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Abstract: The effects of fucose-containing sulfated polysaccharides, ascophyllan and
fucoidan, isolated from the brown alga Ascophyllum nodosum, on the growth of various
cell lines (MDCK, Vero, PtK;, CHO, HeLa, and XC) were investigated. In a colony
formation assay, ascophyllan and fucoidan showed potent cytotoxic effects on Vero and
XC cells, while other cell lines were relatively resistant to these polysaccharides. Almost
no significant effects of these polysaccharides were observed in the cell lines tested using
the Alamar blue cytotoxicity assay over 48 h with varying initial cell densities
(2500-20,000 cells/well) in growth medium. Interestingly, a significant growth
promoting effect of ascophyllan on MDCK cells was observed, whereas treatment with
fucoidan showed growth suppressive effects on this cell line under the same experimental
conditions. These results suggest that ascophyllan is distinguishable from fucoidan in
terms of their bioactivities. This is the first report of the growth promoting effects of a

sulfated fucan on a mammalian cell line under normal growth conditions.



INTRODUCTION

Marine organisms are not only very important resources as food, feed, and energy, but
they are also rich sources of structurally diverse bioactive compounds with valuable
pharmaceutical and biomedical potentials. Marine algae are an especially major source of
industrially important polysaccharides, including agar, carrageenan, and alginate. In
addition to their importance in the food and cosmetic industries, polysaccharides derived
from marine algae have been drawing much attention as important bioactive natural
products. It has been shown that algal polysaccharides have a wide spectrum of activity in
various biological systems depending on the compositions, entire structures, and the
physicochemical properties. Some of them even show therapeutic effects on viral
infection and tumor metastasis (1-4). A description of the use of seaweed products for
medical purposes is found in traditional Chinese herbal medicine as early as the sixteenth
century (5, 6).

A common structural feature of sulfated polysaccharides is that they contain sulfate
half-esters in their sugar residues. Among the sulfated polysaccharides, the sulfated
fucans found in marine brown algae, often called fucoidans, are well known to have
potent anticoagulant and antithrombotic activities. Algal fucoidans are mainly found in
Fucales and Laminariales, but are also present in Chordariales, Dictyotales,
Dictyosiphonales, Ectocarpales, and Scytosiphonales. In fact, this kind of sulfated
polysaccharide has been discovered in all the brown algae (Phacophyceae) investigated
so far, but seems to be absent in green algae (Chlorophyceae), red algae (Rhodophyceae),
and golden algae (Xanthophyceae), as well as in freshwater algae and terrestrial plants (7).
Previous studies have demonstrated that sulfated fucans have numerous other biological
properties such as anti-viral, anti-tumor, anti-inflammatory, and apoptosis-inducing
activities. All of these activities give polysaccharides a multitude of potential applications

in human health care. Besides that, biomaterials derived from plant origin generally have



an advantage in that there is an absence of potential risk of contamination from animal
viruses and pathogens of bovine spongiform encephalopathy (BSE).

Although several fucoidan fractions have been prepared from various brown algal
species so far, their precise structures are still debated. A reason for that stems from
difficulties in their extraction and isolation in pure forms (8). Furthermore, their
compositions seem to change according to the algal species from which the compound is
taken, the extraction process, and even the harvest seasons and local climatic conditions
(7, 9). Such heterogeneity and polydispersity limit the study of their structures (8, 10).
The partial characterization of fucan fractions prepared from Fucus vesiculosus
suggested the existence of different types of sulfated polysaccharides that were
distinguishable from fucoidans (11). In fact, ascophyllan (xylofucoglycuronan) has been
isolated from the brown alga Ascophyllum nodosum as a sulfated fucan preparation
distinguished from fucoidan, by the presence of a backbone of uronic acid with
fucose-containing branches (3-O-D-xylosyl-1-fucose-4-sulfate) (12, 13). A. nodosum is
often used in the industrial-scale preparation of alginate; however, it seems that the
effective use of residual fucan fractions have not been conducted yet. In our previous
study, the presence of ascophyllan was confirmed as a separated fraction from the
fucoidan fraction in extracts prepared from A. nodosum. The yields of alginate, fucoidan,
and ascophyllan fractions obtained from 40 g of dry milled 4. nodosum were 4.7, 0.5, and
0.76 g, respectively (14). We found that both ascophyllan and fucoidan isolated from A.
nodosum showed similar cytotoxic effects on U937 cells in a concentration-dependent
manner. Furthermore, we found that ascophyllan was capable of inducing the secretion of
tumor necrosis factor-a (TNF-a) and granulocyte colony-stimulating factor (G-CSF) in
the mouse macrophage cell line RAW264.7 (14). These results suggest that ascophyllan
isolated from A. nodosum is a polysaccharide with multiple bioactivities that is an
attractive candidate for using in food and pharmaceutical industries. Since fucoidan has
also been reported to induce TNF-a secretion from monocytes (15), it seems that there

are some similarities between ascophyllan and fucoidan in their biological activities.



