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Fucoidan Enhances the Survival and Sustains the Number of
Splenic Dendritic Cells in Mouse Endotoxemia
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Fucoidan is a sulfated polysaccharide derived from brown algae that has been reported to perform
multiple biological activities, including immunostimulation. In this study, we investigated whether
fucoidan has beneficial effects on endotoxemia induced by LPS, a septic model in mice. The focus of
this study was on survival rates and spleen function of the mice upon treatment. We found that
fucoidan had prophylactic effects on the survival rate of mice with endotoxemia. Flow cytometric
analysis using antibodies for subset-specific markers revealed that fucoidan profoundly reversed the
depleted population of dendritic cells in mice with endotoxemia. According to Western blot analysis,
the spleen cells of LPS/fucoidan-treated mice showed a higher expression of anti-apoptotic molecules
compared to those of LPS-treated mice. Also, fucoidan-treated spleen cells were more responsive to
mitogens. Taken together, these results demonstrate that fucoidan pre-treatment has beneficial effects
on the survival rate and function of the spleen in mice with endotoxemia. This study may broaden
the use of fucoidan in clinical fields, especially endotoxemia.
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INTRODUCTION

Fucoidan is a sulfated polysaccharide of brown algae.
Previous studies have shown that it protects bone marrow
cells from radiation [1] and inhibits selectin-mediated adhe-
sion of hematopoietic progenitor cells [2]. Also, fucoidan
modulates the function of various immune cells such as
lymphocytes [3], dendritic cells (DCs) [4], natural killer
(NK) cells [5], and neutrophils [6].

A large amount of LPS in the blood, derived from
Gram-negative bacteria, induces endotoxemia in hosts.
LPS-induced endotoxemia has been classified as a type of
sepsis. It is characterized by the excessive production of
proinflammatory cytokines, reactive oxygen species, and ni-
tric oxide, resulting in organ dysfunction, hypotension, sep-
tic shock, and death [7]. High mortality rates are closely
related to immunosuppression [8]. Recent studies demon-
strated that the number of DCs was decreased in both ani-
mal disease models [9] and in patients with sepsis [10].
Because DCs are crucial to both innate and adaptive im-
munity, it is postulated that a decrease in DCs is closely
related to immunosuppression during sepsis. Based on our
recent finding that fucoidan stimulates DCs [4], we hy-
pothesized that fucoidan may prevent DCs from decreasing
in an animal model of sepsis. In this study, we investigated
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the effects of fucoidan on several parameters, including sur-
vival rate and splenic DC number, in a mouse model of
endotoxemia.

METHODS
Reagents

Fucoidan purified from Fucus vesiculosus, LPS purified
from Escherichia coli 026, phorbol 12-myristate 13-acetate
(PMA) and ionomycin were purchased (Sigma, USA).
Fucoidan was dissolved in sterile phosphate buffered sol-
ution (PBS) and its endotoxin level was determined by
QCL-1000® Chromogenic LAL endpoint assay (Lonza
Walkersville, Inc., USA) according to the manufacturer’s
manual [4]. Oligodeoxynucleotide (ODN) 1826 was gen-
erously provided by Kangwon National University.

Animal and endotoxemia model

C57BL/6 and Balb/c mice were purchased (Orient Bio,
Republic of Korea). They were maintained at our animal
facility. 7- to 12-week old mice were used for all experi-
ments. Animal experiments in this study were approved by
Animal care and use committee of Jeju National University.
For measuring the effects of fucoidan on the endotoxemia
animal model, mice received PBS or 100 mg/kg fucoidan
by intraperitoneal injection twice at an interval of 24 hours.

ABBREVIATIONS: IL, interleukin; LPS, lipopolysaccharide; PE,
phycoerythrin; FITC, fluorescein isothiocyanate.
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Fig. 1. The injection schedule of fucoidan and LPS. Mice were injected with PBS, 100 mg/kg fucoidan and then 10 mg/kg or 30 mg/kg
LPS intraperitoneally. After all injection procedure, the mice were killed and biological samples were harvested.

At 24 hours after second fucoidan injection, mice were chal-
lenged with 10 mg/kg LPS, as a sub-lethal dose or 30 mg/kg
LPS, as a lethal dose for the determination of mortality.
2 days later, the mice were killed and then spleens or blood
were harvested (Fig. 1). The mice were weighed every day.
Each group included 5 mice.

