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Preface to “Marine Polysaccharides” 
Volume 1: Advancements in the Discovery of Novel Marine Polysaccharides 

The field of marine polysaccharides is constantly evolving, due to progress in the discovery and 
production of new marine polysaccharides. Seaweed remains the most abundant source of 
polysaccharides, but recent advances in biotechnology have allowed the production of large quantities of 
polysaccharides from a variety of micro-algae, by controlling growth conditions and tailoring the 
production of bioactive compounds in a bioreactor. Of particular interest are polysaccharides produced 
by micro-organisms from extreme marine environments, due to their recognized different biochemistry. 
Extracellular polysaccharides (EPSs) with unique properties produced by a number of micro-algae are 
known. The first volume is a collection of papers concerning the identification and characterization of 
novel marine polysaccharides. It is divided into three chapters; the first two are dedicated to 
polysaccharides from different marine sources (algae, micro-algae, animals), while the third one gathers 
information on the isolation, characterization and bioactivity of new EPSs. 

Volume 2: Identification of the Methabolic Pathways Involved in the Biological Activity of Marine 
Polysaccharides 

In the second volume, papers reporting on the elucidation of the mechanisms that underlie the 
biological activity of some marine polysaccharides are collected. The understanding of the underlying 
mechanisms is an important feature to give a rigorous scientific support to the potential use of many 
marine polysaccharides as natural drugs in a wide range of therapies. This volume is divided into three 
chapters, each of them devoted to a specific class of polysaccharides. 

Volume 3: Biomedical and Pharmaceutical Applications of Marine Polysaccharides 

Recently-developed technology for production of polysaccharides from marine sources makes their 
potential use as additives in pharmacological formulations, food supplements, and support material for 
biomedical implants a real possibility. Although development of low-cost and eco-friendly methods 
remains a challenge, many companies have developed methodologies for extraction and purification of 
high quantities of polysaccharides from a variety of natural sources, as confirmed by the high number of 
trademarks that have been registered to date. Moreover, refinements of technological approaches enable 
further exploitation of available resources. This volume is a collection of papers focusing on the concrete 
application of polysaccharides in the biomedical field. In the first chapter, review articles illustrating all 
the potential applications of polysaccharides are presented. The second chapter includes articles on new 
methodologies for extraction and purification of polysaccharides of different origins, with particular 
attention on the evaluation of potential toxicity strictly related to the production process. Finally, in the 
last chapter, papers dealing with specific examples of biomedical applications are reported. The proposals 
contained within this collection cover a wide range, including food supplements and services in 
aquaculture, among others. 

Paola Laurienzo 
Special Issue Editor 
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Molecular Weight-Dependent Immunostimulative
Activity of Low Molecular Weight Chitosan via
Regulating NF-κB and AP-1 Signaling Pathways in
RAW264.7 Macrophages
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Abstract: Chitosan and its derivatives such as low molecular weight chitosans (LMWCs) have
been found to possess many important biological properties, such as antioxidant and antitumor
effects. In our previous study, LMWCs were found to elicit a strong immunomodulatory
response in macrophages dependent on molecular weight. Herein we further investigated the
molecular weight-dependent immunostimulative activity of LMWCs and elucidated its mechanism
of action on RAW264.7 macrophages. LMWCs (3 kDa and 50 kDa of molecular weight) could
significantly enhance the mRNA expression levels of COX-2, IL-10 and MCP-1 in a molecular weight
and concentration-dependent manner. The results suggested that LMWCs elicited a significant
immunomodulatory response, which was dependent on the dose and the molecular weight.
Regarding the possible molecular mechanism of action, LMWCs promoted the expression of the genes
of key molecules in NF-κB and AP-1 pathways, including IKKβ, TRAF6 and JNK1, and induced
the phosphorylation of protein IKBα in RAW264.7 macrophage. Moreover, LMWCs increased
nuclear translocation of p65 and activation of activator protein-1 (AP-1, C-Jun and C-Fos) in
a molecular weight-dependent manner. Taken together, our findings suggested that LMWCs exert
immunostimulative activity via activation of NF-κB and AP-1 pathways in RAW264.7 macrophages
in a molecular weight-dependent manner and that 3 kDa LMWC shows great potential as a novel
agent for the treatment of immune suppression diseases and in future vaccines.

Keywords: immunostimulative activity; NF-κB/AP-1; molecular weight; low molecular weight
chitosans; macrophages

1. Introduction

Chitosan is an abundant, natural linear polysaccharide derived from the deacetylation of chitin
from crustaceans, insects and fungi. Chitosan is non-toxic (LD50 > 16 g/kg), and non-immunogenic,
biodegradable and can be manufactured reproducibly on the basis of GMP guidelines [1]. Chitosan and
its derivatives are widely used as biomedical material with an established safety profile in humans such
as an experiment mucosal adjuvant [2–4] and vaccine adjuvant in mice [5]. Recently, chitosan and its

Mar. Drugs 2016, 14, 169 1 www.mdpi.com/journal/marinedrugs
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derivatives have attracted more and more attention for its commercial applications in the biomedical,
food, and chemical industries. The biomedical applications of various forms of chitosan have long
been studied. Chitosan derived from chitin is of high molecular weight, has poor solubility and,
ultimately, its therapeutic potential. To address these poor physicochemical properties, more active
forms, like trimethylated chitosan and low molecular weight chitosans (LMWCs) have been generated.
Chitosan and LMWCs interact readily with various cell receptors due to the presence of amine,
acetylated amine and hydroxyl groups, and therefore they could trigger a cascade of interconnected
reactions in living organisms resulting in anti-diabetic [6], anti-HIV-1 [7], anti-inflammatory [8],
anti-oxidant [9], anti-microbial [10], neuroprotective [11] and anti-angiogenic [12] effects. Chitosan and
its derivatives have previously been reported to possess immunological enhancement as a novel
adjuvant for vaccine. Chitosan has complex and size-dependent effects on innate and adaptive
immune responses including mobilization and activation of innate immune cells and production of
cytokines and chemokines [13,14]. Suzuki et al. (1986) reported that different molecular weights of
chitosan enhanced immune regulation with the increased water-solubility of chitosan in vivo [15].

Chitosan and its derivatives such as low molecular weight chitosans (LMWCs) have been reported
to exert many biological activities, such as antioxidant and antitumor effects. Previous studies reported
that LMWCs have dual activities, both immunostimulatory activity in non-induced RAW264.7 [16]
and anti-inflammatory activity in induced RAW264.7 cells [17]. However, complex and molecular
weight-dependent effects of chitosan remain controversial and the mechanisms that mediate these
complex effects are still poorly defined. In our previous study, we found that LMWCs (3 kDa
and 50 kDa) elicited a immunomodulatory response in macrophages via regulating the secretion
and expression of cytokines in macrophage in a molecular weight- and concentration-dependent
manner [18]. However, there was no clear information describing the relationship between molecule
weight properties and the mechanism of action of LMWCs on RAW264.7 macrophages. Therefore,
we hypothesized that LMWCs may have the potential to augment the immunostimulative activity
via NF-κB and AP-1 signaling pathways in molecular-weight-dependent manner. Herein, the present
study was carried out to investigate the immunostimulative activity and the mechanism of action
of LMWCs on RAW264.7 macrophages by determining the effect on the expression of cytokines and
activation of NF-κB and AP-1 signaling pathways.

2. Results

2.1. Effects of LMWCs on the mRNA Expression Levels of COX-2, IL-10 and MCP-1 in
RAW264.7 Macrophages

Inflammatory factors and their signaling molecules play a prominent role in the maturation
and function of macrophages. Herein we evaluated the potential of LMWCs to regulate the
expression of these mediators in RAW264.7 cells. As shown in Figure 1A–C, the mRNA expression
levels of COX-2, IL-10 and MCP-1 in RAW264.7 cells were analyzed by real-time fluorescent
quantitative reverse transcription-polymerase chain reaction (RT-PCR). Following LMWC stimulation,
the mRNA expression levels of COX-2 and MCP-1 significantly increased in a molecular weight and
concentration-dependent manner and 3 kDa chitosan significantly increased the mRNA expression
level of IL-10 comparing with untreated cells (p < 0.05), which are consistent with the secretion levels
of cytokines in the previous study.
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Figure 1. Effect of LMWCs on the mRNA expression levels of COX-2 (A), IL-10 (B) and MCP-1
(C) in RAW264.7 macrophage. Each cell population (1 × 106 cells/mL) was treated with LMWCs
(3 kDa and 50 kDa) at the indicated concentrations of 2.5, 10 and 40 μg/mL or LPS (1 μg/mL) for
24 h, respectively. The untreated cells are used as the control. These represent mean values of
three independent experiments. Values are presented as means ± SD (n = 3, three independent
experiments). Bars with different letters (a, b, c, d, e, f) are statistically different (p < 0.05).

2.2. Effects of LMWCs on the mRNA Expression Levels of IKKβ in RAW264.7 Macrophages

The effect of LMWCs on the mRNA expression levels of IKKβ in RAW264.7 macrophages was
examined by real-time quantitative RT-PCR. As shown in Figure 2, LMWCs (3 kDa, 50 kDa) significantly
enhanced the mRNA expression levels of IKKβ of RAW264.7 cells at the dose (40 μg/mL) compared
with the control (p < 0.05). Meanwhile, we also found that 3 kDa chitosan significantly promoted the
mRNA expression levels of IKKβ compared with that at same dose of 50 kDa chitosan, suggesting that
LMWCs significantly induced the mRNA expression levels of IKKβ of macrophages in a molecular
weight-dependent manner.
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Figure 2. Effects of LMWCs on the mRNA expression levels of IKKβ in RAW264.7 macrophage.
Each cell population (4 × 105 cells/mL) was treated with LMWCs (3 kDa and 50 kDa) at the indicated
concentrations of 40 μg/mL or LPS (1 μg/mL) for 12 h, respectively. The untreated cells are used as
the control. These represent mean values of three independent experiments. Values are presented as
means ± SD (n = 3). Bars with different letters (a, b, c, d) are statistically different (p < 0.05).

2.3. Effect of LMWCs on the mRNA Expression Levels of Key Molecules (TRAF6, JNK1) in
RAW264.7 Macrophages

RAW264.7 cells were treated with LMWCs for 12 h, and the mRNA expression levels of key
molecules (TRAF6, JNK1) in RAW264.7 macrophages were detected using real-time quantitative
RT-PCR. The addition of LMWCs (3 kDa and 50 kDa) resulted in a remarkable increase in expression
levels of TRAF6 and JNK1 compared with untreated cells (p < 0.05) (Figure 3), but there were no
statistically significant differences between 3 kDa and 50 kDa chitosan (Figure 3A,B).

Figure 3. Effects of LMWCs on the mRNA expression levels of key molecules (TRAF6 (A), JNK1 (B))
from RAW264.7 macrophage. Each cell population (4 × 105 cells/mL) was treated with LMWCs (3 kDa
and 50 kDa) at the indicated concentrations of 40 μg/mL or LPS (1 μg/mL) for 12 h, respectively.
The untreated cells are used as the control. These represent mean values of three independent
experiments. Values are presented as means ± SD (n = 3). Bars with different letters (a, b, c) are
statistically different (p < 0.05).

2.4. Effects of LMWCs on the Phosphorylation of IKBα in the RAW264.7 Cells

As shown in Figure 4, LMWCs affected the phosphorylation of IKBα in the RAW264.7 cells.
Compared with the untreated cells, LMWCs significantly increased the phosphorylation of IKBα
when RAW264.7 cells were exposed to LMWCs at the indicated concentrations of 40 μg/mL for 12 h
(Figure 4A); however, 3 kDa and 50 kDa chitosan did not increase significantly the level of IKBα.

4
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After cells were incubated with the IκB kinase (IKK) inhibitor wedelolactone (20 μmol/L) for 12 h,
the results indicated that wedelolactone suppressed the phosphorylation of IKBα compared with untreated
cells (Figure 4B), whereas 3 kDa chitosan induced significantly the phosphorylation of IKBα compared
with 50 kDa chitosan (p < 0.05). Taken together, the results suggested that LMWCs significantly induced
the phosphorylation of IKBα from RAW264.7 macrophage cells in a size-dependent manner.

Figure 4. Effect of LMWCs on the phosphorylation of IKBα in RAW264.7 macrophage. (A) Each
cell population (4 × 105 cells/mL) was treated with LMWCs (3 kDa and 50 kDa) at the indicated
concentrations of 40 μg/mL for 12 h, respectively (1: Control; 2: LPS; 3: 3 kDa chitosan;
4: 50 kDa chitosan); (B) Each cell population (4 × 105 cells/mL) was treated with LMWCs (3 kDa and
50 kDa) at the indicated concentrations of 40 μg/mL and LPS (1 μg/mL) for 12 h after pre-incubation
with 20 μmol/L of wedelolactone (Wed) for 12 h, respectively (1: Control; 2: Wedelolactone (Wed);
3: Wed + LPS; 4: Wed + 3 kDa chitosan; 5: Wed + 50 kDa chitosan). The figures shown are representative
of three independent experiments. These represent mean values of three independent experiments.
Values are presented as means ± SD (n = 3). Bars with different letters (a, b, c, d) are statistically
different (p < 0.05).

2.5. Effects of LMWCs on the Protein Expression of p65 in RAW264.7 Macrophages

In order to examine whether the immunostimulative effects of LMWCs on RAW264.7 macrophages
are associated with the translocation of p65 in the nuclear factor kB (NF-κB) pathway, the change
in protein levels of NF-κB p65 in the cytoplasm and nucleus were investigated, as seen in Figure 5.
As shown in Figure 5, treatment with LMWCs induced significant translocation of nucleic p65 protein
and depletion of cytoplasmic p65, which is a subunit of NF-κB (p < 0.05). Moreover, the results indicated
that treatment with 3 kDa chitosan significantly boosted the levels of nucleic p65 protein compared
with 50 kDa chitosan (p < 0.05). These results suggested that immunostimulative effects of LMWCs
might be associated with the nucleus translocation of p65 in the NF-κB pathway and that LMWCs
activate macrophages via NF-κB signaling pathways in a molecular weight-dependent manner.

