Showa Univ J Med Sci 26(1), 47~56, March 2014

Original
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Abstract : Fucoidan, a natural sulfated polysaccharide found in the extracellular
matrix of brown algae, is rich in L-fucose and sulfate. Fucoidan has a variety of
biological actions, including anti-oxidative, anti-coagulative, anti-cancer, and anti-
inflammatory activity. However, the cellular molecular mechanism underlying the
anti-inflammatory effects of fucoidan remains poorly understood. Rheumatoid
arthritis (RA) is a chronic inflammatory disease that causes synovitis and pro-
gressive joint destruction. Interleukin (IL)-18, one of the important mediators
involved in the pathogenesis of RA, is known to activate various intracellular
signaling pathways. Therefore, in the present study we investigated the inhibitory
effects of fucoidan on IL-1B3-induced inflammation in human synovial (SW982)
cells. SW982 cells were pretreated with fucoidan (100 g/ mL) for 1h before
cotreatment with Sng/mL IL-18 plus fucoidan for periods ranging from 20 min to
24 h. Levels of the proinflammatory mediators IL-6, tumor necrosis factor-@, and
cyclooxygenase-2 were then determined. We also assayed translocation of nuclear
factor (NF)-«B into the nucleus and activation of mitogen-activated protein kinase
(MAPK). Significant increases in the production of proinflammatory mediators
were observed from 6 to 24h of IL-18 treatment. The translocation of NF-«xB
into the nucleus peaked after approximately 6 h incubation. After 20 min incuba-
tion, IL-18 activated c-jun N-terminal kinase and p38 MAPK in SW982 cells. This
effect was ameliorated by the coincubation of cells with fucoidan. These results
suggest that fucoidan exerts its anti-inflammatory effect by regulating the gene
expression of proinflammatory mediators by suppressing the activity of transcription
factors and MAPK. Thus, fucoidan may have therapeutic potential for the treat-
ment of RA.
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Introduction

Fucoidan, a sulfate polysaccharide complex from brown seaweed such as Laminaria japonica
and Cladosiphon okamuranus, which are widely distributed in many countries, has been used
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therapeutically in Oriental medicine for a considerable period of time". Fucoidan has many

t2) 14) )

biological actions, including anticoagulant”, antithrombotic?, antiviral®, antitumor”, and

antioxidant properties®. An anti-inflammatory action of fucoidan has been recently reported in

7% and inflammatory animal models®, but the cellular molecular mechanism

mammalian cells
underlying this action is poorly understood.
Rheumatoid arthritis (RA) is a chronic inflammatory disease of the joint synovium that leads

to bone erosion, deformation, and joint destruction'® 'V

Activation of T cells, synovial cells, and
macrophages results in the overproduction of cytokines and growth factors, triggering proliferative
synovitis and arthritis. Ultimately, this leads to destruction of the articular cartilage and bone.
A number of genes are activated as part of the inflammatory response. Nuclear factor (NF)-
kB is an important transcription control factor involved in the inflammatory response that
is typically present in the cytoplasm as a result of binding to an inhibitory protein (IxB).
Upon activation by an inflammatory stimulus, IkB is rapidly phosphorylated and ubiquitinated,
and then broken down by proteasomes. Degradation of 1kB frees NF-kB and causes it to
move to the nucleus, where it transcriptionally induces the expression of inflammation-related
genes'?. Exogenous stimuli also cause an upstream kinase of mitogen-activated protein kinase
(MAPK), namely MAPK kinase (MKK) 3/6, to phosphorylate p38 MAPK, ultimately activating
transcription control factors such as activator protein-1 (AP-1)'Y. Proinflammatory cytokines
(e.g. tumor necrosis factor (TNF)-«, interleukin (IL)-1, IL-6, and IL-8), cyclooxygenase (COX)-
2, prostaglandin E, (PGE,), and matrix metalloproteinases (MMPs ; MMP-1, MMP-9, and MMP-
13) are induced via the MAPK signaling pathway ¥,

In the present study, we investigated whether fucoidan has protective effects against the
inflammation mediated by NF-xkB and MAPK activity in human synovial (SW982) cells

following stimulation with IL-1/.
Materials and methods

Drugs and reagents

Fucoidan, fetal bovine serum (FBS), phenylmethylsulfonyl fluoride, and protease inhibitor
cocktail were purchased from Sigma-Aldrich (St. Louis, MO, USA) ; IL-13 and Dulbecco’s
modified Eagle’s medium (DMEM) were purchased from Wako (Osaka, Japan) ; penicillin G
sodium, streptomycin sulfate, and amphotericin B were obtained from Invitrogen (Carlsbad,
CA, USA). All other chemicals used in the study were of the purest grade available
commercially.