There may also be of some common structural features between the two polysaccharides;
they both have fucose and sulfate half-ester groups as main components. On the other
hand, according to previous reports, the anticoagulant activities of ascophyllan and
fucoidan seem to be different (16, 17). The characterization of sulfated fucan fractions
extracted from 4. nodosum suggested that fucoidan-like polysaccharides, but not
ascophyllan-like polysaccharides, are mainly responsible for the anticoagulant activity of
the whole fucan preparation (16). Another study also suggested that fucoidan-like
polysaccharides showed much higher anticoagulant activity than ascophyllan-like
polysaccharides (17). To gain basic information on the biological activities of
ascophyllan and fucoidan at the cellular level, we compared the cytotoxic effects of
ascophyllan and fucoidan on various cell lines. Unexpectedly, we found that ascophyllan
has growth-promoting activity on MDCK cells, while fucoidan was rather toxic to this

cell line.

MATERIALS AND METHODS

Preparation of ascophyllan and fucoidan samples 4. nodosum harvested off the
coast of Norway was obtained from KAISEI Co. Shimonoseki, Japan. Ascophyllan and
fucoidan were prepared from powdered 4. nodosum using the methods reported
previously (14). In brief, the alginate fraction was removed from a hot water-extract by
acid precipitation and subsequent digestion with alginate lyase. Ascophyllan and
fucoidan fractions were obtained from the residual fucan fraction based on their
differential solubilities in aqueous ethanol. Composition analyses confirmed that
ascophyllan was a heteropolysaccharide (xylofucoglycuronan) consisting of fucose,
xylose, uronic acid, and sulfate half-esters in approximately equimolecular proportions,
which is consistent with previous reports (14). The composition of the preparation was
obviously distinct from fucoidan preparations.

Cell culture Vero (African green monkey kidney), MDCK (Madin-Darby canine



kidney), and PtK; (potoroo rat kangaroo kidney), XC (rat sarcoma), CHO (Chinese
hamster ovary), and HeLa (human epithelia carcinoma) cells were cultured in
o-minimum essential medium (a-MEM) supplemented with 10% fetal bovine serum
(FBS), 10 pg/ml each of adenosine, guanosine, cytidine, and thymidine, penicillin (100
[U/ml), and streptomycin (100 pg/ml) in a humidified atmosphere with 5% CO, and 95%
air as described previously (18).

Measuring cytotoxicity of ascophyllan and fucoidan on mammalian cell lines The
cytotoxicity of the polysaccharides was measured in terms of the inhibition of colony
formation as described previously, with slight modifications (18). In brief, adherent cells
(100 cells/well) were cultured in 96-well plates, with varying concentrations of
polysaccharides in the growth medium for 5 days. The number of colonies formed was
counted after staining with 1% methylene blue in 50% methanol. Clusters of 30 or more
cells were considered as colonies. The colony forming efficiency of the all cell lines used
was between 90% and 95%. The cytotoxicity of the polysaccharides was also assessed
using the Alamar blue assay, as described previously (19). In brief, adherent cells
(2500-20,000 cells/well) were cultured in 96-well plates varying concentrations of
polysaccharides in the growth medium for 48 h. Then, Alamar blue reagent was added to
the cells at a final concentration of 10%. After incubation for 3 h at 37°C, the absorbance
of untreated cells and those treated with ascophyllan or fucoidan was measured at 570 nm
and 600 nm in a MPR-A4i2 microplate reader (Tosoh Co., Tokyo, Japan). To check the
number of viable MDCK cells, the trypan blue dye exclusion test was used.

Statistical analyses Data were expressed as mean + SD. Fisher’s protected least
significant difference (PLSD) for multiple comparisons, after one-way ANOVA, was
used to analyze data (SPSS version 16.0, SPSS, Chicago, IL). Differences were

considered significant at p<<0.01.