5
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Figure 5. Effect of LMWCs on the nuclear translocation of p65 in the NF-κB pathway in RAW264.7
macrophages. Each cell population (1 × 106 cells/mL) was treated with LMWCs (3 kDa and 50 kDa)
at the indicated concentrations of 40 μg/mL for 24 h, respectively (1: Control; 2: 50 kDa chitosan;
3: 3 kDa chitosan; 4: LPS). The figures shown are representative of three independent experiments.
These represent mean values of three independent experiments. Values are presented as means ± SD
(n = 3). Bars with different letters (a, b, c, d) are statistically different (p < 0.05).

2.6. Effects of LMWCs on the Expression of AP-1 (C-Jun and C-Fos) in RAW264.7 Macrophages

In order to examine whether immunostimulative effects of LMWCs on RAW264.7 macrophages
are associated with the expression of C-Jun and C-Fos proteins in the activator protein-1 (AP-1)
pathway, change of protein levels of C-Jun and C-Fos in RAW264.7 macrophages were investigated
in Figure 6. As shown in Figure 6, treatment with LMWCs induced significant up-regulation of the
expression of C-Jun and C-Fos, which are two subunits of AP-1 (p < 0.05). Moreover, the results
indicated that treatment with 3 kDa chitosan significantly increased the levels of C-Jun and C-Fos
protein compared with 50 kDa chitosan (p < 0.05). These results suggested that the immunostimulative
effects of 3 kDa chitosan might be associated with the expression activation of C-Jun and C-Fos proteins
in RAW264.7 macrophage and LMWCs might activate macrophages via AP-1 signaling pathways in
a molecular weight-dependent manner.

Figure 6. Effect of LMWCs on activator protein-1 (AP-1) in RAW264.7 macrophages. Each cell
population (1 × 106 cells/mL) was treated with LMWCs (3 kDa and 50 kDa) at the indicated
concentrations of 40 μg/mL for 24 h, respectively (1: Control; 2: 50 kDa chitosan; 3: 3 kDa chitosan;
4: LPS). The figures shown are representative of three independent experiments. These represent mean
values of three independent experiments. Values are presented as means ± SD (n = 3). Bars with
different letters (a, b, c, d) are statistically different (p < 0.05).

6
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3. Discussion

Immunomodulatory activities of chitosan and its derivatives have been studied for their potential
applications against allergy, infectious diseases or cancer [1,19]. Moreover, previous findings
suggested that chitosan and its derivatives induce various inflammatory and pro-inflammatory
cytokines upon incubating them with macrophages [20,21]. The immunostimulatory activity
of LMWCs in non-induced RAW264.7 vary in a molecular weight-dependent manner because
molecular weight might affect their structures and physicochemical properties. Previous studies
reported that LMWCs have dual activities, both immunostimulatory activity in non-induced
RAW264.7 [16] and anti-inflammatory activity in induced RAW264.7 cells [17]. LMWCs has
previously been proved to provoke the immunomodulatory response through up-regulating mRNA
expression of pro-inflammatory cytokines and activated RAW264.7 macrophages in a molecular
weight-dependent manner [18]. However, its molecular mechanism responsible for regulating immune
response is not fully understood. In the present study, the activation effect of LMWCs on the
macrophages was investigated and its subsequent intracellular signaling pathways were explored
using RAW264.7 macrophages as a cellular model. Our findings have demonstrated that LMWCs elicits
an immunostimulative response in RAW264.7 macrophages through the simultaneous activation of
the transcription factors NF-κB and AP-1 signaling pathways. Our hypothesized mode of action of
LMWCs in this model of RAW264.7 macrophages is presented in Figure 7.

Figure 7. Schematic diagram of the targets of LMWCs.

Macrophages actively participate in immune responses by releasing cytokines such as
pro-inflammatory cytokines (TNF-α and IL-1) and inflammatory factors nitric oxide (NO) [22].
In the previous study, we found LMWCs significantly enhanced the pinocytic activity and induce
the production of tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), interferon-γ (IFN-γ),
NO and inducible nitric oxide synthase (iNOS) in a molecular weight- and concentration-dependent
manner [18]. Herein, LMWCs also significantly up-regulated the mRNA expression levels of
prostaglandin-endoperoxide synthase 2 (COX-2), IL-10 and monocyte chemotactic protein-1 (MCP-1) in
the same manner. The cytokines associated with polarized type I responses of activated M1 phenotypes
include TNF-α, moreover, M2 cells typically produce IL-10 [23]. Differential production of chemokines
integrates M1 and M2 macrophage in circuits of amplification to attract Th1 and Th2 or T regulatory
(Treg) cells for inducing polarized T cell responses [24]. As discussed above, LMWCs significantly
promoted the production of TNF-α and IL-10 from RAW264.7 macrophages. Taken together, the results
suggested that LMWCs could simultaneously induce Th1- and Th2-type response in a molecular
weight-dependent manner.
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TNF receptor-associated factor (TRAF) proteins are also key components of activation of the
immune system. During activation of macrophages, TRAF molecules autoubiquitinate through the
E3 ubiquitin ligase in their RING domain [25]. Ubiquitination of TNF receptor-associated factor
6 (TRAF6) is a key regulatory event and often a target molecule for regulation by inhibitors of
NF-κB [26]. TRAF6 may be activated through TLR4, which in turn activates the inhibitor of κB
kinase, finally NF-κB will be activated [27]. NF-κB can be stimulated through Toll-like receptors
(TLRs) to activate the IKK complex, leading to the translocation of heterodimers of the NF-κB subunits
(p65 and p50) to the nucleus [28]. IKKβ is very important molecule for NF-κB activation in response
to pro-inflammatory stimuli [29]. Most immune-stimulants activate the function of macrophages
through binding specifically with the cell surface receptor proteins. TLR4 is known to be expressed on
macrophages and other cells [30,31]. TLR4 signaling pathways may play important roles in immune
cell activation. Previous studies reported that TLR4 on the cell membrane might mediate the biological
effects of chitosan oligosaccharide on macrophages and the activation of murine spleen CD11c+

dendritic cells [32,33]. Moreover, Muzzarelli RA reported that the structure of chitosan is similar to
the saccharide portion of lipid A in LPS, so it can similarly activate macrophages by binding to the
surface TLR4 to initiate signal transduction [34]. To further insight into the molecular mechanism on
immunomodulatory action of LMWCs, RT-PCR analysis showed that LMWCs directly significantly
up-regulated the mRNA expression levels of IKKβ (Figure 2) and TRAF6 (Figure 3). Meanwhile,
we also found that 3 kDa chitosan significantly promoted the mRNA expression levels of IKKβ

compared with that at the same dose of 50 kDa chitosan, suggesting that LMWCs significantly induced
the mRNA expression levels of IKKβ of macrophages dependent on its molecular weight. Our results
suggested that the difference in NF-κB activated by LMWCs might be associated with the activation of
TRAF6 and IKKβ in a molecular weight-dependent manner.

AP-1 is another important regulatory protein involved in cell growth, differentiation,
transformation and apoptosis, moreover may also contribute to inflammatory and immune
responses [35,36]. AP-1 is the target of mitogen-activated protein kinase (MAPK) signaling pathways
through direct phosphorylation of AP-1 proteins [37,38]. In the immune response, AP-1 can regulate
the production of cytokines such as TNF-α, IL-1, and IL-2 [39]. Previous studies suggested that JNK1
regulates the expression of pro-inflammatory cytokines and Nitric Oxide Synthase 2 (NOS2) during LPS
and TNF-α activation, is a important molecule in macrophage biology [40,41]. Direct phosphorylation
and transcriptional activation of AP-1 components by MAPKs lead to the stimulation of AP-1
activity [42]. Therefore, we further worked to determine whether LMWCs regulate the levels of
TRAF6 and JNK1 in the macrophages. RT-PCR analysis showed that LMWCs directly significantly
up-regulated the mRNA expression levels of TRAF6 and JNK1 (Figure 3), suggesting that LMWCs
significantly induced the mRNA expression levels of TRAF6 of macrophages followed by promoting
the expression levels of MAP Kinases JNK1 dependent on its molecule weight. Based on these findings,
our results suggested that LMWCs might modulate the transcriptional activities of AP-1 by regulating
levels of TRAF6 and JNK1 in macrophages.

Several lines of evidence indicate that LMWC plays an important role in the regulation of
inflammatory responses through NF-κB and AP-1 signaling pathway [43–45]. Activation of NF-κB
in response to stimuli involves activation of IκBα kinase (IKK), phosphorylation and degradation of
IκBα, followed by release of activated NF-κB. The active dimer translocate to the nucleus where it
binds to its target DNA sequence and induces the expression of its downstream genes [46,47]. Some of
the best characterized substrates of the JNKs are the components of AP-1, a dimeric transcription
factor formed by the association of Fos protein (c-Fos, FosB, Fra-1 and Fra-2) with Jun proteins (c-Jun,
JunB and JunC). Both the chemical structure and the molecular size of LMWC might affect the NF-κB
and AP-1 activation efficacy, followed by the activation of macrophages. Bahar et al. (2012) reported
that chitooligosaccharide elicits an acute inflammatory cytokine response in Caco-2 cells through the
simultaneous activation of the AP-1 transcription factor pathway [45]. Li et al. (2012) found that
all five chitosan oligosaccharides (chitobiose, chitotriose, chitotetraose, chitopentaose, chitohexaose)
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increased NF-κB-dependent luciferase gene expression and NF-κB downstream genes transcription,
and the most significant were chitotetraose and chitohexaose. In addition, they activated the p65
subunit of NF-κB translocating from cytoplasm to nucleus, which suggested that they were the most
potent activators of the NF-κB signaling pathway [21,44]. In this regard, this study was carried out
to investigate effects of LMWCs on the NF-κB and AP-1 signaling pathways and the expression
of its downstream genes. Our data presented here demonstrated that LMWCs (3 kDa and 50 kDa
chitosan) were the most potent activators of NF-κB and AP-1 signaling pathway and initiators of their
downstream genes transcription. In addition, both of them also activated the p65 subunit of NF-κB
p65 and AP-1 translocating from cytoplasm to nucleus in a molecular weight-dependent manner
(Figures 5 and 6). Moreover, we assessed whether activation of translocation of the NF-κB p65 subunit
is attributed to promoting the phosphorylation of IκBα by LMWCs. The results indicated that LMWCs
could increase the phosphorylation of IκBα followed by the activation of degradation of IκBα in the
cytoplasm in a molecular weight-dependent manner (Figure 4). Based on these findings, the results
suggested that LMWCs activate the p65 subunit of NF-κB p65 translocating from cytoplasm to nucleus
by promoting the phosphorylation of IκBα in a molecular weight-dependent manner.

In summary, the results presented in this study suggested that NF-κB and AP-1 signaling pathways
were involved in the macrophage activation by two different molecular weights of LMWC. It is assumed
that activation of TRAF6, JNK1, IKKβ and IκBα and subsequent activation of transcription factors
(NF-κB and AP-1) were the main mechanism involved in the macrophage activation by LMWCs in
a molecular weight-dependent manner. Taken together, our findings suggest that molecular weight
affects the immuostimulative activity of LMWC via NF-κB and AP-1 pathways and that 3 kDa LMWCs
show great potential as a novel agent for the treatment of immune suppression diseases and as
an adjuvant in future vaccines.

4. Experimental Section

4.1. Chemicals and Reagents

Dulbecco’s modified Eagle’s medium (DMEM), penicillin/streptomycin, and the other materials
required for culture of cells were purchased from Gibco BRL, Life Technologies (Grand Island, NY,
USA). Vitamin C, dimethylsulfox-ide (DMSO), 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium
bromide (MTT), wedelolactone and bovine serum albumin (BSA) were obtained from Sigma
(St. Louis, MO, USA). Trizol was from Invitrogen (Carlsbad, CA, USA), revert Aid™ M-MuLV reverse
transcriptase was from Fermentas (Amherst, NY, USA), diethylpyrocarbonate (DEPC) and ribonuclease
inhibitor were from Biobasic, Canada, oligo (dT)18 were from Sangon, China. Power SYBR® Master
Mix was from Invitrogen, Carlsbad, CA, USA. Super Signal® West Dura Extended Duration Substrate,
NE-PER® Nuclear and cytoplasmic extraction reagents and BCA™ protein assay kit were purchased
from Pierce, Rockford, IL, USA. Polyclonal antibodies (Abs) against NF-κB p65 and monoclonal
antibody against AP-1 (C-fos and C-jun) and β-actin were from Santa Cruz Biotechnology, Dallas,
Texas, USA. Monoclonal antibodies against IκB-α, p-IκB-α and TATA binding protein TBP were
from abcam, Cambridge, CB4 0FL, UK. X-ray films were from Kodak, Rochester, NY, USA. All other
chemicals were of analytical grade or of the highest grade available commercially.

The low molecular weight chitosans were sterilized by passing it through a 0.22-μm Millipore filter
to remove any contaminant and then analyzed for endotoxin level by a gel-clot Limulus amebocyte
lysate assay (Zhejiang A and C Biological, Zhejiang, China). The endotoxin level in the stock solution
was less than 0.5 EU/mL.

4.2. Cell Culture and Treatment

Mouse macrophages RAW 264.7 cell line was obtained from the Shanghai Institute of Cell Biology
(Shanghai, China) and maintained in DMEM, supplemented with heat-inactivated 10% fetal bovine
serum, 100 U/mL penicillin, 100 U/mL streptomycin in a humidified atmosphere of 5% CO2 at 37 ◦C.
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When the cells reached sub-confluence, they were treated for 12 or 24 h with culture medium containing
different concentrations of LMWCs, two MW, 3 kDa and 50 kDa (2.5, 10, and 40 μg/mL), and LPS
(1 μg/mL) that were tested in the experiments.