Preparation and treatment of spleen cells

Spleen cells were purified from control or endotox-
emia-induced mice. At first, each spleen was weighed. The
spleens were disrupted by mechanical force and red blood
cells removed using hypotonic lysis buffer [11]. The cells
were passed through 70 pm cell strainer to get single cells
and used for staining or culture for following in vitro
experiments. Harvested spleen cells were setup and treated
with mitogens in 96-well culture plates. Cellular activity
was measured by a MTT assay [12].

Flow cytometric analysis

To measure the expression levels of surface markers, the
spleen cells were treated with biotin-labeled anti-CD4, an-
t1-CD8, anti-CD19, anti-F4/80, anti-NK1.1 and anti-MHC
II antibody and then streptavidin-FITC or anti-CD11c-PE
(all from BD Biosciences, USA). For evaluating the antigen
uptake capability of the spleen cells, the cells were in-
cubated with 250 «g/ml FITC-dextran (Sigma, USA) for 1
hour and washed twice with PBS before analysis. All stained
cells were analyzed by FACSCalibur® and CellQuest”
(Beckton Dickinson, USA).

Western blot analysis

The spleen cells were dissolved in Western blot lysis buf-
fer and the protein concentration of lysates was measured
by Bio-Rad protein assay solution. 10 «g of protein was
loaded onto each lane and electrophoretically separated in
12% sodium dodecyl sulfate polyacrylamide gels. The sepa-
rated proteins were transferred onto a nitrocellulose mem-
brane and detected by anti-Bcl-2, anti-Bel-xLL (Santa Cruz
Biotechnology, USA), anti-cIAP-1 (Millipore, USA) or an-
ti-beta actin antibody (Sigma, USA). Sequentially, the
membrane was developed by horseradish peroxldase la-
beled secondary antibody and SuperSlgnal ® West Pico
Chemiluminescent Substrate (Thermo Scientific, USA) to
visualize specific protein bands.

Statistical analysis

All data were presented as means and standard devia-
tions (mean+SD) and statistically analyzed by Tukey-Kra-
mer multiple comparisons test. A p value of <0.05 was con-
sidered as significant.
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Fig. 2. Prophylactic effect of fucoidan on the survival rate of mice
with LPS-induced endotoxemia. Mice were intraperitoneally
injected with 30 mg/kg LPS, a lethal dose and also with 100 mg/kg
fucoidan before (Pre-) LPS injection, as described in the Methods.
Other mice were injected with the same amount of LPS and
fucoidan simultaneously (Simul-). The survival rate was deter-
mined 5 days after LPS injection. Each group included 5 mice.
##indicates p<0.001 compared to LPS-treated mice.

RESULTS

The effect of fucoidan on the survival rate of mice with
LPS-induced endotoxemia

The mouse model of LPS-induced endotoxemia is well es-
tablished as a sepsis animal model. To investigate whether
fucoidan may have positive effects on the survival of mice
with endotoxemia, we injected a lethal dose of LPS or fucoi-
dan and then evaluated the mortality of the mice over the
next 5 days. As expected, LPS significantly decreased sur-
vival rate. Interestingly, pre-treatment with fucoidan sig-
nificantly reduced LPS-induced mortality (Fig. 2). To de-
termine if fucoidan is therapeutically effective, it was in-
jected simultaneously with (Fig. 2) or after (data not shown)
LPS injection. In multiple experiments, fucoidan had only
prophylactic effects on LPS-induced death of mice, and did
not exhibit any therapeutic effects if administered with or
after the LPS injection. In some preliminary experiments,
the optimal dose of fucoidan was determined and used for
this study (data not shown).

The effects of fucoidan on the spleen and splenocytes
of mice

To investigate the effects of fucoidan on the spleen func-
tion of mice, we sacrificed mice treated with fucoidan, LPS,
or both. The weight of the spleens was obtained and the
ratio of spleen/body weight was calculated. Interestingly,
the ratios of LPS-treated and LPS/fucoidan-treated mice
were higher than those of control and fucoidan-treated mice
(Fig. 3A). It is thus suggested that LPS plays a major role
in increasing the ratio of spleen/body weight and fucoidan
does support it in case of the combination with LPS. This
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result can be explained by inflammatory cytokines-medi-
ated systemic toxicity or immunostimulatory activity of
LPS and fucoidan. After harvesting spleen cells, the cellu-
larity of the spleen was quantified based on cell number.
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Fig. 3. The effect of fucoidan on the spleen of mice with endo-
toxemia. Mice were injected with 100 mg/kg fucoidan and then 10
mg/kg LPS, a sub-lethal dose, as described in the Methods. The
weight of the spleen (A) and the number of spleen cells (B) were
measured. * **¥*p<0.05, 0.001, respectively, compared to control
mice.
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There was no significant change in the number of spleen
cells across the groups (Fig. 3B). These results suggest that
fucoidan or LPS may enhance the weight, but not the cellu-
larity, of spleens.