Cell culture

The human synovial SWO982 cell line was obtained from American Tissue Culture Collection
(HTB-93 ; Manassas, VA, USA). SWO982 cells were cultured and grown in DMEM containing
10% FBS and maintained in a humidified atmosphere of 5% CO, and 95% air at 37°C. For
studies on the effects of fucoidan, SW982 cells were incubated in DMEM with or without
(control) 5ng/mL IL-183 for times ranging from 20 min to 24 h.
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Elevated IL-6 levels have been detected in patients with RA, as well as in patients with
inflammatory arthritis and traumatic arthritis. To determine the concentration of IL-18 to use in
the present series of experiments, we first undertook preliminary experiments to determine IL-6
production by SW982 cells following 48 h incubation with different concentrations of IL-18 (1,
5, and 10ng/mL). After 48h incubation with 0, 1, 5, and 10ng/mL IL-183, IL-6 levels in the
culture medium were 0.77 = 0.16, 1.24 + 0.10, 2.10 £ 0.24, and 2.45 £+ 0.34 ng/ mL, respectively. On
the basis of these results, which indicated that significant increases in IL-6 were not observed
with concentrations <5ng/mL IL-18 (P<0.05), we decided to use Sng/mL IL-18 in
subsequent experiments to induce an inflammatory response in SW982 cells. To evaluate the
anti-inflammatory effects of fucoidan, SW982 cells were pretreated with 100 pg/mL fucoidan
for 1h before the addition of Sng/mL IL-15 to the culture medium and further culture in the
presence of IL-18 plus fucoidan for times ranging from 20 min to 24 h. All treatments were
performed under sterile conditions.

Measurement of cytokines and COX-2

As described above, SW982 cells were pretreated with 100 ng/ mL fucoidan for 1h, followed
by cotreatment with 5ng/mL IL-18 plus 100 ng/ mL fucoidan and culture for a further 24 h.
After 24 h culture, concentrations of IL-6, TNF-a, and COX-2 in the culture supernatant were
determined using commercially available ELISA kits. IL-6 and TNF-a levels were measured
using a Human sIL-6 Instant Elisa Kit and TNF-a Instant ELISA, respectively (Affymetrix,
Santa Clara, CA, USA), whereas COX-2 levels were measured using an enzyme immunoassay
kit (Human COX-2 Assay Kit; Immuno-Biological Laboratories, Gunma, Japan).

Detection of NF-KkB activation

To monitor the nuclear translocation of p65, SW982 cells were treated with IL-15 for 24 h
with or without 1h pretreatment with 100 ug/mL fucoidan. Cells were harvested and the
nuclei were extracted using a commercially available nuclear extraction kit (Imgenex, San Diego,
CA, USA). For quantitative determination of the relative increase of p65 translocation into the
nucleus, an NF-kB /p65 ActivElisa kit (Imgenex) was used.

Detection of c-Jun N-terminal kinase, p38 MAPK and Extracellular Signal-regulated Kinasel /2

To examine the role of MAPK in IL-18-induced inflammation in SW982 cells, we evaluated
the phosphorylation of c-jun N-terminal kinase (JNK), p38 MAPK and Extracellular Signal-
regulated Kinase (ERK) 1/2 using the Cell-Based JNK (Thr'™®/Tyr'®) ELISA kit, Cell-Based
p38 MAPK (Thr'®/Tyr'®?) ELISA kit and Cell-Based ERK1/2 (Thr®?/Tyr®*) ELISA kit (Ray
Biotech, Norcross, GA, USA), respectively. SW982 cells were incubated with or without 100 £t
g/mL fucoidan pretreatment for 1h, followed by culture in the presence of 5Sng/mL IL-18
for times ranging from 20 min to 24 h. Cells were fixed and blocked as per the manufacturer’s
instructions and then incubated for 2h at 20°C with anti-phosphorylated (p-) JNK (Thr'®/
Tyr'®), anti-JNK (primary antibody), anti-p-p38 (Thr'®/Tyr'®?), anti-p38 (primary antibody), anti-
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p-ERK1/2 (Thr*?/Tyr*), or anti-ERK1/2 (primary antibody). After incubation, cells were
washed with wash buffer before being incubated for 1h at 20°C with horseradish peroxidase-
conjugated anti-mouse IgG (secondary antibody). Finally, cells were washed with wash
buffer, and 3,3'5,5'"-tetramethylbenzidine (TMB) substrate solution was added, resulting in the
development of color in proportion to the amount of protein. The reaction was stopped by the
addition of Stop Solution from the assay Kkit, resulting in a change of color from blue to yellow.
The intensity of the color was measured at 450 nm.

