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Abstract: In the pathogenesis of asthma, the proliferation of airway smooth muscle cells (ASMCs)
is a key factor in airway remodeling and causes airway narrowing. In addition, ASMCs are
also the effector cells of airway inflammation. Fucoidan extracted from marine brown algae
polysaccharides has antiviral, antioxidant, antimicrobial, anticlotting, and anticancer properties;
however, its effectiveness for asthma has not been elucidated thus far. Platelet-derived growth
factor (PDGF)-treated primary ASMCs were cultured with or without oligo-fucoidan (100, 500, or
1000 pug/mL) to evaluate its effects on cell proliferation, cell cycle, apoptosis, and Akt, ERK1/2
signaling pathway. We found that PDGF (40 ng/mL) increased the proliferation of ASMCs by
2.5-fold after 48 h (p < 0.05). Oligo-fucoidan reduced the proliferation of PDGF-stimulated ASMCs
by 75%-99% after 48 h (p < 0.05) and induced G; /Gy cell cycle arrest, but did not induce apoptosis.
Further, oligo-fucoidan supplementation reduced PDGF-stimulated extracellular signal-regulated
kinase (ERK1/2), Akt, and nuclear factor (NF)-kB phosphorylation. Taken together, oligo-fucoidan
supplementation might reduce proliferation of PDGF-treated ASMCs through the suppression of
ERK1/2 and Akt phosphorylation and NF-«B activation. The results provide basis for future animal
experiments and human trials.
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1. Introduction

In 1974, the morbidity rate of childhood asthma in Taiwan was approximately 3%, which increased
to approximately 20.74% by 2009, indicating a 7-fold increase in 35 years [1] This shows that asthma has
become a common and serious issue Taiwan. In the pathogenesis of asthma, alteration in the structure
of the airways is commonly observed resulting in airway smooth muscle cell hypertrophy, hyperplasia,
and airway wall thickening. Recent studies have demonstrated that airway smooth muscle cells
(ASMCs) are not just involved in airway narrowing. Stimulated ASMCs release interleukin (IL)-1,
IL-5, IL-6, IL-8, IL-11, granulocyte monocyte-colony stimulating factor (GM-CSF), leukemia inhibitory
factor (LIF), and monocyte chemoattractant protein (MCP)-1, 2, 3. The stimulated ASMCs also express
cell adhesion molecules (CAMSs), intercellular CAM (ICAM), and vascular CAM (VCAM) to activate
mast cells, eosinophils, lymphocytes, and neutrophil causing airway inflammation [2]; thus, the
majority of asthma patients require permanent therapy with inhaled corticosteroids (ICS) or ICS +
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long-acting beta2-agonists (LABA) to ameliorate airway inflammation [3]. Therefore, reducing the
proliferation of ASMCs is one approach of reducing airway inflammation. In asthma pathogenesis,
the injured epithelial tissue releases several factors, including endothelin-1, epidermal growth factor,
insulin-like growth factor, and platelet-derived growth factor (PDGF) to induce the proliferation of
ASMCs [4-6]. PDGF is a major factor in proliferation of ASMCs [7-9]. The PDGF family consists of
five different isoforms, including PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC, and PDGF-DD [10].
Both in vivo and in vitro studies showed that PDGF-BB induced the proliferation and migration
of human ASMCs [11-13]. Therefore, the increased level of PDGF-BB in the airway of asthmatic
patients was associated with changes in airway structure and function. PDGF can induce proliferation
of ASMCs in a dose-dependent manner by activating various signaling pathways, including the
mitogen activated protein kinase (MAPK), phosphoinositide-3-kinase (PI3K), and nuclear factor
(NF)-kB pathways [14-16]. The proliferation of ASMCs is believed to be important in causing airway
hyper-responsiveness (AHR), a prominent feature of airway remodeling [9].

Fucoidan is a seaweed polysaccharide derived from brown seaweed extract. It is structurally
similar to heparin and consists of an alpha-1,3-backbone or a repeat units of disaccharides containing
alpha-1,3-linked fucose and an alpha-1,4-linked fucose, with branching at the C2 position [17,18].
The fucoidan polysaccharide is reported to have antiviral, antioxidant, antimicrobial, anticoagulant,
anticancer/antitumor, antiproliferative, and anti-inflammatory properties [18,19]. The use of fucoidan
from various seaweed extracts for atopic allergic reactions was found to enhance the natural immune
response, alter Th1/Th2 balance, inhibit immunoglobulin E (IgE) production, and suppress mast cell
degranulation. Because fucoidan has these immunomodulatory effects, it has the potential to prevent
allergic diseases [20,21]. However, the effects of oligo-fucoidan on allergic disease have not been
elucidated thus far.

The proliferation of ASMCs is a key factor in causing AHR. In ASMCs, the regulation of cell
proliferation signals closely influences pathological processes. Therefore, we aimed to investigate
the effects of oligo-fucoidan on the proliferation of PDGF-treated ASMCs. We used PDGF to induce
the proliferation of ASMCs and found that treatment with oligo-fucoidan (100, 500, or 1000 pg/mL)
inhibited the proliferation of PDGF-treated ASMCs. Oligo-fucoidan inhibited ERK1/2, Akt, and NF-«B
phosphorylation in PDGF-treated ASMCs. Therefore, oligo-fucoidan may decrease the proliferation of
PDGF-treated ASMCs by suppressing the ERK1/2, Akt, and NF-«B pathways.