Recovery of LPS-induced decreases in DC ratio in
spleen cells by fucoidan

The population of immune cells in the spleen was inves-
tigated using cell-specific markers. LPS-treated and LPS/
fucoidan-treated mice had more CD19" B cells than control
and fucoidan-treated mice, respectively. Also, the pro-
portions of CD4" and CD8" cells, mostly T cells, were mar-
ginally lower in LPS-treated and LPS/fucoidan-treated
mice, respectively (Fig. 4A). The proportions of F4/80" and
NK1.1" cells, mostly macrophages and NK cells re-
spectively, were marginally lower in LPS-treated mice
whereas slightly higher in LPS/fucoidan-treated mice com-
pared to control mice (Fig. 4B). The levels of DCs, CD11¢"
and MHC II" cells were lower in LPS-treated mice, but the
decrease was almost completely reversed by fucoidan treat-
ment (Fig. 4C). Flow cytometry analysis using subset mark-
ers demonstrated that fucoidan specifically increased DCs
in LPS-treated mice compared to other subsets of spleen
cells.

Increased expression of anti-apoptotic molecules in
spleen cells by fucoidan

To analyze the ability of spleen cells to respond to apop-
totic signals, we measured the expression levels of an-
ti-apoptotic molecules in spleen cells (Fig. 5). Bel-2, Bel-xL,
and cIAP-1 molecules are representative anti-apoptotic
molecules. Western blot analysis revealed that the spleen
cells of LPS/fucoidan-treated mice expressed the highest
levels, whereas those of LPS-treated mice had higher levels
than control or fucoidan-treated mice. This indicates that
fucoidan and LPS have synergistic effects on the expression
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Fig. 4. Selective recovery of DCs in spleen cells of LPS/fucoidan-treated mice. Fucoidan followed by a sub-lethal dose of LPS were admini-
strated to mice as described in the Methods. Spleen cells were then stained for subset-specific markers (A) CD4, CD8, CD19, (B) F4/80,
NK1.1, (C) CD11c and MHCII and analyzed by flow cytometry. The numbers represent the percentages of a specific subset in the spleen

cells.
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of anti-apoptotic molecules in mouse spleen cells and sug-
gest that these two treatments may strengthen the survival
potential of spleen cells against apoptotic signals. The re-
lated regulatory pathways, such as transcription factors
and signal transductions need to be elucidated.

Enhanced function of spleen cells by fucoidan

Spleen cells are largely classified into two groups: lym-
phoid and myeloid cells. Lymphoid cells include T cells, B
cells, and NK cells, whereas myeloid cells include macro-
phages and DCs. To detect the functional changes in spleen
cells, antigen uptake and response to mitogens were meas-
ured in the spleen cells of treated mice. The ability of spleen
cells to take up antigen reflects the maturation of myeloid
cells such as DCs. In this assay, the cells of fucoidan-treated
and LPS/fucoidan-treated mice showed lower antigen up-
take than those of controls or LPS-treated mice (Fig. 6).
This suggests that fucoidan treatment may decrease the an-
tigen uptake ability of spleen cells via the maturation or
activation of DCs in vivo. In addition, spleen cells of fucoi-
dan-treated and LPS/fucoidan-treated mice showed a high-
er response to mitogens than those of control and LPS-trea-
ted mice (Fig. 7). PMA+ionomycin and ODN1826 treat-
ment preferentially stimulated T cells and B cells, respectively.
These results indicate that fucoidan treatment strengthens
the responsiveness of spleen cells to mitogens in vivo.
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Fig. 5. Fucoidan enhances anti-apoptotic molecules in the spleen
cells of mice with LPS-induced endotoxemia. Fucoidan followed by
a sub-lethal dose of LPS were administrated to mice, as described
in the Methods. After harvesting the spleen cells and preparing
cell lysates for Western blot analysis, the amount of protein was
determined. An equal amount was loaded into each lane. Beta-actin
was used as an internal control.
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DISCUSSION