4.3. Real-Time Fluorescent Quantitative Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis

After incubation with or without LMWCs, RAW264.7 cells were lysed in 1 mL of Trizol reagent
(Invitrogen™, Carlsbad, CA, USA) and the total RNA was isolated according to the manufacture’s
protocol. The concentration of total RNA was quantified by determining the optical density at 260 nm.
The total RNA was used and reverse transcription (RT) was performed using 1st-Strand cDNA
Synthesis Kit (Invitrogen™, Carlsbad, CA, USA). Briefly, nuclease-free water was added giving a final
volume of 5 μL after mixing 2 μg of RNA with 0.5 μg oligo (dT)18 primer in a DEPC-treated tube.
This mixture was incubated at 65 ◦C for 5 min and chilled on ice for 2 min. Then, a solution containing
3 μL of RT buffer Mix, 0.65 μL of RT Enzyme Mix and 1.35 uL Primer Mix, giving a final volume of
10 μL, and the tubes were incubated for 10 min at 30 ◦C. The tubes then were incubated for 30 min at
42 ◦C. Finally, the reaction was stopped by heating at 70 ◦C for 15 min. The samples were stored at
−20 ◦C until further use.

As shown in Table 1, the primers were used to amplify cDNA fragments (144-bp COX2 fragment,
144-bp IL-10 fragment, 101-bp MCP-1 fragment, 73-bp TRAF6 fragment, 109-bp JNK1 fragment, 104-bp
IKKβ fragment and 94-bp 18S fragment). Amplification was carried out as previously [18] in total
volume of 25 μL containing 1 μL (5 μM) of each target and 18S specific primers, 1 μL of cDNA template,
12.5 μL of Power SYBR® Master Mix (2×) (4 μL of 10× PCR buffer, 4 μL of MgCl2 (25 mM), 4 μL of
dNTPs (2.5 mM) and 0.5 μL of Taq DNA polymerase) (Invitrogen, USA), and 10.5 μL of DEPC-treated
water was added. Reaction conditions were the standard conditions for the iQTM5 PCR (Bio-Rad,
Hercules, CA, USA) (10 s denaturation at 95 ◦C, 25 s annealing at 63 ◦C or 64 ◦C (COX2, IL-10, MCP-1,
TRAF6, JNK1, IKKβ, 18S) with 40 PCR cycles. Ct values were obtained automatically using software
(Bio-Rad, USA). The comparative Ct method (2−ΔCt method) [48] was used to analyze the expression
levels of genes, and 18S rRNA was used as the house-keeping gene.

Table 1. Real-Time PCR Primers and Conditions.

Gene Genbank Accession Primer Sequence Product Size (bp) Annealing (◦C)

COX2 NM_011198.3
TCTGGCTTCGGGAGCACAAC

144 64GGTGTTGCACGTAGTCTTCGATCA

IL-10 NM_010548.2
CAGTCGGCCAGAGCCACAT

144 64CTTGGCAACCCAAGTAACCCTT

MCP-1 NM_011333.3
CTGCATCTGCCCTAAGGTCTTCA

101 64AGTGCTTGAGGTGGTTGTGGAA

TRAF6 D84655.1
GGAGGACAAGGTTGCCGAAAT

73 63CCCAAACTTGCCAATCTTCCAA

JNK1 NM_001310454.1
GCTCTCCAGCACCCATACATCA

109 63CCTCTATTGTGTGCTCCCTCTCAT

IKKβ AF088910.1
CAGAAGTACACCGTGACCGTTGA

104 63CACTGCACAGGCTGCCAGTTA

18S NR_003278
CGGACACGGACAGGATTGACA

94 64CCAGACAAATCGCTCCACCAACTA

4.4. Western Blot Analysis

After treated with the various concentrations of LMWCs, RAW264.7 cells were washed three times
with cold PBS and lysed with NE-PERTM nuclear and cytoplasmic extraction reagents (Pierce, Rockford,
IL, USA). The protein contents were measured with the BCA protein assay kit using bovine serum as
a standard. The denatured proteins were separated on 10%–12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to PVDF membrane. After blocking
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the membrane with 5% skim milk in tween-20 containing Tris buffered saline (T-TBS) (20 mM Tris-HCl
(pH 7.6), 150 mM NaCl, 0.1% Tween-20) for 1 h at 37 ◦C, the blots were incubated with mouse
monoclonal antibody p-IκBα (1:1000), IκBα (1:2000), TBP (1:800), β-actin (1:1000), C-Fos (1:300) and
rabbit polyclonal NF-κB p65 (1:500), C-Jun (1:400) in T-TBS containing 3% skim milk overnight at
4 ◦C. Subsequently, the membranes were washed with TTBS and incubated with an appropriate
secondary antibody (horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit IgG) for 1 h.
After washing the membrane with T-TBS five times for 5 min, the signal was visualized with ECL
Detection Kit (SuperSignal® West Dura Extended Duration Substrate) and exposed the membranes
to X-ray films. The bands were visualized and photographed using JS-680B Gel Documentation and
Analysis System. The relative expression levels of the proteins were expressed as 100 (or 10) × the
gray value of the target protein band over the gray value of β-actin or TBP in the same sample. Each
sample had 3 replicates.

4.5. Statistical Analysis

Data were expressed as mean ± standard deviation (S.D.) and examined for their statistical
significance of difference with ANOVA and a Tukey post hoc test by using SPSS 16.0. p-values of less
than 0.05 were considered statistically significant.
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Abstract: Chitosan and its derivatives such as low molecular weight chitosans (LMWCs) have
been reported to exert many biological activities, such as antioxidant and antitumor effects.
However, complex and molecular weight dependent effects of chitosan remain controversial and
the mechanisms that mediate these complex effects are still poorly defined. This study was carried
out to investigate the immunostimulative effect of different molecular weight chitosan in RAW264.7
macrophages. Our data suggested that two LMWCs (molecular weight of 3 kDa and 50 kDa) both
possessed immunostimulative activity, which was dependent on dose and, at the higher doses, also on
the molecular weight. LMWCs could significantly enhance the the pinocytic activity, and induce the
production of tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), interferon-γ (IFN-γ), nitric oxide
(NO) and inducible nitric oxide synthase (iNOS) in a molecular weight and concentration-dependent
manner. LMWCs were further showed to promote the expression of the genes including iNOS,
TNF-α. Taken together, our findings suggested that LMWCs elicited significantly immunomodulatory
response through up-regulating mRNA expression of proinflammatory cytokines and activated
RAW264.7 macrophage in a molecular weight- and concentration-dependent manner.

Keywords: immunostimulative activity; low molecular weight chitosans; cytokines; macrophages

1. Introduction

Low immune function of an organism may not only result in the generation and development of
a tumor, but may also be one of the most important factors that prevent the tumor patient’s recovery.
Immunomodulation through natural or synthetic substances may be considered an alternative for
the prevention and cure of diseases [1]. Macrophages play a significant role in the host defense
mechanism. When activated, they activate phagocytic activity, produce and release reactive oxygen
species (ROS) and nitric oxide (NO) in response to stimulation with various agents, and can inhibit
the growth of a wide variety of tumor cells and microorganisms [2,3]. Macrophages also secrete
cytokines and chemokines, such as tumor necrosis factor (TNF-α), interleukin-1 (IL-1) and interferon-γ
(IFN-γ). Moreover, the immunomodulatory activity not only involves effects on cell proliferation and
differentiation but also on macrophage activation [4]. Macrophages occupy a unique niche in the
immune system, in that they can not only initiate innate immune response, but can also be effector
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cells that contribute to fight infection and inflammation. Following activation, macrophages can
induce expression of accessory and costimulatory molecules that promote sustained stimulatory
interactions with T cells and the generation of adaptive immunity. Indeed, the basic mechanisms
of the immunostimulatory, anti-tumor, bactericidal and other therapeutic effects of polysaccharides
are thought to occur via activation of immune cells resulting in the induction of immune response.
Macrophages were thought to be the important target cells of some antitumor and immunomodulatory
drug [5].

Polysaccharides obtained from natural sources represent a structurally diverse class of
macromolecules, and are known to affect a variety of biological responses, especially the immune
response. Chitosan is an abundant, natural linear polysaccharide derived by the deacetylation of chitin
from crustaceans, insects and fungi. Chitosan is non-toxic (Lethal Dose 50 > 16 g/kg), biodegradable,
non-immunogenic and can be manufactured reproducibly in accordance with GMP guidelines [6].
Chitosan is a widely used biomaterial with an established safety profile in humans. It is used
an experiment mucosal adjuvant [7–9] and vaccine adjuvant in mice [10]. Recently, chitosan has
received considerable attention for its commercial applications in the biomedical, food, and chemical
industries. The biomedical applications of various forms of chitosan have long been studied. Chitosan
derived from chitin is of high molecular weight with poor solubility and, ultimately, unsatisfactory its
therapeutic potential. To address these poor physicochemical properties, more active forms, like low
molecular weight chitosans (LMWCs) have been generated [11]. In addition, chitosans derivatives
seem to activate macrophage secreting cytokines such as interferon-γ (IFN-γ), interleukins [12].
LMWCs, which are more effectively absorbed in the body than high molecular weight chitosan,
suitable narrow molecular weight distribution and non-toxicity, could be applied most promisingly
to pharmaceutical materials. However, there was no clear information describing the relationship
between molecule weight properties and immunostimulative activity of LMWCs. Therefore, we
hypothesized that LMWCs may have a potential to augment the immunomodulatory activity in
molecular-weight-dependent manner. RAW264.7 cells are commonly accepted as a tool to investigate
the molecular mechanisms of macrophages involved in regulating immunity. Herein, we investigated
the immunomodulatory activity of LMWCs (3 kDa and 50 kDa) in murine macrophages RAW264.7
cells and to develop a mechanistic understanding on size-dependent effects of chitosan on innate
immune responses. The current experiments were designed to investigate the immunomodulatory
effects of LMWCs on RAW264.7 macrophages by determining the effect on pinocytic activity, the
production of nitric oxide and cytokines and their genes expression.

2. Results

2.1. Effects of LMWCs on the Cell Viability of RAW264.7 Macrophage

LMWCs (3 kDa and 50 kDa) were investigated for their immunostimulative activity in RAW264.7
macrophages. To evaluate possible cytotoxicities of LMWCs on RAW264.7 macrophages, LMWCs at
the indicated concentrations of 2.5, 10 and 40 μg/mL were cultured with cells for 24 h, respectively.
The results showed that RAW264.7 macrophages viability was not significantly (p > 0.05) influenced
by LMWCs at the indicated concentrations of 2.5, 10 and 40 μg/mL (Figure 1). Therefore, LMWCs at
the indicated concentrations were selected to conduct assay of immunomodulatory activity.
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Figure 1. Effects of low molecular weight chitosans (LMWCs) on the cell viability of RAW264.7
macrophage. Each cell population (2 × 104 cells/well) was treated with LMWCs (3 kDa and 50 kDa) at
the indicated concentrations of 2.5, 10 and 40 μg/mL for 24 h, respectively. Values are means ± SD (n =
3). Bars with no letters are not statistically different (p > 0.05).

2.2. Effects of LMWCs on Pinocytic Activity

The effect of LMWCs on the pinocytic activity of RAW264.7 cells was examined by the uptake of
neutral red. As shown in Figure 2, LMWCs (3 kDa and 50 kDa) significantly enhanced the pinocytic
activity of RAW264.7 cells in a dose-dependent manner (p < 0.05). Meanwhile, we also found that
3 kDa chitosan at doses (10, 40 μg/mL) significantly promoted the pinocytic activity compared with
that at same dose of 50 kDa chitosan, suggesting that LMWCs significantly induced the pinocytic
activity of macrophages dependent on its size and dose.

 

Figure 2. Effects of LMWCs on the pinocytic activity of RAW264.7 macrophage. Each cell population
(1 × 104 cells/well) was treated with LMWCs (3 kDa and 50 kDa) at the indicated concentrations of 2.5,
10 and 40 μg/mL for 24 h, respectively. Values are means ± SD (n = 3). Bars with different letters (a, b,
c, d, e, f) are statistically different (p < 0.05).

2.3. Effect of LMWCs on Macrophage Cytokines Production

RAW264.7 cells were treated with LMWCs for 24 h, and the secretion levels of TNF-α, INF-γ and
IL-6 in the supernatant were detected using ELISA kits. Untreated RAW264.7 cells secrete a basal level
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of TNF-α and INF-γ but barely detectable amounts of IL-6 (Figure 3). The addition of LMWCs (3 kDa
and 50 kDa) resulted in remarked increase in TNF-α secretion levels in a dose-dependent manner
(p < 0.05) (Figure 3A). Meanwhile, 3 kDa chitosan also induced remarkably increase in INF-γ and IL-6
(p < 0.05) but 50 kDa chitosan did not result in that (Figure 3B,C).

 
(A) 

(B) 

 
(C) 

Figure 3. Effects of LMWCs on the production of tumor necrosis factor α (TNF-α) (A), interferon-γ
(IFN-γ) (B) and interleukin 6 (IL-6) (C) from RAW264.7 macrophage. Each cell population
(1 × 106 cells/mL) was treated with LMWCs (3 kDa and 50 kDa) at the indicated concentrations
of 2.5, 10 and 40 μg/mL for 24 h, respectively. Values are means ± SD (n = 3). Bars with different letters
(a, b, c, d, e, f) are statistically different (p < 0.05).
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2.4. Effect of LMWCs on Nitric Oxide (NO) Production and Activities of Inducible Nitric Oxide Synthase
(iNOS) in RAW264.7 Macrophage

As shown in Figure 4A, a minimum level of NO was released when RAW264.7 cells were exposed
to medium alone, whereas Nitric oxide (NO) production increased in a concentration-dependent. The
3 kDa chitosan induced significantly secretion levels of NO compared with 50 kDa chitosan (p < 0.05).
Taken together, the results suggested that LMWCs significantly induced the production of NO from
RAW264.7 macrophage cells in a molecular weight size and concentration-dependent manner.

RAW264.7 cells were treated with LMWCs for 24 h, and the concentration of inducible nitric
oxide synthase (iNOS) in the supernatant was detected using ELISA kit (Figure 4B). The addition of
LMWCs resulted in remarkable increase of iNOS secretion levels in a concentration-dependent manner
(p < 0.05).