2. Results

2.1. Oligo-Fucoidan Inhibited PDGF-Stimulated Proliferation of ASMCs

To evaluate the effect of oligo-fucoidan on PDGF-stimulated proliferation of ASMCs, growth-arrested
ASMCs were treated with 40-ng/mL rhPDGE-BB or oligo fucoidan (100, 500, or 1000 pug/mL). After
incubation for 48 h, PDGF at 40-ng/mL stimulated marked proliferation of ASMCs. No significant
differences in the proliferation rate of oligo-fucoidan alone treated ASMCs compared to the control
group. Treatment with oligo-fucoidan alone did not affect the growth of cells cultured in 0.2%
FBS-containing medium. (Figure 1a). Growth-arrested cells were treated with 40-ng/mL PDGF and
oligo-fucoidan (100, 500, or 1000 ng/mL) for 24 h, 48 h, or 72 h. The proliferation fold of ASMCs
decreased in 40 ng/mL PDGF and oligo-fucoidan groups significantly (Figure 1b). These results
indicated that oligo-fucoidan inhibited the proliferation of PDGF-stimulated ASMCs. To evaluate the
effect of oligo-fucoidan cpmpare with budesonide and fenoterol on PDGF-stimulated proliferation
of ASMCs, Growth-arrested cells were treated with 40-ng/mL PDGEF, 10 nM budesonide, 10 nM
fenoterol and oligo-fucoidan (100, 500, or 1000 ug/mL) for 24 h and 48 h. The proliferation fold of
PDGF-stumlated ASMCs did not decrease in budesonide and combination groups (10 nM budesonide
+ 10 nM fenoterol), except fenoterol group (p < 0.05) (Figure 1c). However, the combinatic effect of
oligo-fucoidan (500 or 1000 pg/mL) reduced the proliferation fold of PDGF-stumlated ASMCs in
budesonide, fenoterol and combination groups significantly (p < 0.05). These results indicated that
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oligo-fucoidan significantly improve the effects of budesonide and fenoterol in the proliferation of
PDGF-stimulated ASMCs.
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Figure 1. The oligo Fucoidan inhibited platelet-derived growth factor (PDGF)-stimulated proliferation
of airway smooth muscle cells (ASMCs). ASMCs were serum deprivation (0.2% FBS-containing
medium) for 48 h, growth-arrested ASMCs were treated with 40-ng/mL rhPDGF-BB or oligo fucoidan
(100, 500, or 1000 pg/mL). After incubation for 48 h, the rate of proliferation of cells was assayed
by XTT. (a) Growth-arrested cells were treated with 40-ng/mL rhPDGF-BB and oligo fucoidan (100,
500, or 1000 pg/mL) for 24 h, 48 h, or 72 h, the rate of proliferation of cells was assayed by XTT;
(b) Growth-arrested cells were treated with 40-ng/mL rhPDGEF-BB, 40-ng/mL rhPDGF-BB + 10 nM
budesonide, 40-ng/mL rhPDGF-BB + 10 nM fenoterol and 40-ng/mL rhPDGF-BB + combination
(10 nM budesonide + 10 nM fenoterol) withot or with different oligo fucoidan (100, 500, or 1000 pg/mL)
concentration for 48 h, the rate of proliferation of cells was assayed by XTT.* compare with control
group (p < 0.05); # compare with PDGF group (p < 0.05); & compare with PDGF + budesonide group
(p < 0.05); + compare with PDGF + fenoterol group (p < 0.05), $ compare with PDGF + budesonide +
fenoterol group (p < 0.05); (c) Results are from three individual experiments. One-way ANOVA and
post hoc Tukey’s test have been used. p < 0.05 indicated significant differences.

2.2. Oligo-Fucoidan Inhibited Cell Cycle Progression, but Did Not Induce Apoptosis in
PGDF-Stimulated ASMCs

We elucidated the effects of oligo-fucoidan on cell cycle progression by using growth-arrested
cells that were stimulated with PDGF in the presence or absence of oligo-fucoidan (100 or 500 ug/mL)
for 24 h and obtained cell cycle profiles by flow cytometric analysis. When growth-arrested ASMCs
were stimulated with PDGF for 24 h, only 40.1% of the cells were in the G;/Gq phase (G1/Gp) phase in
control group (81.7%) (p < 0.05). Oligo-fucoidan significantly inhibited the PDGF-stimulated G1-to-S
progression, resulting in 62.4%-74% of cells in the G; /G phase (Figure 2a). The percentage of apoptotic
cells was determined by Annexin V-FITC apoptosis detection kit (Strong Biotech Corporation, Taipei,
Taiwan). When growth-arrested ASMCs were stimulated with PDGEF for 48 h, Oligo-fucoidan did not
increase apoptosis compare with control group (Figure 2b). The results indicated that oligo-fucoidan
did not induce an apoptotic response. These results confirmed that the antiproliferative effects of
oligo-fucoidan could not be attributed to its cytotoxicity. Oligo-fucoidan inhibited the proliferation of
cells by inducing cell cycle arrest and not by inducing apoptosis or necrosis.
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Figure 2. Oligo fucoidan inhibited the cell cycle progression, but did not induce apoptosis, in
PGDF-stimulated ASMCSs. The growth-arrested ASMCs were stimulated with 40-ng/mL PDGF
and oligo fucoidan (100, 500 and 1000 pg/mL) for 24 h. The cells were obtained to stain propidium
iodide and assay cell cycle profiles by flow cytometry. (a) The growth-arrested ASMCs were stimulated
with 40-ng/mL PDGF and oligo fucoidan (100, 500 and 1000 pg/mL) for 48 h. The growth-arrested
ASMCs were stimulated with 40-ng/mL PDGEF for 48 h and 1% H,O, for 10 min as positive control
group. The cells were obtained to stain Annexin V/propidium iodide and assay apoptosis ratio by
flow cytometry; (b) One representative example of three individual experiments. One-way ANOVA
and post hoc Tukey’s test have been used. p < 0.05 indicated significant differences.