The spleen is a major organ that provides critical immune
cells, including lymphocytes and DCs. In this study, we
demonstrated that LPS-induced endotoxemia depletes DCs
in the spleen, and that treatment with fucoidan can recover
this cell population. The effects of fucoidan on survival rate
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Fig. 7. Fucoidan increases the response of spleen cells to mitogens.
Fucoidan treatment followed by a sub-lethal dose of LPS was
administrated to mice as described in the Methods. Harvested
spleen cells were cultured at a concentration of 4x10° cells/well in
96-well culture plates. Cells were treated with 20 ng/ml PMA +
500 ng/ml ionomycin (A) and 50 nM ODN1826 (B) for 2 days. After
treatments, a MTT assay was used to measure cellular activity.
Data are mean+SD from six individual wells. ** *ndicate p<0.01
and 0.001 compared to the spleen cells of controls and LPS-treated
mice, respectively.
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and spleen function were prophylactic, rather than ther-
apeutic, suggesting that fucoidan requires time to protect
target cells against the harmful effects of LPS. Based on
previous studies, fucoidan blocks selectin-dependent leuko-
cyte adhesion/rolling [13,14] and inhibit microvascular
thrombus formation [15]. It is thus suggested that fucoidan
may affect blood circulation dysfunction by LPS in mice.
The two major effects of fucoidan, namely the changes in
survival rate and spleen function, can be separated with
respect to the mechanism of action. The immunostimu-
latory effects of fucoidan described in previous reports sup-
port the effects of fucoidan on spleen function, whereas the
effect of fucoidan on the survival rate requires further in-
vestigation to determine if it functions by direct protection
of immune cells or through other mechanisms, such as the
attenuation of blood circulation dysfunction.

We demonstrated that a sub-lethal dose of LPS induces
the depletion of DCs in mice. LPS-induced endotoxemia is
a common mouse model of sepsis, and our results regarding
DC depletion corroborate the model [9,10]. Interestingly,
the weight and cellularity analyses of the spleen indicated
that LPS increases the weight of the spleen but does not
significantly alter the number of spleen cells. These results
led us to speculate that LPS may increase the weight of
the spleen by potentially triggering edema and also differ-
entially influencing the number of specific subsets of spleen
cells without altering the total cell number. Flow cytometry
analysis revealed that LPS increases the number of B cells
but decreases the number of DCs and importantly fucoidan
sustain that of DCs. This result indicates a cytoprotective
effect of fucoidan on DCs in LPS-mediated endotoxemia. To
investigate the effects of fucoidan on spleen cells, we meas-
ured the expression of anti-apoptotic molecules, antigen up-
take capability, and responsiveness to mitogens after in
vivo treatments. Fucoidan increased the expression of an-
ti-apoptotic molecules in spleen cells and had a synergistic
effect with LPS. Although LPS treatment also increased the
same molecules to a certain extent, fucoidan increased
them to a much higher level. We therefore suggest that re-
versal of DC depletion by fucoidan may be partially related
to the increase in anti-apoptotic molecules. The increase of
anti-apoptotic molecules in spleen cells of LPS-treated mice
can be attributed to the mitogenic effect of LPS for B lym-
phocytes [16].

To measure the activation status of antigen presenting
cells (APCs), we measured the antigen uptake ability of
spleen cells using FITC-dextran. LPS increased the antigen
uptake of spleen cells whereas fucoidan decreased it (Fig.
6). Previous studies demonstrated that LPS increases the
antigen uptake ability of APCs [17,18] whereas fucoidan
decreases it [4,19]. At this time, there are two potential
explanations for this data: the blocking of scavenger re-
ceptor A, of which fucoidan is a major antagonist [20,21]
and the maturation of DCs. To determine cell responsive-
ness, we treated harvested spleen cells of mice with PMA
+ ionomycin or ODN1826, which can preferentially stim-
ulate T or B lymphocytes respectively. Fucoidan increased
the responses of spleen cells to these mitogens. This would
suggest that fucoidan increases the activity of spleen cells,
including T and B lymphocytes, during endotoxemia.

This study demonstrated that fucoidan reverses DC de-
pletion by LPS, but that the detailed mechanisms by which
fucoidan acts need to be further investigated. And also, the
protective effects of fucoidan on antigen-specific and memo-
ry immune responses in hosts with endotoxemia should be

a good topic for a future study. Because DCs are a major
type of APC that play critical roles in immunity, the ability
of fucoidan to protect DCs and spleen cells from endotox-
emia may broaden its use both clinically and in future re-
search of endotoxemia.
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