 
(A) 

 
(B) 

Figure 4. Effect of LMWCs on Nitric oxide (NO) production and activities of inducible nitric oxide
synthase (iNOS) in RAW264.7 macrophage. Each cell population (1 × 106 cells/mL) was treated
with LMWCs (3 kDa and 50 kDa) at the indicated concentrations of 2.5, 10 and 40 μg/mL for 24 h,
respectively. Values are means ± SD (n = 3). Bars with different letters (a, b, c, d, e, f) are statistically
different (p < 0.05).
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2.5. Effect of LMWCs on the mRNA Expression Levels of TNF-α and iNOS in RAW264.7 Macrophage

Inflammatory factors and its signaling molecules play the prominent role in the maturation and
function of macrophages, the potentials for LMWCs to regulate the expression of these mediators in
RAW264.7 cells were investigated. As shown in Figure 5A,B, the mRNA expression levels of TNF-α
and iNOS in RAW264.7 cells were evaluated by Q-PCR (Real-time Quantitative PCR Detecting System).
Under LMWCs stimulation, the mRNA expression levels of TNF-α and iNOS significantly increased in
RAW264.7 cells (p < 0.05). Both 3 kDa and 50 kDa chitosan significantly induced the mRNA expression
levels of TNF-α and iNOS in a concentration-dependent manner (p < 0.05).

(A) 

(B) 

Figure 5. Effect of LMWCs on the mRNA expression levels of TNF-α and iNOS in RAW264.7 macrophage.
Each cell population (1 × 106 cells/mL) was treated with LMWCs (3 kDa and 50 kDa) at the indicated
concentrations of 2.5, 10 and 40 μg/mL for 24 h, respectively. Values are means ± SD (n = 3). Bars with
different letters (a, b, c, d, e, f) are statistically different (p < 0.05).

3. Discussion

Owing to the presence of amine, acetylated amine groups and hydroxyl, chitosan and LMWCs
interact readily with various cell receptors that triggers a cascade of interconnected reactions in
living organisms resulting in anti-inflammatory [13], anti-diabetic [14], anti-microbial [15], anti-HIV-1
(Human Immunodeficiency Virus) [16], anti-oxidant [17], anti-angiogenic [18] and neuroprotective [19]
effects. Chitosan and chitin has previously been reported to possess the immunological enhancement
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as novel adjuvants for vaccines. Chitin has complex and size-dependent effects on innate and
adaptive immune responses, which include the ability to recruit and active innate immune cells
and induce cytokine and chemokine production [20,21]. However, relationship between molecule
weight properties and immunomodulatory activity, and the exact immune regulatory effects of chitosan
remain controversial and the mechanisms that mediate these complex effects are still poorly defined.

One of the most distinguished features of macrophage activation would be an increase in
pinocytic activity. Therefore, the effects of LMWCs on the pinocytic activity of RAW264.7 cells were
determined using neutral red assay. In the previous studies, given by intravenous administration,
significant priming effects of chitosan particles in alveolar macrophages in mice was observed, and
the phagocytosable small-sized chitosan activated alveolar macrophage to express cytokines such as
tumor necrosis factor-α (TNF-α) [21]. In the present study, the results suggested that LMWCs could
significantly prime macrophages for an enhanced pinocytic activity in a concentration- and molecular
weight-dependent manner. Our results are in agreement with reports in which phagocytosis could
play a role in macrophages polarization since chitosan particles stimulated TGF-β1 and PDGF release
from in vitro cultured macrophages [22].

Macrophages represent a family of mononuclear leukocytes that are widely distributed throughout
the body. As the first defense effector of host body, macrophages can recognize the invading
microorganisms and tumor cells, as well as eliminate the invaders. Activiated Macrophages can
produce many kinds of cytokines, such as TNF-α, IL-1β, IL-6, and IL-10, which are involved in
the defense functions and inflammation. Macrophages actively participate in immune responses
by releasing proinflammatory cytokines (TNF-α, IFN-γ and IL-6) and inflammatory factors such as
NO [23]. The different cytokine production is a key feature of acticated and polarized macrophages.
The cytokines associated with T helper cell 1 (Th1) immune response include TNF-α and IFN-γ.
In contrast, T helper cell 2 (Th2) cytokines include IL-6. Many reports suggest that chitosan can
upregulate TNF-α, IL-1β, and NO production in macrophages [24,25]. However, which types of
chitosan activate macrophages that lead to different immunological response is not clear. Several
factors, such as the administration route, molecular size and particle size, might account for the
Th1 vs. Th2 response to chitin [26]. In the previous study, water-soluble, low molecular weight
chitosan (MW, 21–92 kDa) had specific immunomodulatory effects on Der f-stimulated human MDM
(monocyte-derived macrophages) including the shifting of Th2 cytokine polarization, decreasing the
production of the inflammatory cytokines IL-6 and TNF-α [27]. In the present study, 3 kDa chitosan
significantly promoted the production of TNF-α, IFN-γ and IL-6 from RAW264.7 cells, moreover,
3 kDa chitosan also up-regulated the mRNA expression levels of TNF-α. All these results suggested
that 3 kDa chitosan would simultaneously induced Th1- and Th2-type response; however, 50 kDa
chitosan promoted the production of TNF-α, which was consistent with a Th1 response elicited when
macrophages phagocytose microparticles of chitin [28].

NO is a free radical formed biologically through the oxidation of L-arginine by nitric oxide
synthases. Inducible nitric oxide synthase (iNOS) is key enzyme generating nitric oxide (NO)
from the amino acid L-arginine in macrophage cells. iNOS-derived NO plays an important role in
numerous physiological (e.g., blood pressure regulation, wound repair and host defense mechanisms)
and pathophysiological (inflammation, infection, neoplastic diseases, liver cirrhosis, and diabetes)
conditions [29]. It is induced in diseases associated with inflammation and oxidative stress [30].
Previously, LMWC (20 kDa chitosan) inhibited NO production in IFN-γ-induced RAW264.7 cells,
whereas the chitooligosaccharides (composed of 1–6 sugars) enhanced NO production [31]. Our results
are in agreement with reports in what was previously reported in cultured rat peritoneal macrophages
where NO was increased by both low (50 kDa) and high molecular weight chitosan stimulation [32,33].
NO generation by iNOS also influences the cytotoxicity of macrophages and tumor-induced
immunosuppression. NO production by high molecular weight water-soluble chitosan (WSC, 300 kDa)
indicates that it may provide various activities such as anti-microbial, anti-tumoral, and anti-viral
activities under specific conditions in vivo [34]. In our study, two LMWCs (3 kDa and 50 kDa)
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significantly promoted the secretion of NO through up-regulating the mRNA expression levels of
iNOS in RAW264.7 cells. The results further indicated that LMWCs effectively activated macrophages
in a molecule size- and concentration-dependent manner.

Chitosan has three types of reactive functional groups, an amino/acetamido group as well as both
primary and secondary hydroxyl groups at the C-2, C-3 and C-6 positions, respectively. The amino
contents are the main factors contributing to the differences in their structures and physicochemical
properties. Another important characteristic to consider for chitosan is the molecular weight (MW)
or chain length [35]. By modulating and improving physicochemical properties, chitosan and its
derivatives may provide novel therapeutic applications for the prevention or treatment of chronic
diseases [11]. Following activation, macrophages can induce expression of accessory and costimulatory
molecules that promote sustained stimulatory interactions with T cells and the generation of adaptive
immunity. Indeed, the basic mechanisms of the immunostimulatory, anti-tumor, bactericidal and other
therapeutic effects of polysaccharides are thought to occur via activation of immune cells resulting
in the induction of immune responses [36]. Macrophages were thought to be the important target
cells of some antitumor and immunomodulatory drug [5]. Stimulation of macrophage response is one
of the most important mechanisms of all known polysaccharides with immunological competence.
Several pathways are usually involved in this process: (1) improving phagocytic activity; (2) increasing
NO and reactive oxygen species (ROS) production; and (3) inducing or regulating the secretion of
cytokines and chemokines [37]. In the present study, we proved that LMWCs significantly enhanced
the abilities of RAW264.7 macrophages to take up neutral red, produce NO, and induce the secretion
of cytokines (TNF-α, IFN-γ and IL-6) and regulate their mRNA expression, which indicated that
LMWCs could enhance the immune response via macrophages stimulation in a molecular weight- and
concentration-dependent manner. Although both the two LMWCs (3 kDa and 50 kDa) are composed
of polymerized glucosamine and N-acetyl glucosamine, their molecular sizes are greatly different,
with the former (3 kDa) being much smaller than the latter (50 kDa). Accordingly, they may have
different bioactivities. The molecular size of chitosanous products seems to be crucial for their immune
bioactivity, a similarity shared by some polysaccharides from mushrooms and seaweeds [38–40]. Our
results showed that the low-MW chitosans (3 kDa) had better immunomodulatory effects than those
of higher MW (50 kDa). Zhou et al. had reported that λ-carrageenans with MWs of 15 and 9.3 kDa
had the best immunomodulatory effects [41]. Lai et al. had also reported that low-MW chitosan
oligosaccharides had best physiological effects, such as decreasing cholesterol and reinforcing the
immune system, which was consistent with our results [42]. LMWCs seem to affect the immune
response of macrophages depending upon the molecular weight due to LMWCs with more active
amino and hydroxyl groups, but further investigation is necessary to clarify the mechanism of LMWCs.

4. Experimental Section

4.1. Chemicals and Reagents

Dulbecco’s modified Eagle’s medium (DMEM), penicillin/streptomycin, and the other materials
required for culture of cells were purchased from Gibco BRL, Life Technologies (Grand Island,
NY, USA). H2O2, dimethylsulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), lipopolysaccharide (LPS), and bovine serum albumin (BSA) were obtained from Sigma
(St. Louis, MO, USA). Trizol was from Invitrogen (Carlsbad, CA, USA), revert Aid™ M-MuLV reverse
transcriptase was from Fermentas (Amherst, NY, USA), diethylpyrocarbonate (DEPC) and ribonuclease
inhibitor were from BioBasic (Markham, ON, Canada), oligo (dT)18 were from Sangon (Shanghai,
China). All other chemicals were of analytical grade or of the highest grade available commercially.

The LMWCs were sterilized by passing it through a 0.22-μm Millipore filter (Cat No. SLGP033RB,
Billerica, MA, USA) to remove any contaminant and then analyzed for endotoxin level by a gel-clot
Limulus amebocyte lysate assay (Zhejiang A and C Biological, Zhejiang, China). The concentration of
LMWCs was determined by spectrophotometry with bromocresol green according to Zheng et al. [43].
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The molecular weights of the chitosan were measured using a gel permeation chromatography
system (GPC) (Waters 600E, Waters Co., Milford, MA, USA). The molecular weight range of LMWCs:
46 kDa–54 kDa and 2.4 kDa–3.2 kDa. The endotoxin level in the stock soln. was less than 0.5 EU/mL.

4.2. Cell Culture and Treatment

Mouse macrophages RAW 264.7 cell line was obtained from the Shanghai Institute of Cell Biology
(Shanghai, China) and maintained in DMEM, supplemented with heat-inactivated 10% fetal bovine
serum, 100 U/mL penicillin, 100 U/mL streptomycin in a humidified atmosphere of 5% CO2 at
37 ◦C. When the cells reached sub-confluence, they were treated for 24 h with culture medium
containing different concentrations of LMWCs, two MW, 3 kDa and 50 kDa (2.5, 10, and 40 μg/mL),
lipopolysaccharide (LPS) (1 μg/mL) that were tested in the experiments.

4.3. Cell Viability Assay of RAW264.7 Macrophages

The effect of LMWCs on the viability of RAW264.7 macrophages was determined by MTT method.
RAW264.7 macrophages were seeded at 2 × 104 cells/well in a 96-well plate and incubated at 37 ◦C
in a humidified atmosphere with 5% CO2. After 24 h, the various concentrations of LMWCs were
added into each well and these cells were incubated for 24 h. Each concentration was repeated six
wells. The cells were washed with PBS and incubated with MTT (5 mg/mL) in culture medium at
37 ◦C for another 4 h. After MTT removal, the colored formazan was dissolved in 150 μL of DMSO.
The absorption values were measured at 490 nm using a SpectraMax M5 Microplate Reader (Molecular
Devices, MDS Analytical Technologies, Sunnyvale, CA, USA). The viability of RAW264.7 macrophages
in each well was presented as percentage of control cells.

4.4. Pinocytic Activity Assay

Pinocytic activity assay was measured as previously [20]. Briefly, RAW264.7 cells were seeded
at 1 × 104 cells/well in the 96-well plate and incubated at 37 ◦C in a humidified atmosphere with
5% CO2. After 24 h, DMEM medium, LPS or the various concentrations of LMWCs were added into
each well, and these cells were incubated at 37 ◦C for 24 h. Each concentration was repeated six wells.
Culture media were removed and 100 μL/well of 0.075% neutral red was added, and incubated for
30 min. After washed with PBS for three times, 150 μL of cell lyzing solution were added into each
well and cells were put at 37 ◦C for 1 h. The absorbance was evaluated in a SpectraMax M5 Microplate
Reader (Molecular Devices, MDS Analytical Technologies, Sunnyvale, CA, USA) at 570 nm.

4.5. Preparation of Cell Lysates

The cells were seeded at a density of 1 × 106 cells/mL in 6-well plates. When the cells reached
sub-confluence, they were treated for 24 h with culture medium containing different concentrations
of LMWCs of two MW, 3 kDa and 50 kDa (2.5, 10, and 40 μg/mL), and LPS (1 μg/mL). Upon
completion of the incubation studies, the culture supernatant was collected for analysis of NO release
and cytokines. The cells were scraped from the plates into ice-cold 1% Triton X-100 lysis buffer
and protein concentration was determined by the bicinchoninic acid (BCA) method, using BSA as a
reference standard. Aliquots were stored at −80 ◦C until detection for the activities of iNOS.

4.6. Measurement of Cytokine Levels in RAW264.7 Macrophage Cultures Using an Enzyme Linked
Immunosorbent Assay (ELISA)

The RAW264.7 macrophages culture supernatants in each individual treatment were collected to
measure pro-inflammatory cytokines TNF-α, IFN-γ and IL-6 levels. The TNF-α, IFN-γ and IL-6 levels
were assayed according to the cytokine ELISA protocol from the manufacturer's instructions (Wuhan
Boster Biological Engineering Co., Ltd., Wuhan, China).
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4.7. Measurement of Nitric Oxide (NO) Release and Intracellular Contents of iNOS

The concentration of nitriles (NO2
−) and nitrates (NO3

−), stable end products of nitric oxide
(NO), were determined by the reagent kits from the Nanjing Institute of Jiancheng Bioengineering
(Nanjing, China). NO production was determined by measuring the optical density at 550 nm and
expressed as units per liter. Activity of iNOS in the supernatant was quantified using the iNOS activity
assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s
instructions. Values of iNOS level were expressed as activity units per milligram protein.