2.3. Oligo-Fucoidan Effectively Blocked the PDGF-Induced Akt and ERK1/2 Phosphorylation

We investigated the mechanisms by which oligo-fucoidan suppressed cell proliferation. PDGF
stimulates the proliferation of ASMC through PI3 K signaling pathway, which can activate Akt
protein. Activated-Akt in turn activates the downstream signaling proteins (p7056 K, NF-«B, and
ERK), increasing cyclin D1 level and suppressing the transcription of p27XiP! to enable cell cycle
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progressionentry [22]. In this study, fucoidan inhibited Akt phosphorylation (Figure 3). Furthermore,
PDGF not only induces Akt phosphorylation (Ser473) but also induces ERK1/2 phosphorylation to
increase cell proliferation [22-24]. Our results also showed that oligo-fucoidan inhibited ERK1/2
phosphorylation, but not p38 phosphorylation (Figure 4).
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Figure 3. Oligo fucoidan decreased the PDGF-induced phosphorylation of Akt in ASMCs.
Growth-arrested cells were treated with 40-ng/mL rhPDGF-BB or oligo fucoidan (100, 500, or
1000 pg/mL) for 30 and 60 min. Western blot was performed with phosphorylated Akt and Akt
antibodies. Normalized signals (Akt phosphorylation/Akt) also were performance. (a) Normalized
signals from three independent experiments are presented in the bar charts. * Significantly different
from the value obtained with control group, # Significantly different from the value obtained with
PDGEF group, p < 0.05; (b) One-way ANOVA and post hoc Tukey’s test have been used. p < 0.05
indicated significant differences.
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Figure 4. Oligo fucoidan effectively blocked the PDGF-induced ERK1/2 phosphorylation in ASMCs.
Growth-arrested cells were treated with 40-ng/mL rhPDGF-BB or oligo fucoidan (100, 500, or
1000 ug/mL) for 30 min. Western blot was performed with phosphorylated p38, p38, phosphorylated
ERK1/2 and ERK1/2 antibodies. Normalized signals (p38 phosphorylation/p38 and ERK1/2
phosphorylation/ERK1/2) also were performance. One representative example of three individual
experiments. (a) Normalized signals from three independent experiments are presented in the bar
charts. * Significantly different from the value obtained with control group; # Significantly different
from the value obtained with PDGF group, p < 0.05; (b) One-way ANOVA and post hoc Tukey’s test
have been used. p < 0.05 indicated significant differences.
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2.4. Oligo-Fucoidan Effectively Blocked the PDGF-Induced NF-kB Phosphorylation

We investigated whether oligo-fucoidan treatment induced changes in NF-«B activation.
Growth-arrested cells were stimulated with PDGF in the presence or absence of oligo-fucoidan for
30 min. The densities of NF-«B in total protein fractions in various groups were compared with the
level of phosphorylated NF-«kB. Oligo-fucoidan markedly inhibited the level of phosphorylated-NF-«B
(Figure 5a). NF-kB translocation was determined in both cytoplasm and nuclear protein fractions.
PDGEF increased the nuclear translocation of NF-«B after treatment for 30 min (Figure 5b).
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Figure 5. Oligo fucoidan effectively blocked the PDGF-induced NF-kappaB phosphorylation.
Growth-arrested cells were treated with 40-ng/mL rhPDGF-BB or oligo fucoidan (100, 500, or
1000 pg/mL) for 30 min. Western blot was performed with phosphorylated NF-kappaB, NF-kappaB
and actin antibodies in in total protein fractions (a) and in both cytoplasm and nuclear protein
fractions (b). Normalized signals (NF-kappaB phosphorylation/NF-kappaB) also were performance.
One representative example of three individual experiments.

3. Discussion

Asthma is subdivided into three phenotypes: (I) trigger-induced asthma, including (1) allergic;
(2) non-allergic; (3) aspirin-exacerbated respiratory disease; (4) infection-; and (5) exercise-induced
asthma. (II) Clinical presentation of asthma, including (1) pre-asthma wheezing in infants;
(2) exacerbation-prone asthma; (3) associated with apparent irreversible airflow limitation.
(III) Inflammatory markers of asthma [25]. In the pathogenesis of the three asthmatic phenotypes,
structural changes in the airways are commonly observed resulting in airway smooth muscle cell
hypertrophy, hyperplasia, and airway wall thickening. This study was the first report on the effects of
fucoidan in airway smooth muscle cell hyperplasia. Fucoidan-based therapy could be beneficial for
asthma per these data.