RESULTS AND DISCUSSION

To examine the effects of ascophyllan and fucoidan on the proliferation of various cell
lines, colony formation assays were carried out. As shown in Fig. 1, both ascophyllan and
fucoidan demonstrated potent cytotoxic effects on Vero and XC cells in a similar
concentration-dependent manner, while other cell lines were relatively resistant to these
polysaccharides. These results suggest that the cytotoxic potency of ascophyllan and
fucoidan is dependent on the cell lines, with some cell lines appearing to be highly
sensitive and others highly resistant towards these polysaccharides. The similarity
between the two polysaccharides in terms of their cell line-dependent cytotoxicity may
also suggest that there are common mechanisms of intoxication for the polysaccharides.
Both ascophyllan and fucoidan are characterized as sulfated polysaccharides extracted
from a brown alga, and they are mainly composed of L-fucose and sulfate half-esters in
common. Although the exact cytotoxic mechanisms of these sulfated polysaccharides are
still unclear, it has been reported that fucoidan was able to induce apoptotic cell death in
the human lymphoma HS-Sultan cell line through the activation of caspase-3 (20). Our
recent study has demonstrated that ascophyllan also induces apoptosis in U937 cells, as
judged by typical apoptotic nuclear morphological changes and DNA fragmentation (14).
Furthermore, other reports indicated that hyper-sulfation of fucoidan resulted in an
increase in its anti-tumor and anti-angiogenic effects (21, 22). In contrast, it has been
reported that desulfated fucoidan showed decreased biological activities compared to the
natural fucoidan (23, 24). The ester sulfate has been proposed to exhibit certain biological
roles for cellular recognition through specific binding to cell surface receptors (25).
Based on these findings, one can speculate that the ester sulfate residues of ascophyllan
and fucoidan may be active components responsible for a wide-variety of biological
activities, including cytotoxicity. On the other hand, alginate isolated from same
powdered A. nodosum, which consists of mannuronate and guluronate, showed no

significant toxic effects at least on the cell lines tested in this study (Fig. 1). Although



various biological activities of alginate and its oligomers have been found in in vivo and
in vitro systems (26-30), no cytotoxic or direct cell killing activity of alginates has been
reported so far. Porphyran, an alga-derived polysaccharide containing sulfate ester, is
known to show inhibitory effects on the proliferation of tumor cells (31). In this case, the
sulfate esters of the bioactive polysaccharides may play an important role in the signaling
pathway leading to the arrest of the proliferation of sensitive cells. A lack of cytotoxic
effects of alginate may be partly due to the absence of a sulfate ester group.

To further examine the differences in the cell line-dependent cytotoxicity of
ascophyllan and fucoidan, we conducted Alamar blue assays in which sub-confluent
monolayers of cells were incubated in the presence of varying concentrations of
polysaccharides. As shown in Fig. 2, no significant cytotoxic effects of these
polysaccharides were observed even in Vero and XC cell. Although the exact reason for
the discrepancy between the results obtained by two assays is uncertain now, this may be
derived from several different experimental conditions. One possibility is that the quite
different initial cell densities between the two assays may have led to different
sensitivities for the polysaccharides, even within the same cell line. In the colony
formation assay, the initial cell numbers were 100 cells per well, which is a much lower
cell density than that used in the Alamar blue assay. However, at least under the cell
densities tested (2500-20,000 cells/well in a 96-well plate), no significant differences in
ascophyllan or fucoidan were observed in the six cell lines using the Alamar blue assay.
Another possibility that seems more likely responsible for the different susceptibility of
the cells to the polysaccharides is the different incubation periods of the two assays.
Colony formation assays take 5 days, while Alamar blue assays take 48 h. It is likely that
ascophyllan and fucoidan may require long contact time with the target cells to cause
profound cytotoxic effects. Obviously, further studies are necessary to clarify this point as
well as the cytotoxic mechanisms by which these polysaccharides act.

During the course of investigating the cytotoxicity of ascophyllan, we realized that

ascophyllan promotes the proliferation of MDCK cells. In fact, the size of MDCK cell



colonies formed in the presence of ascophyllan evidently became larger than those of
control colonies without ascophyllan (Fig. 3A). The Alamar blue assay confirmed that
ascophyllan is capable of promoting the growth of MDCK cells in a
concentration-dependent manner (Fig. 3B). Furthermore, the growth curve of MDCK
cells cultured in the presence of 1000 pg/ml of ascophyllan was significantly higher than
that of control cells cultured in the absence of ascophyllan (Fig. 3C). In both assays, the
growth suppressive effects of fucoidan on MDCK cells were observed. These results
clearly indicate that there is a difference in the bioactivities of ascophyllan and fucoidan
in terms of their effects on the growth of MDCK cells. To our knowledge, this is the first
report that ascophyllan or even algal-derived sulfated polysaccharides can promote the
growth of certain cell lines under normal growth conditions. Regarding the effects of
saccharides on the growth of certain mammalian cells, it has been reported that alginate
oligosaccharides stimulate or enhance vascular endothelial growth factor-mediated
growth of human endothelial cells and the growth of keratinocyte in the presence of
epidermal growth factor (32, 33). Since no significant effects of alginate oligosaccharides
were observed on the cells in the absence of the growth factors, it has been considered
that alginate oligosaccharides may stimulate proliferative activity of growth factors by a
synergistic mechanism. In addition to mammalian systems, it has been reported that
enzymatically depolymerized alginate oligomers promoted the growth of bifidobacteria,
whereas the original alginate polysaccharide had no effect (34). Alginate oligomers with
an average molecular weight of 1800 Da, prepared with bacterial alginate lyase, increased
shoot elongation after germination of komatsuna (Brassica rapa var. pervidis) seeds (35).
Iwasaki et al. have reported that an alginate oligosaccharide mixture had promoting
activities for the root growth of lettuce seedlings (36). Root growth-promoting activity of
alginate oligomer on carrot and rice plants was also reported (37). In addition to these
terrestrial plant cells, our recent study has demonstrated that the growth of a unicellular
marine microalga, Nannochloropsis oculata, was promoted by alginate oligosaccharides