4.8. Measurement of the mRNA Expression Levels of iNOS and TNF-α by Real-Time PCR

Cells were lysed in 1 mL of Trizol reagent (Invitrogen™, Carlsbad, CA, USA) and the total RNA
was isolated according to the manufacture’s protocol. The concentration of total RNA was quantified
by determining the optical density at 260 nm. The total RNA was used and reverse transcription
(RT) was performed using 1st-Strand cDNA Synthesis Kit (Invitrogen, Waltham, MA, USA). Briefly,
nuclease-free water was added giving a final volume of 5 μL after mixing 2 μg of RNA with 0.5 μg
oligo (dT)18 primer in a DEPC-treated tube. This mixture was incubated at 65 ◦C for 5 min and chilled
on ice for 2 min. Then, a solution containing 3 μL of RT buffer Mix, 0.65 μL of RT Enzyme Mix and
1.35 μL Primer Mix, giving a final volume of 10 μL, and the tubes were incubated for 10 min at 30 ◦C.
The tubes then were incubated for 30 min at 42 ◦C. Finally, the reaction was stopped by heating at
70 ◦C for 15 min. The samples were stored at −20 ◦C until further use.

As shown in Table 1, the primers were used to amplify cDNA fragments (141-bp iNOS fragment,
88-bp TNF-α fragment and 94-bp 18S fragment). Amplification was carried out in total volume of 25 μL
containing 1 μL (5 μM) of each target and 18S specific primers, 1 μL of cDNA template, 12.5 μL of Power
SYBR® Master Mix (2×) (4 μL of 10× PCR buffer, 4 μL of MgCl2 (25 mM), 4 μL of dNTPs (2.5 mM) and
0.5 μL of Taq DNA polymerase) (Invitrogen, Waltham, MA, USA), and 10.5 μL of DEPC-treated water
was added. Reaction conditions were the standard conditions for the iQTM5 PCR (Bio-Rad, Hercules,
CA, USA) (10 s denaturation at 95 ◦C, 25 s annealing at 64 ◦C (TNF-α, iNOS, 18S) with 40 PCR cycles.
Ct values were obtained automatically using software (Bio-Rad, Hercules, CA, USA). The comparative
Ct method (2−ΔCt method) [44] was used to analyze the expression levels of TNF-α.

Table 1. Real-Time Polymerase Chain Reaction (PCR) Primers and Conditions.

Gene Genbank Accession Primer Sequence Product Size (bp) Annealing (◦C)

TNF-α NM_013693
CGGTGCCTATGTCTCAGCCTCTT

88 64GACCGATCACCCCGAAGTTCAGTA

iNOS NM_010927.3
TGCCACGGACGAGACGGATA

141 64AGGAAGGCAGCGGGCACAT

18s NR_003278
CGGACACGGACAGGATTGACA

94 64CCAGACAAATCGCTCCACCAACTA

4.9. Statistical Analysis

Data were expressed as mean ± standard deviation (S.D.) and examined for their statistical
significance of difference with ANOVA and a Tukey post hoc test by using SPSS 16.0. p-Values of less
than 0.05 were considered statistically significant.

5. Conclusions

To the best of our knowledge, this is the first report to demonstrate that two important LMWCs
(3 kDa and 50 kDa) can induce activation of RAW264.7 macrophages, which may account for their
immune-stimulating effects. We observed that two LMWCs significantly enhance the pinocytic activity,
and induce the production of tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), interferon-γ
(IFN-γ), nitric oxide (NO) and inducible nitric oxide synthase (iNOS) in a concentration-dependent
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manner. LMWCs were further shown to upregulate the expression of the genes including iNOS
and TNF-α. Moreover, 3 kDa chitosan would simultaneously induced Th1- and Th2-type response,
and induced stronger immunostimulative activity than that of 50 kDa chitosan. LMWCs seem to
affect the balance of the Th1/Th2 immune response of RAW264.7 cells depending upon the molecular
weight due to LMWCs with more active amino and hydroxyl groups. In addition, LMWCs, which are
more effectively absorbed in the body than that of high molecular weight chitosan, suitable narrow
molecular weight distribution and non-toxicity, could be applied most promisingly to pharmaceutical
materials. Accordingly, further investigation is necessary to clarify the mechanism of LMWCs as a
novel immunomodulator.
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Abstract: Alginate from marine brown algae has been widely applied in biotechnology. In this
work, the effects of alginate-derived oligosaccharide (AdO) on lipopolysaccharide (LPS)/β-amyloid
(Aβ)-induced neuroinflammation and microglial phagocytosis of Aβ were studied. We found that
pretreatment of BV2 microglia with AdO prior to LPS/Aβ stimulation led to a significant inhibition
of production of nitric oxide (NO) and prostaglandin E2 (PGE2), expression of inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2) and secretion of proinflammatory cytokines. We
further demonstrated that AdO remarkably attenuated the LPS-activated overexpression of toll-like
receptor 4 (TLR4) and nuclear factor (NF)-κB in BV2 cells. In addition to the impressive inhibitory
effect on neuroinflammation, we also found that AdO promoted the phagocytosis of Aβ through
its interaction with TLR4 in microglia. Our results suggested that AdO exerted the inhibitory effect
on neuroinflammation and the promotion effect on microglial phagocytosis, indicating its potential
as a nutraceutical or therapeutic agent for neurodegenerative diseases, particularly Alzheimer’s
disease (AD).

Keywords: alginate; β-amyloid; microglia; neuroinflammation; phagocytosis; toll-like receptor 4

1. Introduction

In the last decade, increasing evidence has demonstrated that neuroinflammation is involved in the
pathogenesis and progression of various neurodegenerative disorders, including Alzheimer’s disease
(AD) [1] and Parkinson's disease [2]. The accumulation of β-amyloid (Aβ) and the accompanying
neurotoxicity is considered to be one of the most important pathologies of AD [3]. Microglial cells
are resident immune cells and act as effectors of various processes in normal and pathological
brains. Two of the main functions of microglial cells are mediating neuroinflammation and clearing
toxic Aβ aggregates via phagocytosis [4]. Previous reports have proposed that activated microglial
cells are induced by pathogen-associated environmental toxins, such as lipopolysaccharide (LPS)
or Aβ [5]. LPS/Aβ activates microglial cells via various receptors expressed on the cell surfaces,
especially toll-like receptors (TLR) [6]. TLR activation of the microglial cells induce the secretion
of a number of inflammatory factors that lead to cytotoxic effects and brain damage, resulting in
serious neuroinflammation [7,8]. The TLR4 signaling that triggers the generation of the inflammatory
mediators depends on the activation of multiple intracellular signaling pathways, including nuclear
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factor (NF)-κB and mitogen-activated protein kinases (MAPKs) [6,9]. It has been established that
agents that can efficiently attenuate TLR signaling and decrease the inflammatory responses of the
activated microglial cells are beneficial in treating AD [10]. In addition, microglia are essentially the
macrophages of the brain, and phagocytosis is a key feature of these cells. This function supports
brain homoeostasis by clearing neurotoxic substances, including cellular debris and Aβ aggregates.
However, it has been found that the clearance of toxic Aβ aggregates by the microglia is impaired
in AD [11]. Considering the inflammatory and phagocytotic functions of microglia, one possible
therapeutic method for treating AD is to reduce microglia-mediated neuroinflammation and increase
microglial clearance of Aβ [12].

Alginate derived from various marine brown algae is an acidic polysaccharide composed of
alternating blocks of β-(1-4)-D-mannuronic acid (M) and α-(1-4)-L-guluronic acid (G). Alginate has been
widely applied in biotechnology for microencapsulation, drug delivery, and tissue engineering [13,14].
Alginate-derived oligosaccharide (AdO) produced by depolymerizing the polysaccharide using various
degradation methods shows a variety of biological activities. Unsaturated AdO depolymerized by
enzymatic depolymerization exerts anti-tumor [15], anti-oxidant [16,17], and immunomodulatory
effects [18,19], whereas the saturated AdO prepared by acid hydrolysis posses low bioactivities. The
anti-inflammatory activities of alginate have been described [20,21]. AdO prepared by oxidative
degradation possibly has a carboxyl group at the 1-position of the reducing end, which have been
characterized in the previous work (Figure 1) [22]. We have demonstrated that AdO prepared by
oxidative degradation suppressed the inflammatory response in LPS-activated marine macrophage
RAW 264.7 cells [23], which inspired us to investigate whether AdO could reduce neuroinflammation
and subsequently attenuate neuroinflammation-mediated diseases.

In the current study, our aim is to investigate the molecular mechanisms of the inhibitory effect of
AdO on LPS/Aβ-stimulated microglial neuroinflammation, and to demonstrate the effect of AdO on
the phagocytosis of Aβ by BV2 microglia. Our findings suggested the potential application of AdO as
a therapeutic agent for the treatment of AD.

Figure 1. Schematic representation of chemical structures of alginate-derived oligosaccharide (AdO)
prepared by oxidative degradation.

2. Results

2.1. AdO Suppresses LPS-Induced Production of Inflammatory Mediators in BV2 Cells

To evaluate the toxicity of AdO to BV2 cells, the cell viability was measured after treatment with
AdO. Results showed that AdO with concentrations lower than 500 μg/mL led to little cytotoxic effect
in BV2 cells (Figure 2A). Therefore, we investigated the anti-neuroinflammatory effect of 50–500 μg/mL
of AdO in LPS-activated BV2 cells in this study. Next, we evaluated the effect of AdO on the production
of nitric oxide (NO) and prostaglandin E2 (PGE2) by LPS-activated BV2 cells. As shown in Figure 2B
and C, AdO at various concentrations inhibited the LPS-induced NO and PGE2 levels in BV2 cells in a
dose-dependent manner. On the basis that inducible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2) are the key enzymes for production of NO and PGE2, respectively, we performed RT-PCR
and Western blot analyses to determine the effects of AdO on the expression of iNOS and COX-2. The
results showed that the LPS-induced expression of iNOS and COX-2 was suppressed by AdO treatment
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at the mRNA level (Figure 2D, E) and at the protein level (Figure 2F,G). These results indicated that
AdO reduces NO and PGE2 production by inhibiting the iNOS and COX-2 expression.

 
(A) (B) 

(C) (D) 

 
(E) (F) 

Figure 2. AdO reduced the lipopolysaccharide (LPS)-activated production of nitric oxide (NO)
and prostaglandin E2 (PGE2) and the expression of inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) in BV2 microglial cells. (A) Cell viability was evaluated using the CCK-8
assay for control cells, LPS (0.5 μg/mL) treatment cells, LPS with AdO (100–1000 μg/mL) treatment
cells, and AdO (50–1000 μg/mL) treatment cells; (B) The nitrite concentration was measured as an
indicator of NO production using the Griess reagent; (C) PGE2 production was analyzed using ELISA;
(D) The expression of the iNOS and COX-2 mRNAs was detected by RT-PCR; (E) The relative mRNA
levels of iNOS and COX-2 were analyzed with reference to the control group; (F) The expression of
the iNOS and COX-2 proteins was detected using Western blot analysis; (G) The relative levels of the
iNOS and COX-2 proteins were analyzed with reference to the control group. The data are presented
as the mean ± SD for three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001 indicate
significant differences compared with the LPS-treated group.
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2.2. AdO Inhibits LPS/Aβ-Activated Secretion of Inflammatory Cytokines in BV2 Cells

As demonstrated in Figure 3, the secretion of tumor necrosis factor-α (TNF-α), interleukin (IL)-1β
and IL-6 (Figure 3A) was notably increased with LPS stimulation, but considerably decreased in a
dose-dependent manner in the AdO-pretreated cells. Next, we investigated whether AdO could affect
the Aβ-activated production of the inflammatory cytokines by the BV2 cells. As expected, the results
showed that the AdO treatment remarkably reduced the Aβ-stimulated production of TNF-α, IL-6 and
IL-12 (Figure 3B). Interestingly, we demonstrated that Aβ reduced the cell viability to 76.6% ± 3.36%,
but pre-treatment with AdO exerted a positive effect on the cell viability (Figure 3C). These results
suggest that AdO could effectively suppress the LPS/Aβ-activated inflammatory cytokines secretion
by the BV2 cells.

Figure 3. AdO inhibited the LPS/Aβ-activated secretion of proinflammatory cytokines. (A) Tumor
necrosis factor-α (TNF-α), interleukin (IL)-1β and IL-6 expression in the LPS-activated BV2 cells was
measured by ELISA; (B) TNF-α, IL-6 and IL-12 production in the Aβ-activated BV2 cells was evaluated
by ELISA; (C) The cell viability following AdO (500 μg/mL) pretreatment with or without Aβ (10 μM)
stimulation was detected by the CCK-8 assay. The data are presented as the mean ± SD for three
independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001 indicate significant differences
compared with the LPS/Aβ-treated group, and ### p < 0.001 indicates a significant difference between
the control group and the Aβ-treated group.

2.3. AdO Inhibits LPS-Activated Signaling Pathway in BV2 Cells

Next, we evaluated the effect of AdO on the LPS-activated TLR4-NF-κB signaling pathway
using immunofluorescence and Western blot analysis. As shown in Figure 4A, TLR4 expression was
notably increased by LPS stimulation, and this effect was blocked by the addition of AdO. Similar
results were observed in the Western blot analysis (Figure 4B). Figure 4C clearly shows that the
translocation of the NF-κB/p65 subunit from the cytoplasm to the cell nucleus was augmented by
LPS-stimulation and reduced by AdO treatment. The results of the Western blot analysis agreed well
with the immunofluorescence analysis (Figure 4D).