In the pathogenesis of asthma, the proliferation of ASMCs is a key factor in airway remodeling.
Moreover, ASMCs are a source of chemokines and cytokines because they increase the recruitment and
activation of inflammatory cells involved in airway inflammation [26]. A study on cultured ASMCs
showed the phenotypic plasticity of ASMCs, which can transiently switch between a contractile
(functional) and synthetic phenotype (proliferative) [27]. Normal ASMCs have the ability to contract;
however, after exposure to stimulators (such as serum and growth factors) during growth, particularly
in late passage, smooth muscle cells become increasingly irreversibly synthetic and 20% to 25% of
the cells become hypercontractile. This phase of the cells is irreversible. We can speculate that
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“myofibroblasts” are phenotypically derived from ASMCs, perhaps in the guise of the synthetic
phenotype [28].

Stimulated ASMCs caused airway inflammation [2]; thus, the majority of asthma patients
require permanent therapy with inhaled corticosteroids (ICS) or ICS + long-acting beta2-agonists
(LABA) to ameliorate airway inflammation [3]. In reducing proliferation of airway smooth muscle
cells, some studies indicated ICS or ICS + LABA reduced mass of airway smooth muscle cells [29],
we also determined the effects of Fucoidan combined with budesonide (inhaled corticosteroids),
fenoterol (LABA) or budesonide + fenoterol in growth factor (PDGF)-stimulated airway smooth
muscle cells. We found the Fucoidan combined with 10 nM budesonide (this dose has been over the
recommended dose of inhaled budesonide), 10 nM fenoterol or 10 nM budesonide + 10 nM fenoterol
more decreased PDGF-induced cell proliferation than budesonide, fenoterol or budesonide + fenoterol
groups (Figure 1c). Fucoidan might be as an alternative or add-on therapy in proliferation of ASMCs.
Fucoidan also has an anti-inflammation effect [18,19]. Therefore, as one of the future research directions,
we will stimulate smooth muscle cells to produce inflammation, then discuss fucoidan and ICS and/or
LABA effects. Fucoidan might be as an alternative or add-on therapy in airway inflammation.

There are several in vivo and in vitro plant extract studies directed at reducing inflammatory
response in asthma [18-20]; however, there are limited studies focusing on the inhibition of ASMC
proliferation. In this study, we evaluated the effects of oligo-fucoidan on primary cultured ASMCs.
We showed that oligo-fucoidan inhibited the hyperplasia of ASMCs (Figure 1), but did not induce
apoptosis, by stimulating PDGF (Figure 2).

Marine polysaccharides (fucoidan) have numerous pharmaceutical properties such as antioxidant,
anti-inflammatory, antiallergic, antitumor, antiobesity, antidiabetes, anticoagulant, antiviral,
immunomodulatory, cardioprotective, antihepatopathy, antiuropathy, and antirenalpathy activities [30].
Oligo-fucoidan has been characterized as a heparin-like molecule [8,9]. Previous studies have
determined the pharmacological effects of heparin on the proliferation of ASMCs. The antiproliferative
effects of heparin were reproduced by at least 3-kDa heparin and O-desulfated heparin (Ode;
non-anticoagulant) [31,32]. However, the mechanism underlying the antiproliferative effects of heparin
on ASMCs is not completely understood. In the present study, we demonstrated that oligo-fucoidan
could significantly decrease PDGF-stimulated cell proliferation. Oligo-fucoidan suppressed Akt and
ERK1/2 activation in PDGF-stimulated ASMCs (Figures 3 and 4). These suppressions were correlated
with the downregulation of the NF-«kB signaling pathway (Figure 5). We found that oligo-fucoidan
might decrease Akt and ERK1/2 phosphorylation to suppress NF-«B in primary cultured ASMCs by
stimulating PDGE, thereby decreasing cell proliferation.

This study proposed that oligo-fucoidan inhibited the proliferation of ASMCs and achieved the
goal of attenuating AHR. We found that PDGF induced the proliferation of ASMCs and oligo-fucoidan
inhibited PDGF-stimulated cell proliferation in a dose-dependent manner by blocking the Akt, ERK1/2,
and NF-«B signaling pathways. These effects may contribute to the effectiveness of oligo-fucoidan in
attenuating AHR and improving airway remodeling. These results demonstrate that oligo-fucoidan
serves as a potential complementary therapy for asthma.