(38). These findings suggest that alginate oligosaccharides might act on many different
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plant cells as a growth-promoting agent. Furthermore, it has been suggested that uronic
acid residues in certain bioactive oligosaccharides might play an important role in the
initiation of certain signal-transduction pathways in plant cells (39). Farmer et al. have
proposed that uronide-Ca>" complexes might be the active molecular species that initiate
the signal transduction pathways leading to enhance growth and proliferation (40). Chaki
et al. have suggested that sodium alginate oligosaccharides exerted antagonist activity
towards calcium channels, especially voltage-operated calcium channels (41).
Ascophyllan is distinguishable from fucoidan in that it contains a much higher amount of
uronic acids than fucoidan. Moreover, the level of uronic acid in ascophyllan is nearly
equal to fucose. Taken together with these findings, it may be possible to speculate that
uronic acid residues in ascophyllan may be somewhat involved in the growth-promoting
activity on MDCK cells. Further studies are required to elucidate the mechanism of action
of ascophyllan on this cell line, especially in terms of structure—activity relationships.
From the viewpoint of efficient utilization of unused resources remaining in the residue
of A. nodosum after the isolation of alginate, it is worthwhile to develop ascophyllan and
fucoidan as useful bioactive polysaccharides. For such applied research, the results

obtained in this study may provide valuable basic information.
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Figure legends
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Figure. 1. Cytotoxic Effects of Ascophyllan, Fucoidan, and Alginate Isolated from A.
nodosum on Various Cell Lines as Measured by Their Ability to Inhibit Colony

Formation.

Adherent cells (MDCK, Vero, PtK;, CHO, HeLa, and XC) (100 cells/well) were
incubated in 96-well plates with the indicated concentrations of ascophyllan (black
columns), fucoidan (white columns), or alginate (grey columns) in a-MEM containing
10% FBS at 37°C for 5 days. The number colonies formed was determined as described
in the text. The columns represent the average of triplicate measurements and the bars

indicate standard deviations. Data are means + SD (n = 3). *p<0.01.
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Figure. 2. Cytotoxic Effects of Ascophyllan and Fucoidan Isolated from A. nodosum on

Various Cell Lines as Measured by Alamar Blue Assay.

Adherent cells (MDCK, Vero, PtK;, CHO, HeLa, and XC) (2,500, 5,000, 10,000, or
20,000 cells/well) were incubated in 96-well plates with 1,000 pg/ml of ascophyllan
(black columns) or fucoidan (white columns) in a-MEM containing 10% FBS at 37°C for
48 h. Cell viability was examined using the Alamar blue assay as described in the text.
The values obtained without ascophyllan or fucoidan treatment were taken as control
(100%). The columns represent the average of triplicate measurements and the bars

indicate standard deviations. Data are means + SD (n = 3). *p<0.01.
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Figure. 3. Growth Promoting Effect of Ascophyllan Isolated from 4. nudosum on MDCK
Cells.

(A) Adherent MDCK cells (200 cells/well) were incubated in 48-well plates with the
indicated concentrations of ascophyllan in a-MEM containing 10% FBS at 37°C for 5
days. The cells were then stained with 1% methylene blue in 50% methanol as described
in the text and the photographs were taken. (B) MDCK cells (200 cells/well) were

incubated in 96-well plates with the indicated concentration of ascophyllan (black circles)
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or fucoidan (white triangles) in a-MEM containing 10% FBS at 37°C for 5 days. The
viability of the treated cells was examined using the Alamar blue assay as described in the
text. Each point represents the average of triplicate measurements and the bars indicate
standard deviations. (C) Adherent MDCK cells (1,000 cells/well) were incubated in
24-well plates in the presence of 1,000 pug/ml of ascophyllan (black circles), fucoidan
(white triangles) or in the absence of polysaccharides (white circles) in a-MEM
containing 10% FBS at 37°C for the indicated periods of time. The number of viable cells
treated with ascophyllan, fucoidan or control cells cultured in the absence of
polysaccharides was measured using the trypan blue dye exclusion text. Each point
represents the average of triplicate measurements and the bars indicate standard

deviations. *p<0.01.
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