2.4. Effect of AdO on LPS/Aβ-Activated Morphological Changes of the BV2 Cells

Furthermore, it has been demonstrated that anti-inflammatory agents can protect the
microglia from LPS or Aβ-activated morphological changes [24,25]. Here, the effect of AdO
on the LPS/Aβ-activated cell morphological changes was observed using dark-field microscopy.
The enlargement of microglial cell bodies and an amoeboid morphology with retraction of extensions
are generally induced by LPS [24]. While these changes were obvious in the LPS-activated BV2
microglia (see white dot arrows in Figure 5A), AdO markedly suppressed those morphological
changes (Figure 5A). We analyzed the number of cells with normal (white arrows) or activated (white
dot arrows) morphology in ten randomly selected images. The results showed that pretreatment with
AdO prevented the LPS-activated morphological changes of the cells in a dose-dependent manner
(Figure 5B). In addition, the effect of AdO on the Aβ-activated microglia morphological changes was
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investigated. As expected, AdO protected the microglia from the Aβ-activated morphological changes
(Figure 5C). The analyzed results are shown as histograms (Figure 5D).

Figure 4. AdO suppressed the LPS-induced toll-like receptor 4 (TLR4) expression and nuclear factor
(NF)-κB activation. TLR4 expression was evaluated using immunofluorescence analysis (A) and
Western blot analysis (B); (C) NF-κB p65 expression was examined using immunofluorescence analysis;
(D) The cytoplasm and nuclear proteins were extracted and the NF-κB p65 protein was analyzed by
Western blot analysis. The immunofluorescence analysis was carried out by laser scanning confocal
microscopy (60×), and the images were processed using ImageJ software. The immunofluorescence
analysis and Western blot analysis were performed in three independent experiments.
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2.5. AdO Promotes the Phagocytosis of Aβ in BV2 Cells

First, gold nanoparticles (AuNPs) with a 100-nm diameter were used to evaluate the non-specific
phagocytic ability of BV2 cells. The BV2 microglia were incubated with AuNPs for the indicated
times and observed using dark-field microscopy. The cells with phagocytosed AuNPs are shown in
Figure 6A. The intracellular AuNPs were analyzed using ImageJ software. The results showed that BV2
microglia readily accumulated increasing amounts of AuNPs in a time-dependent manner (Figure 6B).
Next, the BV2 cells were treated with AdO for 20 h, after which AuNPs were added, and the incubation
was continued for an additional 1 h. We found that the BV2 cells treated with AdO accumulated
more AuNPs than the untreated cells (Figure 6C). The analyzed results are shown in Figure 6D. AdO
treatment increased the phagocytosis of AuNPs in a concentration-dependent manner, suggesting
that AdO activated the BV2 microglia and promoted phagocytosis. In addition, the results clearly
showed that AdO promoted the uptake of AuNPs in a concentration-dependent manner at the single
cell level (Supplementary information Figure S1). These results demonstrated that AdO could promote
non-specific phagocytosis in microglia. Next, Hilyte Fluo™ 488-labled β-amyloid (1-42) (FL-Aβ) was
used to evaluate the specific phagocytic ability of BV2 cells. We utilized fluorescence analysis to
determine the effect of AdO on the microglial phagocytosis of FL-Aβ. As shown in Figure 6E, the
control cells engulfed a small amount of FL-Aβ, whereas the AdO-treated cells accumulated a larger
amount of FL-Aβ. Compared to the fluorescence (16.6 ± 5.9) of the untreated cells, the AdO treatment
of the cells promoted the uptake of FL-Aβ up to two-fold (36.7 ± 8.6) (Figure 6F).

(A) (B) 

(C) (D) 

Figure 6. Cont.
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(E) (F) 

Figure 6. AdO promoted the phagocytosis of gold nanoparticles (AuNPs) and Hilyte Fluo™ 488-labled
β-amyloid (1-42) (FL-Aβ) in the BV2 cells. (A) The cells were treated with 1 pM of the AuNPs for
indicated incubation times; (B) The phagocytosis of the AuNPs by the BV2 cells was evaluated by
counting the number of AuNPs in fifty cells using ImageJ software; (C) The cells were treated with
AdO (50–500 μg/mL) for 20 h and then incubated with 1 pM of the AuNPs for 1 h. (D) The average
number of phagocytosed AuNPs in fifty cells was analyzed using ImageJ software. The cells with the
accumulated AuNPs were examined using dark-field microscopy (40×), scale bar = 20 μm; (E) The
cells were treated with AdO (50 μg/mL) for 20 h and then incubated with 500 nM FL-Aβ for 4 h. The
cells with the accumulated FL-Aβ were examined using laser scanning confocal microscopy (60×),
and the morphology of the cells was shown using differential interference contrast (DIC) images, scale
bar = 20 μm; (F) The average fluorescent intensity of fifty cells was evaluated using ImageJ software.
The microscopic images were from three independent experiments. *** p < 0.001 indicates significant
differences compared with the control group.

2.6. TLR4 Is Involved in the AdO-Promoted Microglial Phagocytosis

TLR4 is the most important receptor for uptake and clearance of Aβ in the BV2 cells [26]. To
determine whether TLR4 is involved in the AdO-augmented microglial phagocytosis of Aβ, we used
a TLR4 antibody to block TLR4 as mentioned in the previous reports [27,28]. The results indicated
that the addition of the anti-TLR4 antibody suppressed the AdO-induced phagocytosis of FL-Aβ

(Figure 7A): The incorporation was significantly less than that of the cells treated with AdO alone
(Figure 7B). These results indicated that TLR4 is involved in AdO-promoted microglial phagocytosis.
In the merged images (Figure 7A), the distribution of FL-Aβ was observed in the cytoplasm and
lysosomes, suggesting that the FL-Aβ had already entered the cells. Furthermore, we conducted a
flow cytometry assay to verify this involvement. The flow cytometric plots of the phagocytic cell
populations are shown in Figure 7C, and the mean fluorescent intensity (MFI) showed a trend that was
consistent with the fluorescence microscopic analysis (Figure 7D). Our flow cytometric assay results
further confirmed that TLR4 is involved in the AdO-induced promotion of microglial phagocytosis.
Finally, because the lysosomes and cytoskeleton participate in the phagocytotic process [29], we
evaluated the effect of AdO on the lysosomes and cytoskeleton of the BV2 cells. Unfortunately, these
results demonstrated that AdO had little effect on the lysosome production and cytoskeleton formation
compared with the untreated cells (Figure S2).
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Figure 7. The involvement of TLR4 in the AdO-promoted phagocytosis of Aβ in the BV2 cells. (A) The
cells were treated with anti-TLR4 (10 μg/mL) for 1 h prior to AdO treatment for 20 h and then incubated
with 500 nM FL-Aβ for 4 h. The lysosomes and nuclei of the cells were stained with LysoTracker
Red DND-99 and 4′,6-diamidino-2-phenylindole (DAPI), respectively. The cells with the accumulated
FL-Aβ were observed using laser scanning confocal microscopy (60×), scale bar = 20 μm; (B) The
average fluorescence intensity of fifty cells in each group was evaluated using ImageJ software; (C) The
phagocytosis of FL-Aβ in untreated cells, AdO-treated cells, and anti-TLR4 and AdO-treated cells was
analyzed using flow cytometry. The flow cytometric plots show the M1 region of the phagocytic cell
populations based on fluorescence intensity; (D) The mean fluorescence intensity (MFI) of the cells in
the M1 region is shown. The images were from three independent experiments. ** p < 0.01 and *** p <
0.001 indicate significant differences between the control group and the AdO-treated group, and ## p <
0.01 and ### p < 0.001 indicate significant differences between the AdO-treated group and the AdO
combined with anti-TLR4-treated group.

3. Discussion

Agents that either inhibit the microglia-mediated neuroinflammation or enhance the microglial
phagocytosis would be beneficial to AD therapy [5,12,30]. Numerous studies have demonstrated that
natural products play important roles in treating or slowing the progression of neurodegenerative
disease [30–32]. However, several natural products were found to exert neuroprotection by
simultaneously suppressing microglial activation and promoting microglial phagocytosis. Blueberries
have been found to significantly attenuate microglial activation and enhance microglial clearance
of Aβ [33]. Curcumin exerts excellent neuroprotection through its anti-inflammatory activity and
its promotion of phagocytosis [27]. Therefore, it is significant to find more natural products that
appropriately inhibit microglial activation and promote the microglial uptake of Aβ. Polysaccharides
from natural products exert notable neuroprotective and anti-neuroinflammatory activity [32,34].
Alginate is a natural polysaccharide that is found in various marine brown seaweeds. There have
been significant studies in the last few decades that have revealed the bioactivities and broadened
the utility of alginate-derived oligosaccharide [13,14]. Previous work has demonstrated that alginate
oligosaccharides (1300 Da) prepared by enzymatic depolymerization could easily cross the blood–brain
barrier (BBB) [35,36]. We have shown that alginate oligosaccharides prepared by enzymatic and
oxidative degradation exhibited similar degree of polymerization (DP) (representative of its molecular
mass) using thin-layer chromatography (TLC) analysis in our previous work [18]. The average
molecular weight of AdO is about 1500 Da. These findings indicated the accessibility of AdO to the
BBB and suggested the potential application of AdO for treating neurodegenerative diseases. In our
previous study, we found that AdO could remarkably reduce the production of inflammatory mediators
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in LPS-activated macrophages [23], which encouraged us to study its anti-neuroinflammatory activity.
In the present work, we aimed to evaluate the effects of AdO on the neuroinflammatory responses and
microglial phagocytosis of Aβ.

The production of NO and PGE2 and the expression of iNOS and COX-2 are the most important
processes involved in LPS-activated neuroinflammation [34]. Here, we found that AdO pretreatment
effectively inhibited the LPS-activated production of NO and PGE2 via the suppression of the
transcriptional activation of iNOS and COX-2 in BV2 cells (Figure 2). Excessive production of
pro-inflammatory cytokines is considered to be an initiator of neuroinflammatory responses, which is
a hallmark of neurodegenerative disease [37], and to cause neuronal cytotoxicity and induce nerve cell
damage. This study proved that AdO-treatment of BV2 cells remarkably inhibited the LPS-activated
production of TNF-α, IL-6 and IL-1β as well as the Aβ-activated production of TNF-α, IL-6 and IL-12
(Figure 3). These results suggest that AdO may be useful in the treatment of neuroinflammation by
suppressing microglial activation and attenuating the production of inflammatory mediators.

It has been demonstrated that TLR4-mediated activation of NF-κB signaling pathway plays
an important role in the neuroinflammatory responses and various neurodegenerative diseases [9].
The current work showed that pretreatment of BV2 cells with AdO could remarkably suppress the
LPS-stimulated TLR4 expression, indicating that the TLR4 signaling pathway was involved in the
anti-neuroinflammatory effect of AdO (Figure 4). NF-κB is kept inactive through the binding of IκB
proteins in resting microglial cells. Microglial activation with LPS activates NF-κB signaling, leading
to IκB phosphorylation and degradation, and the subsequent NF-κB subunit nuclear translocation [38].
Here, we found that the nuclear translocation of the NF-κB p65 subunit was effectively attenuated by
AdO treatment (Figure 4). These findings indicate that the inhibitory effects of AdO on TLR4 expression
may involve the inactivation of NF-κB signaling in LPS-activated BV2 microglia, subsequently leading
to the suppression of inflammatory mediator production. In addition, we found that AdO could protect
the microglia from the LPS/Aβ-activated morphological changes (Figure 5). In either case, these
results indicated that the neuroprotective effect of AdO is mediated by inactivation the TLR4-NF-κB
signaling pathway.

Another key role of microglial cells is their capability to clear toxic Aβ aggregates.
Aβ accumulation plays an important role in the progression of AD [3]. Under normal physiological
conditions, Aβ aggregates are adequately cleared and degraded by the microglia and macrophages
in the brain. Unfortunately, impaired phagocytosis of Aβ by the microglia and macrophages is
observed in AD and is considered to be one of the pathological hallmarks of this disease [39]. After
demonstrating the excellent inhibitory effect of AdO on microglia-mediated neuroinflammation, we
further explored the effect of AdO on the phagocytosis by BV2 cells. Interestingly, we found that
AdO treatment promoted the phagocytosis of FL-Aβ (Figure 6). Because TLR4 is directly or indirectly
activated to induce the uptake of toxic Aβ aggregates [26,40], we evaluated the involvement of TLR4
in the promotional effect of AdO on the microglial uptake of Aβ. Blocking TLR4 with anti-TLR4 prior
to AdO treatment resulted in a decrease in the phagocytosis of Aβ, indicating that AdO promoted
phagocytosis through an interaction with TLR4 (Figure 7).

Neuroinflammation and microglial phagocytosis are both important factors to study with respect
to the therapeutic intervention for AD [4]. Therefore, the development of natural products that
cannot only inhibit the neuroinflammation but that can also enhance the clearance of Aβ is important
for the prevention and treatment of AD. It was interesting to find that AdO exhibited remarkably
inhibitory effect on neuroinflammation and promoted microglial phagocytosis of Aβ in this study.
We demonstrated that AdO inhibited the neuroinflammatory response of LPS-activated BV2 cells,
possibly by attenuating TLR4 expression and inactivating the NF-κB signaling pathway. However, the
molecular mechanism by which AdO promoted the phagocytosis of Aβ is still uncertain. Our results
indicated that the AdO-induced promotion of the uptake of Aβ may directly or indirectly involve TLR4.
It has been demonstrated that TLR4 participates in the neuroinflammatory process, suggesting that
TLR4 activation aggravates neuroinflammation-mediated diseases [41]. In contrast, studies with mice
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expressing a mutated form of TLR4 suggested that the activation of microglial TLR4 could reduce Aβ

accumulation [42], indicating that TLR4 activation produced the neuroprotective effect. Whether TLR4
activation is neurotoxic or neuroprotective may differ among the various pathological conditions. The
present results support the concept that TLR4 activation is tightly controlled to regulate its different
roles in neuroinflammation and microglial phagocytosis. Further studies will focus on the molecular
mechanisms of the dual effect of AdO on microglial cells in depth and explore the therapeutic potential
of AdO in an in vivo model of AD.