Recently, fucoidan has been found to be a modulator of allergic responses by enhancing the
natural immune response, altering Th1/Th2 balance, inhibiting IgE production, and suppressing
mast cell degranulation. Our research specifically focused on the immunomodulatory effect of
marine polysaccharides and emphasized on their potential application as pharmaceuticals and
nutraceuticals for the prevention of allergic disorders. The immunomodulatory effect of fucoidan in
allergic response should be further investigated. In other studies, fucoidan inhibited tumor necrosis
factor (TNF)-alpha-stimulated NF-«B activity. NF-kB has been previously implicated in allergic
dermatitis [33]. Our study demonstrates that oligo-fucoidan is a potential therapeutic supplement for
asthma therapy and acts as a model for future protocol design in animal and preclinical studies. In the
future, we plan to determine whether fucoidan can reduce experimental asthma injury by studying its
effects on inflammation in ASMCs and in animal models of asthma.
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4. Materials and Methods

4.1. Culture of ASMCs

Adult, 6-8 week-old, male Brown Norway rats were obtained from the National Laboratory
Animal Center (Taipei, Taiwan). These animals were raised in normal conditions in the animal center
of Changhua Christian Hospital. The study was approved by the Institutional Animal Care and
Use Committee of Changhua Christian Hospital. Tracheas and bronchi were collected. Tissues were
incubated in Hanks” balanced salt solution (HBSS) with 0.1% collagenase solution (Sigma Chemical
Co., St. Louis, MO, USA) at 37 °C for 20 min. Loosened connective tissues were scraped. The tissues
were cut into 0.5-mm? fragments, which were placed in a culture dish containing Dulbecco’s modified
Eagle’s medium (DMEM)/F12, 10% fetal bovine serum (FBS), 2 mM glutamine, and 100 U/mL
penicillin/streptomycin (all from Invitrogen, Carlsbad, CA, USA). They were then incubated at 37 °C.
Passages six to eight were used for the experiments. Cultured ASMCs expressing smooth muscle actin
were detectedby smooth muscle actin antibody immunocytochemically.

4.2. Evaluation of Cell Proliferation and Cell Cycle Progression

XTT labeling mixture reagents were used (cell proliferation Kit II, Roche Molecular Biochemicals,
Indianapolis, IN, USA). Growth-arrested cells were stimulated with recombinant rat PDGF-BB
(40 ng/mL; R&D Systems, Minneapolis, MN, USA) in the presence or absence of oligo-fucoidan
(100-1000 png/mL) (Hi-Q oligo—fucoidan® as gift from Hi-QMarine Biotech International Ltd., Taipei,
Taiwan) for 24 h, 48 h, or 72 h. XTT mixture reagent was added to each 96-well and incubated for 4 h;
the absorbance at 490 nm was measured. Growth-arrested cells were stimulated with PDGF-BB in
the presence or absence of oligo-fucoidan for 24 h to examine cell cycle progression. The harvested
cell pellet was added to 3 mL of cold 70% ethanol and maintained at —20 °C for 30 min. The cell
pellet was resuspended with 1% Triton X-100, 0.1 mg/mL RNase A, and 4 g/mL propidium iodide
after centrifugation. Flow cytometry (FC 500, Beckman Coulter, Inc., Fullerton, CA, USA) was used to
examine cell cycle progression.

4.3. Apoptosis Assay

Annexin V-FITC apoptosis detection kit (Strong Biotech Corporation, Taipei, Taiwan) was used
to determine the percentage of necrotic cells. Briefly, the treated cells were washed with PBS and
centrifuged at 200 g for 5 min. The cell pellet was resuspended in staining buffer for 15 min at 25 °C
and were used for flow cytometric analysis. Annexin V-positive and Pl-positive staining indicated
apoptosis and necrosis, respectively.

4.4. Extraction of Protein and Western Blot Analysis

Total cellular proteins were extracted using a lysis buffer and cytoplasm and nuclear proteins were
obtained using NE-PER reagents (Pierce Biotechnology, Rockford, IL, USA). The protein concentration
was determined using Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA). Antibodies against, Akt,
Ser473-phosphorylated Akt, phosphorylated ERK1/2, ERK1/2, phosphorylated NF-«kB, NF-kB, and
a-actin were purchased from Cell Signaling Technology (Beverly, MA, USA). Secondary antibodies
were purchased from Pierce Biotechnology. Cell proteins were fractionated by electrophoresis on a 10%
SDS-polyacrylamide gel and were transferred onto a nitrocellulose membrane, blocked, and probed
with various primary antibodies. Following incubation with primary antibodies (1:1000) overnight, the
membrane was washed and incubated with horseradish peroxidase-conjugated secondary antibody
(1:10,000) for 1 h. The blot was washed and visualized by enhanced chemiluminescence (Pierce
Biotechnology). The bands were quantified and normalized against «-actin.
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4.5. Statistical Analysis

Statistical analyses were carried out using SPSS/Windows software (SPSS Science, Chicago, IL,
USA). The statistical significance was evaluated by one-way ANOVA and post hoc Tukey’s test, p < 0.05
indicate significant differences.

