentration
range (picograms to nanograms per milliliter) of cucumarioside
A2-2 that reversibly increased [Ca2+]i, it is quite possible that
this stimulatory effect was Ca2+-dependent and the lysosomal
activity stimulation was implemented via the regulation of
cellular membrane permeability for calcium ions. The toxic
concentrations of cucumarioside A2-2 (as well as cucumarioside
A7-1) triggered a rapid irreversable prolonged lifting of the basal
Ca2+ level into macrophages corresponding to reducing in
lysosomal activity. Apparently, the previously known membra-
nolytic and acute cytotoxic activities of sea cucumber glycosides
may be caused by this effect. Therefore, some cucumariosides
may probably act as Ca2+ agonists due to their membranolytic
properties.

The difference between mono- and trisulfated glycosides and
aglycone in potentiation of [Ca2+]i increasing and the stimulation
of macrophage lysosomal activityin Vitro shows the importance
of the carbohydrate chain and especially the presence and
number of sulfate groups in carbohydrate moieties to exert the
maximal stimulation of the immune response. This findings
support the data on cytotoxicity obtained with sea urchin embryo
in the present study and with differences in K+ release from

erythrocytes followed by hemolysis at the action of cucumari-
osides with different chemical structures (31).

On the other hand, a significant stimulatory effect of some
cucumariosides on macrophage lysosomal activity was not
observed during 0.5 h after glycoside addition. It may indicate
that a complex pathway of signal transduction is responsible
for the lysosome stimulation. Perhaps, the observed biological
effects of the studied compounds may be generated by both
the biomembrane barrier damage and a signal transduction
mechanism involving an interaction with a membrane steroid
receptor, modulating the rapid opening of Ca2+ channels.

In fact, some authors assume that some ginsenosides bind
with steroid receptors or their analogues because steroid
hormones and ginsenosides are similar in their gross molecular
shapes and have certain structural conformity. Moreover,
steroids with glucocorticoid activities are reported to induce a
similar response to glycosides that affects macrophages and
granulocytes (32,33). It may be suggested that the cucumari-
oside interaction with biomembrane steroid receptors may also
contribute to macrophage [Ca2+]i mobilization and lysosome
alteration.

Finally, our results are in a good agreement with the
previously obtained data on immunostimulatory activities of
some cucumariosides inin ViVo tests. It was demonstrated that
the intraperitoneal injection of picogram to nanogram doses of
several cucumariosides induced macrophage lysosomal activities
of mice at day 4 after the treatment. However, the mechanism
of this immunopotentiating remained unclear (12). The present
study reveals the directin Vitro interaction of cucumariosides
with target peritoneal macrophages evoking [Ca2+]i response
followed by macrophage activation.

ABBREVIATIONS USED

FITC, fluorescein isothiocyanate; EC50, effective concentra-
tion causing 50% effect; [Ca2+]i, intracellular Ca2+ concentra-
tion; PBS, phosphate-buffered saline; HEPES, N-[2-hydroxyethyl]-
piperazine-N′-[2-ethanesulfonic acid]; TLC, thin-layer chromato-
graphy; PMT, photomultiplier tube; NMR, nuclear magnetic
resonance.
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