4. Materials and Methods

4.1. Materials

Sodium alginate (15-20 cps grade), FITC-phalloidin and 4′,6-diamidino-2-phenylindole (DAPI)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). H2O2 was supplied by Chengdu Kelong
Chemical Co., Ltd. (Chengdu, China). Fetal bovine serum (FBS) was obtained from Biontex (Planegg,
Germany). Dulbeco’s Modified Eagle’s Medium (DMEM) was purchased from Thermo Scientific
(Hudson, NH, USA). A CCK-8 kit was supplied from Beyotime Inst Biotech (Jiangsu, China). Aβ

oligomers were prepared using amyloid-β 1-42 peptide (ChinaPeptides Co., Ltd., Shanghai, China)
as described previously [25]. An ELISA kit for PGE2 was purchased from Cayman Chemical Co.
(Ann Arbor, MI, USA). ELISA kits for tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6 and
IL-12 measurement were obtained from Neobioscience Technology Company (Guangdong, China).
RNAfast200 Trizol reagent was purchased from Fastagen Biotech (Shanghai, China). The cell lysis
buffer was obtained from Biocolors (Shanghai, China). A KeyGEN Nuclear and Cytoplasmic Protein
Extraction Kit was purchased from KeyGen Biotech (Nanjing, China). The bicinchoninic acid (BCA)
reagent was obtained from Auragene Bioscience Corporation, Inc. (Changsha, China). Antibodies
against inducible nitric oxide (iNOS), cyclooxygenase-2 (COX-2) and NF-κB/p65, as well as an Alexa
Fluor 488-conjugated secondary anti-mouse antibody, were provided by Cell Signaling Technology
(Beverly, MA, USA). Antibody against TLR4 was purchased from Abcam Company (Cambridge, UK).
Hilyte Fluo™ 488-labled β-amyloid (1-42) (FL-Aβ) was purchased from AnaSpec, Inc. (San Jose, CA,
USA) and LysoTracker Red DND-99 was furnished from Molecular Probes (Invitrogen, MO, USA).

4.2. Preparation of AdO

AdO was prepared from sodium alginate by a reaction with a 5% H2O2 solution at 90 ◦C for 2 h
as described in our previous work [23]. The average molecular weight of AdO is about 1500 Da that
detected by size exclusion chromatography (SEC) with multi-angle laser light scattering (MALLS).

4.3. Cell Culture

The BV2 microglia were cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin
and 100 μg/mL streptomycin at 37 ◦C in a humidified incubator with 5% CO2

4.4. Cytotoxicity Assay

The viability of the BV2 cells treated with AdO was evaluated using the CCK-8 assay. Briefly, the
cells were pretreated with AdO (100–1000 μg/mL) for 2 h and then incubated with LPS/Aβ for 24 h or
treated with AdO (50–1000 μg/mL) for 24 h. The medium was removed and the cells were incubated
with 0.5 mg/mL of the CCK-8 solution. After this incubation, the absorption was measured at 540 nm
using a microplate reader (Molecular Devices, LLC, Sunnyvale, CA, USA).

4.5. Measurement of NO and PGE2

The BV2 microglia were pretreated with AdO (50–500 μg/mL) for 2 h and then stimulated with
LPS (0.5 μg/mL) for 24 h. The accumulated nitrite in the culture supernatants was measured using the
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Griess reaction method as described in our previous work [23]. PGE2 production was evaluated using
an ELISA kit according to the manufacturer’s instructions.

4.6. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

RNA was prepared using RNAfast200 Trizol reagent. Total RNA (1 μg) was used for reverse
transcription to produce the cDNAs. The iNOS and COX-2 genes were amplified from the cDNA using
PCR. The following PCR primers are used in this work: iNOS: Fwd 5′-CAA CCA GTA TTA TGG CTC
CT-3′; Reverse 5′-GTG ACA GCC CGG TCT TTC CA-3′. COX-2: Fwd 5′-CCA CTT CAA GGG AGT
CTG GA-3′; Reverse 5′-AGT CAT CTG CTA CGG GAG GA-3′. β-Actin: Fwd 5′-GGA GAA GAT CTG
GCA CCA CAC C-3′; Reverse 5′-CCT GCT TGC TGA TCC ACA TCT GCT GG-3′.

4.7. Western Blot Analysis

The BV2 cells were pretreated with AdO for 2 h and then stimulated with LPS (0.5 μg/mL)
for 24 h. The cells were lysed in lysis buffer. To determine the effect of AdO on the nuclear
translocation of NF-κB p65, the nuclear and cytoplasmic proteins were extracted by a KeyGEN Nuclear
and Cytoplasmic Protein Extraction Kit. The protein concentrations were determined using the
bicinchoninic acid (BCA) reagent. For Western blot analysis, 50 μg of proteins was separated by 12.5%
SDS-PAGE. Then, the proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane
(Amersham Pharmacia Biotech, England, UK) and subsequently blocked in 10% skimmed milk in
Tris-buffered saline containing 0.1% Tween 20 (TBST). After the membranes were washed adequately,
they were incubated with anti-mouse iNOS (1:1000), anti-mouse COX-2 (1:1000), anti-TLR4 (1:1000), or
anti-NF-κB/p65 (1:1000) antibodies in 5% skimmed milk in TBST at 4 ◦C overnight. The membranes
were then washed three times with TBST and incubated with a horseradish peroxidase-conjugated
secondary antibody at 37 ◦C for 2 h. All Western blot assays were performed at least three times.

4.8. Measurement of Cytokines

The BV2 microglia were pretreated with AdO (50–500 μg/mL) for 2 h and then treated with LPS
(0.5 μg/mL) or Aβ (10 μM) for 24 h. The levels of TNF-α, IL-6, IL-1β and IL-12 were measured using
ELISAs according to the manufacturer’s protocols.

4.9. Immunofluorescence Analysis

TLR4 expression and nuclear localization of NF-κB/p65 were detected by immunofluorescence
analysis. The BV2 cells (4 × 105 cells/well) were cultured on sterile glass coverslips in 6-well culture
dishes. After pretreatment with AdO (500 μg/mL) and stimulation with 0.5 μg/mL LPS, the cells were
fixed with 4% paraformaldehyde in PBS. Then, the cells were washed with PBS and permeabilized
with 0.2% Triton X-100 in PBS. After 60 min of incubation with 1% (w/v) goat serum in PBS, the cells
were incubated with anti-TLR4 or anti-NF-κB p65 antibody diluted in PBS (1:200) at 4 ◦C overnight,
washed and then incubated with an Alexa Fluor 488-conjugated secondary anti-mouse antibody
for 2 h at 37 ◦C. The cells were incubated with DAPI (5 μg/mL) for 15 min to reveal the nuclei.
The immunofluorescence analysis was carried out by a Fluoview FV1000 laser scanning confocal
microscope (Olympus, Tokyo, Japan).

4.10. Cell Morphology

The BV2 cells (4 × 105 cells/well) were seeded onto coverslips placed in 35 mm × 35 mm culture
dishes. The cells were pretreated with AdO (50–500 μg/mL) and were stimulated with LPS or Aβ

for 24 h. Dark-field microscopy was used to examine the cell morphology of BV2 cells using an
Olympus BX51 upright optical microscope (Tokyo, Japan). The morphological changes of the cells
were monitored using a 40× objective, and images were captured using a DP70 camera (Olympus,
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Tokyo, Japan). Subsequently, the dark field images were analyzed using ImageJ software (National
Institutes of Health, Bethesda, USA).

4.11. Phagocytosis Assay

AuNPs were prepared as described in our previous work [43]. Briefly, the cells (4 × 105 cells/well)
were treated with AdO (50–500 μg/mL) for 20 h. After three washes, the cells were incubated with a
solution of 1 pM AuNPs (100 nm diameter) for the indicated times. The cells were then washed, fixed
in 4.0% (w/v) paraformaldehyde and visualized using dark-field microscopy.

In additional studies, the cells (4 × 105 cells/well) were treated with AdO (50 μg/mL) for 20 h
and incubated with 500 nM FL-Aβ for 4 h. TLR4 was blocked using anti-TLR4 (10 μg/mL) at 37 ◦C
for 2 h prior to AdO treatment. To reveal the lysosomes and cytoskeleton of the cells, the BV2 cells
were fixed and labeled with LysoTracker Red DND-99 (500 nM) and FITC-phalloidin (800 nM) for 1 h.
Then, the cells were observed using a Fluoview FV1000 laser scanning confocal microscope (Olympus,
Tokyo, Japan). The fluorescence intensity of the cells was analyzed using ImageJ software.

4.12. Flow Cytometric Analysis

The BV2 cells were plated in 24-well culture plates (1 × 105 cells/well). The cells were pretreated
with AdO (50 μg/mL) for 20 h and then incubated with FL-Aβ for 4 h. TLR4 was blocked by
treating with anti-TLR4 (10 μg/mL) at 37 ◦C for 2 h prior to the AdO treatment. The flow cytometric
measurements were carried out using a fluorescence-activated cell sorting (FACS) system 145 (Becton
Deckinson, San Jose, CA, USA). Subsequently, the cells were washed adequately and the fluorescence
was compared to untreated controls using a total of 10,000 recorded events for each sample.

4.13. Statistical Analysis

The data for all experiments are presented as the means ± SD. One-way analysis of variance
(ANOVA) and Student’s t-tests were used to determine any significant differences. p values < 0.05
were considered to be significant. Each experiment was repeated at least three times.

5. Conclusions

Alginate is a natural polysaccharide derived from various kinds of marine brown algae. Previous
studies demonstrated that AdO exhibits notably diverse pharmacological activities [15,16,18,19].
However, to the best of our knowledge, this is the first work to explore the effect of AdO on
microglia-mediated inflammatory responses and microglial phagocytosis of Aβ. The results of this
study revealed dual effects of AdO on BV2 microglial cells. First, AdO exerted an inhibitory effect on
the LPS/Aβ-activated inflammatory response, and second, AdO promoted the microglial phagocytosis
of Aβ. Therefore, the current work proposed that AdO is a potentially therapeutic nutraceutical for
treating AD or other neurodegenerative disease.
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Abstract: The effect of carrageenans on tomato chlorotic dwarf viroid (TCDVd) replication and
symptom expression was studied. Three-week-old tomato plants were spray-treated with iota( )-,
lambda( )-, and kappa(κ)-carrageenan at 1 g·L−1 and inoculated with TCDVd after 48 h. The
λ-carrageenan significantly suppressed viroid symptom expression after eight weeks of inoculation,
only 28% plants showed distinctive bunchy-top symptoms as compared to the 82% in the control
group. Viroid concentration was reduced in the infected shoot cuttings incubated in λ-carrageenan
amended growth medium. Proteome analysis revealed that 16 tomato proteins were differentially
expressed in the λ-carrageenan treated plants. Jasmonic acid related genes, allene oxide synthase
(AOS) and lipoxygenase (LOX), were up-regulated in λ-carrageenan treatment during viroid infection.
Taken together, our results suggest that λ-carrageenan induced tomato defense against TCDVd, which
was partly jasmonic acid(JA) dependent, and that it could be explored in plant protection against
viroid infection.

Keywords: tomato chlorotic dwarf viroid (TCDVd); carrageenans; induced resistance

1. Introduction

Viroids are the smallest (246–400 nucleotides) single-stranded, non-protein-coding circular RNA
molecules [1]. Since their initial discovery in 1971 [2,3], almost 30 types of viroids belonging to the
Pospiviroidae and Avsunviroidae families have been reported to infect a wide array of plants, and the
number may increase with the discovery of additional hosts [4]. The genus Pospiviroid, in the family
Pospiviroidae, contains about nine viroid species, including tomato chlorotic dwarf viroid (TCDVd) [1],
which causes more than 25 diseases in agricultural, horticultural and ornamental plants [5]. Due to
their destructive nature, there is growing interest to develop strategies to control viroids. Although
considerable advances have been made in the characterization of viroids, mechanisms of viroid
pathogenicity and symptom expression [6–9], mechanisms of plant resistance to viroid infection is
not understood.

Unlike plant resistance to most other pathogens, natural resistance against viroids is
not common [10]. Attempts have been made to protect plant against viroids using different
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strategies: non-transgenicapproaches such as detection and eradication of viroid-infected plants [11],
chemical-induced resistance [12,13], cross protection [14], thermotherapy [15,16], and tissue culture
and grafting [15–17] showed variable levels of success in controlling viroid diseases. Crop germplasms
have been screened, and resistant clones and cultivars that showed tolerance to viroids have been
reported [11,18,19]. Plant breeding techniques offered promising results in some cases such as
chrysanthemum stunt viroid (CSVd) resistance in chrysanthemums [20,21], although it may not
be possible in other crop species due to lack of resistant germplasms. Recent techniques in molecular
biology, such as RNA silencing, showed a reduction in the replication of viroids [17,22], thus suggesting
the potential use of this technique in developing viroid resistant varieties through genetic engineering.

Plants deploy a wide range of defense mechanisms against pathogens. These defense mechanisms
can be either constitutive or inducible that prevents pathogen ingress [23]. Upon perceiving pathogen
attack, usually by the recognition of pathogen-specific elicitors, plants activate defense responses
against the pathogen [24]. This may involve a series of molecular events in the pathogen-challenged
plants; regulation of the production of plant hormones, secretion of defensive enzymes or accumulation
of PR proteins in plant cells [24–26]. Plant defense responses can also be induced by cell wall
components of pathogen like chitin, lipo-polysaccharides, bacterial flagellin proteins and other
chemicals of natural and synthetic origin like salicylic acid, jasmonic acid, isonicotinic acid and
benzothiadiazole [27–29]. Compounds that induce plant defense responses, referred to as elicitors,
have been identified in a number of seaweeds. Examples of such compounds include laminarin, fucans,
ulvans and carrageenans [28,30,31].

Carrageenans are sulfated polysaccharides that are the major cell wall component of red
seaweeds [32]. In some red seaweeds, carrageenans may account for more than 40% by dry weight.
Carrageenans are grouped as iota(ι)-, kappa(κ)- and lambda(λ)-carrageenan based on the degree
of sulfation, and each one presents its own characteristic bioactivity [31]. An emerging body of
literature suggests that carrageenans inhibit binding of viruses like human papillomavirus (HPV) to the
animal cells, which is attributed to its structural similarity to heparan sulfate, an HPV cell-attachment
factor [33]. Carrageenans have been shown to elicit resistance in plants and animals against pathogens,
and this activity depends on the degree of sulfation [28,30,34–36]. In this study, we tested the effect of
three types of carrageenans (ι, κ, and λ) on the induction of resistance in tomatoes against TCDVd.