5. Conclusions

Oligo-fucoidan supplementation might reduce proliferation of PDGF-treated ASMCs by
suppressing ERK1/2 and Akt phosphorylation and NF-«kB activation, thereby upregulating the
proliferation of ASMCs. The results of this study could be the basis of future animal experiments and
human trials.
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The following abbreviations are used in this manuscript:

ASMCs: Airway smooth muscle cells

AHR: airway hyper-responsiveness

CAMs: cell adhesion molecules

DMEM: Dulbecco’s modified Eagle’s medium
ERK1/2: extracellular signal-regulated kinase
FBS: fetal bovine serum

GM-CSF: granulocyte monocyte-colony stimulating factor
HBSS: Hanks’ balanced salt solution

IL: interleukin

ICAM: intercellular CAM

ICS: inhaled corticosteroids

IgE: immunoglobulin E

LABA: long-acting beta2-agonists

LIF: leukemia inhibitory factor

MCP: monocyte chemoattractant protein
MAPK: mitogen activated protein kinase
(NF)-«kB: nuclear factor

PDGEF: Platelet-derived growth factor

PI3K: phosphoinositide-3-kinase

TNF: tumor necrosis factor

VCAM: vascular CAM

References

1.  Tzeng, Y.F; Gau, B.S. Nursing care of a school-age child with asthma: An ecological system theory approach.
Hu Li Za Zhi 2012, 59, 96-103. [PubMed]

2. Kartha, S.; Naureckas, E.T.; Li, J.; Hershenson, M.B. Partial characterization of a novel mitogen-activated
protein kinase/extracellular signal-regulated kinase activator in airway smooth-muscle cells. Am. |. Respir.
Cell Mol. Biol. 1999, 20, 1041-1048. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/22314656
http://dx.doi.org/10.1165/ajrcmb.20.5.3394
http://www.ncbi.nlm.nih.gov/pubmed/10226075

Mar. Drugs 2016, 14, 15 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Chung, K.E; Caramori, G.; Adcock, M. Inhaled corticosteroids as combination therapy with beta-adrenergic
agonists in airways disease: Present and future. Eur. . Clin. Pharmacol. 2009, 65, 853-871. [CrossRef]
[PubMed]

Stewart, A.G.; Grigoriadis, G.; Harris, T. Mitogenic actions of endothelin-1 and epidermal growth factor in
cultured airway smooth muscle. Clin. Exp. Pharmacol. Physiol. 1994, 21, 277-285. [PubMed]

Kelleher, M.D.; Abe, M.K.; Chao, T.S,; Jain, M.; Green, ].M.; Solway, J.; Rosner, M.R.; Hershenson, M.B. Role of
map kinase activation in bovine tracheal smooth muscle mitogenesis. Am. J. Physiol. 1995, 268, 1L.894-1.901.
[PubMed]

Hirst, S.J.; Barnes, PJ.; Twort, C.H. PDGF isoform-induced proliferation and receptor expression in human
cultured airway smooth muscle cells. Am. J. Physiol. 1996, 270, L415-1L428. [PubMed]

Goncharova, E.A.; Lim, PN.; Chisolm, A.; Fogle, HW,, 3rd; Taylor, ].H.; Goncharov, D.A.; Eszterhas, A.;
Panettieri, R.A., Jr.; Krymskaya, V.P. Interferons modulate mitogen-induced protein synthesis in airway
smooth muscle. Am. . Physiol. Lung Cell. Mol. Physiol. 2010, 299, L25-L35. [CrossRef] [PubMed]

Yahiaoui, L.; Villeneuve, A.; Valderrama-Carvajal, H.; Burke, F,; Fixman, E.D. Endothelin-1 regulates
proliferative responses, both alone and synergistically with PDGF, in rat tracheal smooth muscle cells.
Cell. Physiol. Biochem. 2006, 17, 37-46. [CrossRef] [PubMed]

Bousquet, J.; Jeffery, PK.; Busse, W.W.,; Johnson, M.; Vignola, A.M. Asthma: From bronchoconstriction to
airways inflammation and remodeling. Am. ]. Respir. Crit. Care Med. 2000, 161, 1720-1745. [CrossRef]
[PubMed]

Fredriksson, L.; Li, H.; Eriksson, U. The PDGF family: Four gene products form five dimeric isoforms.
Cytokine Growth Factor Rev. 2004, 15, 197-204. [CrossRef] [PubMed]

Halayko, A J.; Tran, T.; Gosens, R. Phenotype and functional plasticity of airway smooth muscle: Role of
caveolae and caveolins. Proc. Am. Thorac. Soc. 2008, 5, 80-88. [CrossRef] [PubMed]

Hirota, ].A.; Ask, K.; Farkas, L.; Smith, J.A.; Ellis, R.; Rodriguez-Lecompte, ].C.; Kolb, M.; Inman, M.D. In vivo
role of platelet-derived growth factor-BB in airway smooth muscle proliferation in mouse lung. Am. J. Respir.
Cell Mol. Biol. 2011, 45, 566-572. [CrossRef] [PubMed]

Ito, I; Fixman, E.D.; Asai, K.; Yoshida, M.; Gounni, A.S.; Martin, ].G.; Hamid, Q. Platelet-derived growth
factor and transforming growth factor-beta modulate the expression of matrix metalloproteinases and
migratory function of human airway smooth muscle cells. Clin. Exp. Allergy 2009, 39, 1370-1380. [CrossRef]
[PubMed]

Hirst, S.J.; Martin, J.G.; Bonacci, J.V,; Chan, V.; Fixman, E.D.; Hamid, Q.A.; Herszberg, B.; Lavoie, J.P;
McVicker, C.G.; Moir, L.M,; et al. Proliferative aspects of airway smooth muscle. J. Allergy Clin. Immunol.
2004, 114, S2-S17. [CrossRef] [PubMed]