Cell viability assay

The SW982 cells divided into the control, IL-13-, fucoidan-, and IL-18 + fucoidan-treated
groups were incubated for 6 h. Each group was stained with Count and Viability Reagent
(EMD Millipore, Billerica, MA, USA), and the viability was analyzed on Muse Cell Analyzer
(EMD Millipore, Billerica, MA, USA).

Statistical analysis

Each experiment was repeated three times. Data are presented as the mean + SEM.
Comparisons of the effects of various treatments with untreated control cells were performed
with one-way ANOVA and Dunnett’s post hoc test. One-sided P<0.05 was considered
significant.

Results

Effects of fucoidan on IL-1B-induced increases in cytokine and COX-2 production

To determine whether fucoidan suppressed the production of proinflammatory mediators (IL-
6, TNF-a, COX-2) in IL-1B3-stimulated SW982 cells, cells were pretreated with 100 g/ mL
fucoidan before being cocultured in the presence of 5ng/mL IL-15 + fucoidan for a further 24
h. As shown in Fig. 1, IL-18 alone (5ng/mL) induced significant IL-6 production compared
with control cells. Pretreatment of cells with 100 g/ mL fucoidan significantly reduced IL-15-
stimulated IL-6 production.

The effects of fucoidan on TNF-o were also evaluated. As shown in Fig. 2, IL-13 induced
significant release of TNF-a by SWO982 cells compared with the untreated control after 24 h
culture. This IL-1B8-induced increase in TNF-o production by SW982 cells was inhibited by 1
h pretreatment with 100 g/ mL fucoidan. Together, these observations suggest that fucoidan
pretreatment can significantly suppress IL-18-mediated release of proinflammatory mediators
from SW982 cells.

In the present study, 6 h exposure of SW982 cells to IL-183 resulted in the induction of COX-
2 compared with the untreated control group (Fig. 3). Fucoidan pretreatment significantly
reduced IL-15-induced COX-2 production.

The data presented in Figs. 1~3 indicate that fucoidan may be able to regulate proinflammatory
cytokine production in SW982 cells.

The suppression of cytokine and COX-2 production by fucoidan may have been due to
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Fig. 1. Effects of fucoidan on interleukin (IL)-6 pro- Fig. 2. Effects of fucoidan on tumor necrosis factor
duction in IL-18-stimulated SW982 cells. Cells (TNF)-a production in interleukin (IL)-153-
were treated with 100 g/ mL fucoidan 1h stimulated SW982 cells. Cells were treated
before exposure to Sng/mL IL-18 for times with 100 ;g / mL fucoidan 1h before exposure
ranging from 20 min to 24 h. Control cells to 5ng/mL IL-18 for times ranging from
were cultured in the absence of IL-15 and 20 min to 24 h. Control cells were cultured
fucoidan. Concentrations of IL-6 in the culture in the absence of IL-18 and fucoidan. Con-
medium were determined using commercially centrations of TNF-a in the culture medium
available ELISA kits. Data are the mean * were determined using commercially available
SEM. *P < 0.05 compared with untreated control ELISA kits. Data are the mean = SEM. * P<<
cells ; "P<0.05 compared with IL-1p3-treated 0.05 compared with untreated control cells ;
cells. "P<0.05 compared with IL-153-treated cells.

cytotoxic effects of fucoidan in IL-15-stimulated SW982 cells. To exclude this possibility, the
viability of SWO982 cells was evaluated. Treatment of cells with 100 (g / mL fucoidan, alone or
in combination with IL-153, had no significant effect on cell viability. Specifically, the percentage
of living cells in the control, IL-18-, fucoidan-, and IL-18 + fucoidan-treated groups was 94.89 +
0.66%, 93.01 +0.37%, 95.64 + 0.37%, and 94.58 = 0.09%, respectively. These results confirm that
the inhibition of cytokine and COX-2 production by fucoidan in IL-153-stimulated SW982 cells
is not due to cytotoxic effects of fucoidan. Similarly, another study has reported recently that
100 ptg / mL fucoidan treatment, with or without lipopolysaccharide (LPS), does not significantly

affect cell viability ™.