Krymskaya, V.P.; Penn, R.B.; Orsini, M.].; Scott, PH.; Plevin, R.].; Walker, T.R.; Eszterhas, A.].; Amrani, Y.;
Chilvers, E.R.; Panettieri, R.A., Jr. Phosphatidylinositol 3-kinase mediates mitogen-induced human airway
smooth muscle cell proliferation. Am. J. Physiol. 1999, 277, L65-L78. [PubMed]

Zhou, L.; Hershenson, M.B. Mitogenic signaling pathways in airway smooth muscle. Respir. Physiol. Neurobiol.
2003, 137, 295-308. [CrossRef]

Kusaykin, M.; Bakunina, I.; Sova, V.; Ermakova, S.; Kuznetsova, T.; Besednova, N.; Zaporozhets, T.;
Zvyagintseva, T. Structure, biological activity, and enzymatic transformation of fucoidans from the brown
seaweeds. Biotechnol. J. 2008, 3, 904-915. [CrossRef] [PubMed]

Li, B.; Lu, F; Wei, X.; Zhao, R. Fucoidan: Structure and bioactivity. Molecules 2008, 13, 1671-1695. [CrossRef]
[PubMed]

Wang, J.; Zhang, Q.; Zhang, Z.; Li, Z. Antioxidant activity of sulfated polysaccharide fractions extracted from
laminaria japonica. Int. |. Biol. Macromol. 2008, 42, 127-132. [CrossRef] [PubMed]

Yanase, Y.; Hiragun, T.; Uchida, K.; Ishii, K.; Oomizu, S.; Suzuki, H.; Mihara, S.; Iwamoto, K.; Matsuo, H.;
Onishi, N.; et al. Peritoneal injection of fucoidan suppresses the increase of plasma IgE induced by
OVA-sensitization. Biochem. Biophys. Res. Commun. 2009, 387, 435-439. [CrossRef] [PubMed]

Maruyama, H.; Tamauchi, H.; Hashimoto, M.; Nakano, T. Suppression of Th2 immune responses by mekabu
fucoidan from undaria pinnatifida sporophylls. Int. Arch. Allergy Immunol. 2005, 137, 289-294. [CrossRef]
[PubMed]


http://dx.doi.org/10.1007/s00228-009-0682-z
http://www.ncbi.nlm.nih.gov/pubmed/19557399
http://www.ncbi.nlm.nih.gov/pubmed/7923893
http://www.ncbi.nlm.nih.gov/pubmed/7611431
http://www.ncbi.nlm.nih.gov/pubmed/8638734
http://dx.doi.org/10.1152/ajplung.00228.2009
http://www.ncbi.nlm.nih.gov/pubmed/20382746
http://dx.doi.org/10.1159/000091462
http://www.ncbi.nlm.nih.gov/pubmed/16543720
http://dx.doi.org/10.1164/ajrccm.161.5.9903102
http://www.ncbi.nlm.nih.gov/pubmed/10806180
http://dx.doi.org/10.1016/j.cytogfr.2004.03.007
http://www.ncbi.nlm.nih.gov/pubmed/15207811
http://dx.doi.org/10.1513/pats.200705-057VS
http://www.ncbi.nlm.nih.gov/pubmed/18094089
http://dx.doi.org/10.1165/rcmb.2010-0277OC
http://www.ncbi.nlm.nih.gov/pubmed/21216974
http://dx.doi.org/10.1111/j.1365-2222.2009.03293.x
http://www.ncbi.nlm.nih.gov/pubmed/19522858
http://dx.doi.org/10.1016/j.jaci.2004.04.039
http://www.ncbi.nlm.nih.gov/pubmed/15309015
http://www.ncbi.nlm.nih.gov/pubmed/10409232
http://dx.doi.org/10.1016/S1569-9048(03)00154-X
http://dx.doi.org/10.1002/biot.200700054
http://www.ncbi.nlm.nih.gov/pubmed/18543244
http://dx.doi.org/10.3390/molecules13081671
http://www.ncbi.nlm.nih.gov/pubmed/18794778
http://dx.doi.org/10.1016/j.ijbiomac.2007.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18023861
http://dx.doi.org/10.1016/j.bbrc.2009.07.031
http://www.ncbi.nlm.nih.gov/pubmed/19607810
http://dx.doi.org/10.1159/000086422
http://www.ncbi.nlm.nih.gov/pubmed/15970637

Mar. Drugs 2016, 14, 15 12 of 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Chiou, Y.L.; Shieh, J.J.; Lin, C.Y. Blocking of Akt/NF-kappaB signaling by pentoxifylline inhibits platelet-derived
growth factor-stimulated proliferation in brown norway rat airway smooth muscle cells. Pediatr. Res. 2006,
60, 657-662. [CrossRef] [PubMed]

Son, D.J.; Kang, J.; Kim, T.J.; Song, H.S.; Sung, KJ.; Yun-do, Y.; Hong, J.T. Melittin, a major bioactive
component of bee venom toxin, inhibits PDGF receptor beta-tyrosine phosphorylation and downstream
intracellular signal transduction in rat aortic vascular smooth muscle cells. J. Toxicol. Environ. Health A 2007,
70, 1350-1355. [CrossRef] [PubMed]