Effects of fucoidan on translocation of NF-kB/p65 into the nucleus of IL-1B-stimulated SW982
cells

NF-«B is an important transcription factor that regulates the gene expression of proinflammatory
mediators ; thus, in the present study we investigated whether fucoidan has any effect on NF-«xB
activity by examining IL-15-induced translocation of NF-«kB/p65 into the nucleus. As shown in
Fig. 4, 1h exposure of SW982 cells to IL-15 resulted in a marked increase in the translocation
of NF-kB/p65 compared with control. However, 1 h pretreatment of cells with fucoidan
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Fig. 3. Effects of fucoidan on cyclooxygenase (COX)- Fig. 4. Effects of fucoidan on translocation of nuclear
2 production in interleukin (IL)-13-stimulated factor (NF)-kB/p65 into the nucleus of
SWI82 cells. Cells were treated with 100 ug/ interleukin (IL)-13-stimulated SW982 cells.
mL fucoidan 1h before exposure to 5ng/mL Cells were treated with 100 ;g/ mL fucoidan
IL-15 for times ranging from 20 min to 24 h. 1h before exposure to Sng/mL IL-18 for
Control cells were cultured in the absence of times ranging from 20 min to 24 h. Control
IL-18 and fucoidan. Concentrations of COX- cells were cultured in the absence of IL-153
2 in the culture medium were determined and fucoidan. Cells were harvested and nuclei
using commercially available ELISA Kkits. Data were extracted using a nuclear extraction kit
are the mean + SEM.* P<<0.05 compared with (Imgenex). For quantitative determination
untreated control cells; "P<0.05 compared of the relative increase in p65 translocation
with IL-1p-treated cells. into the nucleus, an NF-xB/p65 ELISA kit

was used. Data are the mean = SEM. * P<
0.05 compared with untreated control cells ;
"P<0.05 compared with IL-153-treated cells.

inhibited the IL-1B-induced translocation of NF-kB/p65 into the nucleus. On the basis of these
results, fucoidan may inhibit NF-xkB activation in SWO982 cells by suppressing 1kB degradation
and hence the nuclear translocation of NF-kB.

Effects of fucoidan on the phosphorylation of MAPKs in IL-1B-stimulated SW982 cells

The phosphorylation of ERK, JNK, and p38 MAPK were compared in cells treated with or
without IL-18 (5ng/mL) in the presence or absence of 100 g/ mL fucoidan pretreatment.
There was no significant difference in ERK phosphorylation among the different groups
(data not shown). However, there was significant upregulation of JNK and p38 MAPK
phosphorylation in IL-153-treated cells, which was significantly inhibited by fucoidan pretreatment
(Figs. 5, 6).

Discussion

Fucoidan is a natural sulfated polysaccharide extracted from brown seaweed. Several studies
have demonstrated an anti-inflammatory action of fucoidan. In inflammatory animal models,
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Fig. 5. Effects of fucoidan on the phosphorylation of Fig. 6. Effects of fucoidan on the phosphorylation of
c-Jun N-terminal kinase (JNK) in interleukin p38 mitogen-activated protein kinase (MAPK)
(IL)-1B-stimulated SW982 cells. Phosphorylation in interleukin (IL)-15-stimulated SW982 cells.
of JNK was determined using a commercially Phosphorylation of p38 MAPK was determined
available ELISA kit. Cells were treated with using a commercially available ELISA kit.
100 g /mL fucoidan 1h before exposure to Cells were treated with 100 g/ mL fucoidan
Sng/mL IL-18 for times ranging from 20 min 1h before exposure to Sng/mL IL-18 for
to 24 h. Cells were processed according to the times ranging from 20 min to 24 h. Cells
instructions in the kit, and the intensity of the were processed according to the instructions
color was measured at 450 nm. Data are the in the kit, and the intensity of the color was
mean + SEM. * P<<(005 compared with untreated measured at 450 nm. Data are the mean +
control cells; "P<0.05 compared with IL-153- SEM. * P<<005 compared with untreated control
treated cells. cells; "P<0.05 compared with IL-153-treated
cells.
fucoidan has been shown to inhibit leukocyte recruitment'® and to have neuroprotective effects

against B-amyloid-induced neurotoxicity”. Fucoidan has also been reported to inhibit the
synthesis of PGE, and COX-2 in LPS-stimulated microglia’®. However, the pharmacological
effects of fucoidan on synovial cells have not been reported. Therefore, in the present study
we investigated the anti-inflammatory action of fucoidan in IL-1B-treated synovial cells. Our
findings demonstrate that fucoidan reduces the production of inflammatory cytokines and COX-2
by IL-1B-stimulated synovial cells. In addition, we demonstrated that the actions of fucoidan are
related to the inhibition of NF-kB and MAPK activation.

Cytokines are proteins with a molecular mass of approximately 10-50 kDa ; they have various
physiological activities. In the body, a cytokine network is formed by the interactions between
numerous cytokines that have different effects. Of these, inflammatory cytokines have an
important role in the pathology of RA as inflammatory mediators.

The synovial response in patients with RA is characterized by increased levels of proinflammatory
cytokines (TNF-a, IL-18, IL-6, etc.). These cytokines are known to play an important role in
the pathogenesis of RA™. In the present study we investigated the action of fucoidan on the
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production of proinflammatory cytokines (TNF-a and IL-6) by human synovial (SW982) cells.
TNF-o has been implicated in the erosive changes to cartilage and bone associated with early

joint swelling, such as in chronic arthritis ',

IL-6 is a cytokine with a wide range of biological
activities in immunomodulation, hematopoiesis, inflammation, and tumorigenesis. It is known
that IL-6 can increase serum c-globulin and rheumatoid factor levels®. High IL-6 levels are
observed in serum and synovial fluid samples from patients at the onset of chronic RA?. In
the present study, fucoidan treatment significantly inhibited IL-15-induced TNF-a and IL-6
production by SW9I82 cells, proving that fucoidan can control the expression of proinflammatory
cytokines in synovial cells.

IL-18, one of the cytokines that acts as a mediator of intercellular communication, was
used in the present study to induce an inflammatory response in SW982 cells. IL-1 plays an
important role in inflammatory responses, the prevention of infection, and other aspects of the
immune response. By binding to IL-1 receptors expressed on the cell membrane, IL-15 induces
intracellular signaling, with the activation of MAPKs and the transcription factor NF-«B then
inducing the expression of cytokines and chemokines.

In the present study, we investigated whether the anti-inflammatory action of fucoidan in IL-
18-stimulated SW982 cells involves modulation of MAPKSs activity. The findings demonstrate
that fucoidan is a strong inhibitor of IL-13-stimulated MAPK (p38 MAPK and JNK) activation
in SW982 cells (Figs. 5, 6) and suggest that the anti-inflammatory action of fucoidan is due to
inhibition of the MAPKSs signaling pathway.

MAPKs play an important role in inflammatory signaling in many cells and have been shown
to be the principal tyrosine phosphorylated proteins in human synovial cells following IL-153
stimulation?”. JNK and p38 MAPK activate AP-1??, which is a transcription regulating factor,
and induce the expression of inflammatory mediator proteins. IL-1/3-induced activation of JNK
results in the increased expression of cytokines that are inflammatory mediators. In human
breast cancer cells, IL-18 treatment is followed by a marked increase in p38 MAPK activation,
which peaks early, as well as an increase in the levels of COX-2, an inflammatory mediator®,
In addition, a reduction in MAPK activation and production of inflammatory cytokines (e.g. IL-1
B, IL-1, and TNF-at) by fucoidan has been reported in mouse macrophage cells®”.

In synovial cells, JNK and p38 MAPK may be the most important kinases activated by
proinflammatory cytokines. This is supported by recent studies showing that inhibition of JNK
activation is involved in arthropathy and remodeling in arthritic animal models®. As such, the
inhibition of JNK activation by fucoidan would be important in inhibiting inflammatory mediator
expression induced by IL-15 in synovial cells.

NF-«kB is one of the most important transcriptional control factors, and activation of NF-xB
protein expression plays an important role in inflammation because it induces the transcription
of proinflammatory genes. Upon activation, NF-kB forms a complex with inhibitory IxB
proteins in the cytoplasm and is then suppressed. Thereafter, the IkB phosphorylation response
leads to ubiquitination and degradation'?. 1xB degradation then frees the NF-xkB and causes
it to move to the nucleus, where it induces the transcription of inflammation-related genes.
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In the present study, fucoidan significantly inhibited I1xB degradation and the IL-15-induced
nuclear translocation of NF-kB/p65 in SW982 cells (Fig. 4). These results suggest that the
downregulation of proinflammatory mediators by fucoidan is due to inhibition of both MAPK
activation and the NF-«B pathway.

In conclusion, we have demonstrated in the present study that fucoidan inhibits translocation
of the transcription factor NF-kB and activation of MAPK (which is a transcription factor
adjustment enzyme), in addition to suppressing the synthesis of COX-2 and proinflammatory
cytokines by synovial cells following IL-18 stimulation. The data suggest that fucoidan could be
a therapeutic drug for the treatment of inflammatory diseases, including RA.
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