Xu, X.L,; Ling, D.Y.; Zhu, Q.Y.; Fan, W.J.; Zhang, W. The effect of 2,3,4’ ,5-tetrahydroxystilbene-2-O-beta-D
glucoside on neointima formation in a rat artery balloon injury model and its possible mechanisms. Eur. J.
Pharmacol. 2013, 698, 370-378. [CrossRef] [PubMed]

Wenzel, S.E. Asthma: Defining of the persistent adult phenotypes. Lancet 2006, 368, 804-813. [CrossRef]
Howarth, PH.; Knox, A.J.; Amrani, Y.; Tliba, O.; Panettieri, R.A., Jr.; Johnson, M. Synthetic responses in
airway smooth muscle. J. Allergy Clin. Immunol. 2004, 114, S32-550. [CrossRef] [PubMed]

Hirst, S.J. Airway smooth muscle as a target in asthma. Clin. Exp. Allergy 2000, 30 (Suppl. 1), 54-59.
[CrossRef] [PubMed]

Hirst, S.J. Airway smooth muscle cell culture: Application to studies of airway wall remodeling and
phenotype plasticity in asthma. Eur. Respir. ]. 1996, 9, 808-820. [CrossRef] [PubMed]

Dekkers, B.G.; Pehlic, A.; Mariani, R.; Bos, I.S.; Meurs, H.; Zaagsma, ]. Glucocorticosteroids and
beta2-adrenoceptor agonists synergize to inhibit airway smooth muscle remodeling. J. Pharmacol. Exp. Ther.
2012, 342, 780-787. [CrossRef] [PubMed]

Vo, T'S.; Kim, S.K. Marine-derived polysaccharides for regulation of allergic responses. Adv. Food Nutr. Res.
2014, 73, 1-13. [PubMed]

Kanabar, V.; Hirst, S.J.; O’Connor, B.J.; Page, C.P. Some structural determinants of the antiproliferative effect
of heparin-like molecules on human airway smooth muscle. Br. J. Pharmacol. 2005, 146, 370-377. [CrossRef]
[PubMed]

Kilfeather, S.A.; Tagoe, S.; Perez, A.C.; Okona-Mensa, K.; Matin, R.; Page, C.P. Inhibition of serum-induced
proliferation of bovine tracheal smooth muscle cells in culture by heparin and related glycosaminoglycans.
Br. J. Pharmacol. 1995, 114, 1442-1446. [CrossRef] [PubMed]

Na, H.J.; Moon, P.D.; Ko, S.G.; Lee, HJ.; Jung, H.A.; Hong, S.H.; Seo, Y.; Oh, ].M.; Lee, B.H.; Choi, BW.; et al.
Sargassum hemiphyllum inhibits atopic allergic reaction via the regulation of inflammatory mediators.
J. Pharmacol. Sci. 2005, 97, 219-226. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1203/01.pdr.0000246105.56278.98
http://www.ncbi.nlm.nih.gov/pubmed/17065572
http://dx.doi.org/10.1080/15287390701428689
http://www.ncbi.nlm.nih.gov/pubmed/17654254
http://dx.doi.org/10.1016/j.ejphar.2012.11.019
http://www.ncbi.nlm.nih.gov/pubmed/23178522
http://dx.doi.org/10.1016/S0140-6736(06)69290-8
http://dx.doi.org/10.1016/j.jaci.2004.04.041
http://www.ncbi.nlm.nih.gov/pubmed/15309017
http://dx.doi.org/10.1046/j.1365-2222.2000.00099.x
http://www.ncbi.nlm.nih.gov/pubmed/10849477
http://dx.doi.org/10.1183/09031936.96.09040808
http://www.ncbi.nlm.nih.gov/pubmed/8726949
http://dx.doi.org/10.1124/jpet.112.195867
http://www.ncbi.nlm.nih.gov/pubmed/22685341
http://www.ncbi.nlm.nih.gov/pubmed/25300539
http://dx.doi.org/10.1038/sj.bjp.0706333
http://www.ncbi.nlm.nih.gov/pubmed/16025136
http://dx.doi.org/10.1111/j.1476-5381.1995.tb13367.x
http://www.ncbi.nlm.nih.gov/pubmed/7541692
http://dx.doi.org/10.1254/jphs.FP0040326
http://www.ncbi.nlm.nih.gov/pubmed/15699580
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results 
	Oligo-Fucoidan Inhibited PDGF-Stimulated Proliferation of ASMCs 
	Oligo-Fucoidan Inhibited Cell Cycle Progression, but Did Not Induce Apoptosis in PGDF-Stimulated ASMCs 
	Oligo-Fucoidan Effectively Blocked the PDGF-Induced Akt and ERK1/2 Phosphorylation 
	Oligo-Fucoidan Effectively Blocked the PDGF-Induced NF-B Phosphorylation 

	Discussion 
	Materials and Methods 
	Culture of ASMCs 
	Evaluation of Cell Proliferation and Cell Cycle Progression 
	Apoptosis Assay 
	Extraction of Protein and Western Blot Analysis 
	Statistical Analysis 

	Conclusions 