2. Results

2.1. Effect of Carrageenans on TCDVd Infection in Tomatoes

Stunting and bunchy tops are the most characteristic symptoms induced by TCDVd infection in
tomatoes. The infected plants showed variable phenotypic symptoms and were positive for TCDVd
as confirmed with reverse transcription polymerase chain reaction (RT-PCR). The fruit size was also
considerably reduced and roots were thin and fibrous in the infected plants (Figure 1).
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Figure 1. Symptoms of TCDVd infection in tomatoes. Three-week-old tomato plants were inoculated
with 10 μL of TCDVd sap and the symptoms were observed at 28 dpi. Infected plants (RT-PCR
confirmed) were stunted with bunchy top symptoms, smaller fruits and fewer roots.

To determine if carrageenans reduced TCDVd infection or prevented symptom development
in tomatoes, three-week-old tomatoes (cv. Sheyenne) plants were treated with carrageenans ( , κ, λ)
and then inoculated with TCDVd. No difference in viroid replication or symptom development was
observed in - and κ-carrageenan treated plants. The λ-carrageenan treatment, however, protected the
tomatoes from TCDVd infection (Figure 2a) and decreased the replication of TCDVd in the plant tissue
as observed with RT-PCR. Based on the phenotype of the plant at 35-days post inoculation (dpi), a
higher number (82%) of untreated plants were infected with TCDVd, whereas less than 30% plants that
were treated with λ-carrageenan exhibited TCDVd symptoms. Further analysis was performed with
RT-PCR using TCDVd specific primers on plants at 0, 14 and 35 dpi. The RT-PCR analysis detected
TCDVd transcripts in plants which otherwise appeared normal, particularly at an early stage, i.e.,
one to two weeks after inoculation. The results indicated that the viroid infection was established in
untreated plants by 14 dpi as 46% of plants showed TCDVd transcript at this stage. The number of
infected plants in the untreated group increased to 55% at 21 dpi and to 82% at 35 dpi (Figure 2a). In
contrast, TCDVd infection was delayed or suppressed in λ-carrageenan treated plants; none of the
plants showed TCDVd symptoms at 7 dpi; further, there were no viroid transcripts in the leaves. Fewer
plants (12%) developed TCDVd symptoms at 14 dpi and the number of infected plants increased to
20% at 21 dpi, and 28% at 35 dpi. Interestingly, fewer plants were visibly stunted in λ-carrageenan
treatment at 35 dpi even though the plants had TCDVd transcripts, suggesting that λ-carrageenan
suppressed symptom expression.

To confirm whether the reduction in the severity of symptoms in λ-carrageenan treated plants
was associated with the reduction in viroid multiplication, the abundance of TCDVd transcripts was
measured using RT-PCR in leaf samples collected at 35 dpi (Figure 2b). The intensity of TCDVd
specific bands in the treated plants was quantified using ImageJ software (National Institutes of Health,
MD, USA). The result revealed that the average (n = 10) band intensity of TCDVd in control plants
was higher than in the λ-carrageenan treated plants which conformed with the reduced symptoms
in the λ-carrageenan treated plants. These results suggest suppressive effects of λ-carrageenan on
TCDVd in-planta.
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Figure 2. Suppressive effect of λ-carrageenan in tomatoes against TCDVd infection. (a) Percentage of
plants showing typical TCDVd symptoms in control and λ-carrageenan (λ-Carr) treated plants. Data
represent the mean of percent infected plants from three independent trials (Mean ± SEM, n = 36);
(b) Relative intensity of TCDVd bands visualized on agarose gel and quantified with ImageJ software
in controls and λ-carrageenan (λ-Carr) treated plants at 35 dpi (Mean ± SEM, n = 10).

2.2. Effect of Carrageenan Treatments on Plant Height

Viroid infection had a negative effect on the growth and development of plants causing reduced
plant height (stunting), short internodes, initiation of new shoots and reduced fruit size. We measured
the height of TCDVd-inoculated plants to determine the protective effect of λ-carrageenan against
viroid infection. Although the average height of TCDVd infected plants, after one month of infection,
was reduced in all treatments compared to non-inoculated plants, the height of λ-carrageenan treated
plants was significantly higher (p < 0.05) (Figure 3). The average height of TCDVd infected plants
treated with λ-carrageenan was ~25 cm compared to ~20 cm in the control. Since viroid infection
reduced internode length, we compared the length of the last internode in λ-carrageenan treated and
control plants, although the internode length was higher in λ-carrageenan treated plants, the difference
was not significant (Figure 3).

 
Figure 3. Plant height and last internode length of infected and healthy tomato plants one month after
TCDVd inoculation. Bars represent control (black) and λ-carrageenan (λ-Carr, white). Data represent
Mean ± SEM (n = 36 for healthy plants and n = 12 plants for infected plants), student’s t-test at p < 0.05.

2.3. Effect of λ-Carrageenan on TCDVd Replication

To verify if λ-carrageenan had a remedial effect on TCDVd-infected plants that could inhibit the
replication of TCDVd, shoot cuttings from TCDVd-infected plants were incubated in the λ-carrageenan
amended plant growth medium ( 1

2 strength Murashige & Skoog (MS) medium) for three weeks and
the TCDVd concentration in the shoot was determined at weekly intervals by RT-PCR. The viroid
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concentration in the leaves of the infected shoot gradually reduced in the plant shoot incubated in the
λ-carrageenan solution (Figure 4). However, other carageenans, i.e., - and κ-carrageenan, did not
reduce the concentration of TCDVd concentration in the shoots. Interestingly, -carrageenan increased
the viroid concentration in the shoot (Figure 4).

 

Figure 4. Effect of carrageenans on TCDVd multiplication in tomato determined by RT-PCR. TCDVd
concentration in the leaf samples from infected shoots was determined at 0, 7, 14, and 21 days post
carrageenan treatment (λ-carrageenan (λ-Carr), -carrageenan ( -Carr), κ-carrageenan (κ-Carr)) with
RT-PCR using TCDVd specific primers. The bands were visualized on agarose gel.

2.3.1. λ-Carrageenan Induced Differential Expression of Tomato Proteins

Plant defense response to TCDVd infection was analyzed by a proteomics approach using 2D-gel
electrophoresis. The proteome of the leaf tissue of control and λ-carrageenan treated plants inoculated
with TCDVd were analyzed. Compared to untreated (control) plants, λ-carrageenan elicited plants
showed differential expression of proteins in response to TCDVd infection (Figure 5, Table 1). Seventeen
proteins were differentially expressed in control and λ-carrageenan treated tomato plants inoculated
with TCDVd. The results showed that 14 proteins increased in abundance in λ-carrageenan treated
plant whereas three proteins were reduced. These proteins have different functions, suggesting that
TCDVd resistance in tomatoes involved multiple pathways to defend against the infection.

 

Figure 5. A general proteome map of tomato leaves with TCDVd infection in λ-carrageenan treatment.
Proteins were separated first on an IPG strip (pH 4.0–7.0) and then based on molecular weight (kDA)
on a 12% SDS-PAGE. Differentially expressed proteins are marked, red circled were increased whereas
green circled were decreased.

47

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 2875–2889

2.3.2. Effect of λ-Carrageenan on the Expression of Defense Response Genes during Viroid Infection

Plant defense genes are involved in providing protection during challenge by various biotic
stresses including pathogens. Some of these genes may be involved in carrageenan-induced defense in
tomatoes. We examined the expression of three defense genes (TomLoxD, TomAOS and PR1) in control
and λ-carrageenan-treated tomato plants at different time points after TCDVd inoculation (Figure 6).
The results revealed that the λ-carrageenan-elicited defense response against TCDVd is associated with
JA-dependent plant defense genes as both TomAOS and TomLoxD being up-regulated in λ-carrageenan
treatment in TCDVd infected plants at 0 and 7 dpi, respectively. In contrast, PR1 response was not
different in λ-carrageenan treated tomato plants as compared to the control group.

48

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 2875–2889

T
a

b
le

1
.

Li
st

of
le

af
pr

ot
ei

ns
di

ff
er

en
tia

lly
ex

pr
es

se
d

in
λ

-c
ar

ra
ge

en
an

tr
ea

te
d

to
m

at
o

w
ith

to
m

at
o

ch
lo

ro
tic

dw
ar

fv
ir

oi
d

(T
C

D
V

d)
in

fe
ct

io
n

as
co

m
pa

re
d

to
co

nt
ro

l
pl

an
ts

w
it

h
TC

D
V

d
in

fe
ct

io
n

(p
<

0.
05

).

S
p

o
t

ID
P

ro
te

in
Id

e
n

ti
ty

A
cc

e
ss

io
n

M
o

le
cu

la
r

M
a

ss
(k

D
a

)
Is

o
e

le
ct

ri
c

P
o

in
t

(p
I)

F
o

ld
C

h
a

n
g

e
N

o
.

o
f

U
n

iq
u

e
P

e
p

ti
d

e
s

C
o

v
e

ra
g

e
(%

)

Pr
ot

ei
ns

ov
er

ex
pr

es
se

d
in

λ
-c

ar
ra

ge
en

an
tr

ea
te

d
to

m
at

o
w

it
h

vi
ro

id
in

fe
ct

io
n

1
C

yt
oc

hr
om

e
b6

-f
co

m
pl

ex
ir

on
-s

ul
fu

r
su

bu
ni

t
Q

69
G

Y
7-

U
C

R
IA

_S
O

LT
U

24
.2

4.
85

2.
39

3
12

.6
2

Ph
ot

o-
sy

st
em

II
ox

yg
en

-e
vo

lv
in

g
co

m
pl

ex
pr

ot
ei

n
2

Q
7M

1Y
7-

Q
7M

1Y
7_

O
R

Y
SA

04
.0

4.
90

2.
37

1
35

.1
3

Pa
th

og
en

es
is

-r
el

at
ed

pr
ot

ei
n

10
Q

4K
Y

L1
_O

R
Y

SA
17

.5
5.

59
2.

45
3

6.
82

4
17

.7
kD

a
cl

as
s

Is
m

al
lh

ea
t-

sh
oc

k
pr

ot
ei

n
A

1E
46

3_
9A

ST
R

17
.5

5.
73

1.
92

1
14

.3
5

Su
pe

ro
xi

de
di

sm
ut

as
e

1
P1

48
30

-S
O

D
C

1_
SO

LL
C

15
.2

5.
66

2.
70

5
23

.7
6

17
.7

kD
a

cl
as

sI
he

at
sh

oc
k

pr
ot

ei
n

O
82

01
1-

H
SP

11
_S

O
LP

E
17

.7
4.

65
2.

43
3

18
.8

7
R

ib
ul

os
e

bi
sp

ho
sp

ha
te

(R
uB

P)
ca

rb
ox

yl
as

e
sm

al
lc

ha
in

Fr
ag

m
en

t
A

0A
3A

2_
A

R
TA

N
19

.7
5.

40
2.

35
1

4.
62

8
Su

pe
ro

xi
de

di
sm

ut
as

e
Q

6X
1D

0_
SO

LL
C

27
.9

6.
45

2.
90

4
15

.3
9

C
yt

os
ol

ic
cy

st
ei

ne
sy

nt
ha

se
Q

9F
S2

7_
SO

LT
U

34
.2

5.
92

1.
99

2
7.

38
10

Pr
ot

ea
so

m
e

su
bu

ni
ta

lp
ha

ty
pe

Q
93

X
34

_T
O

BA
C

27
.1

6.
21

2.
49

5
18

.5
11

U
ra

ci
lp

ho
sp

ho
ri

bo
sy

lt
ra

ns
fe

ra
se

P9
33

94
-U

PP
_T

O
BA

C
24

.1
4.

73
2.

60
3

16
.1

12
C

yt
os

ol
ic

as
co

rb
at

e
pe

ro
xi

da
se

1
B1

Q
3F

7_
SO

LL
C

27
.3

6.
00

2.
85

9
37

.6
13

Su
cc

in
ic

se
m

ia
ld

eh
yd

e
re

du
ct

as
e

is
of

or
m

2
B1

Q
3F

7_
SO

LL
C

38
.2

4.
51

1.
88

1
2.

75
14

Fe
rr

ed
ox

in
-N

A
D

P
re

du
ct

as
e,

le
af

-t
yp

e
is

oz
ym

e,
ch

lo
ro

pl
as

ti
c

O
04

97
7-

FE
N

R
1_

TO
BA

C
40

.4
6.

62
1.

73
3

23
.8

Pr
ot

ei
ns

un
de

r
ex

pr
es

se
d

in
λ

-c
ar

ra
ge

en
an

tr
ea

te
d

to
m

at
o

w
it

h
vi

ro
id

in
fe

ct
io

n

15
C

ar
bo

ni
c

an
hy

dr
as

e
Q

5N
E2

0_
SO

LL
C

34
.4

6.
21

1.
79

3
10

.6
16

Pe
pt

id
yl

-p
ro

ly
lc

is
-t

ra
ns

is
om

er
as

e
A

0M
TQ

0_
SO

LS
G

17
.9

5.
72

1.
97

1
7.

02
17

G
er

m
in

lik
e

pr
ot

ei
n

B9
A

6I
8_

TO
BA

C
21

.9
4.

68
2.

39
1

4.
27

49

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 2875–2889

 

Figure 6. Expression of defense response genes encoding allene oxide synthase (AOS), lipoxygenase
(LOX) and pathogenesis related protein 1 (PR1), in tomatoes during TCDVd infection. The expression of
genes was analyzed at 0 (AOS-0, LOX-0 and PR1-0) and 7 (AOS-7, LOX-7 and PR1-7) dpi in control and
λ-carrageenan (λ-Carr) treated plants. Values with “*” are significantly different (p < 0.05). (Mean ± S.E.,
n = 3).

3. Discussion

Viroid RNA has been extensively studied due to their unique structure and infectious nature.
However, there are only a few studies on the control of viroid diseases. This study demonstrates the
potential use of a sulfated polysaccharide, λ-carrageenan, to induce resistance in tomatoes against
TCDVd, a devastating pathogen on a number of plants [37]. The effect of λ-carrageenan appears to
be plant-mediated as it did not show a direct effect on viroid RNA in vitro; gene expression analysis,
and the analysis of the proteomes of the infected plants suggest that λ-carrageenan induced resistance
against TCDVd was largely mediated by a jasmonic acid dependent defense pathway.

Use of elicitors to induce plants’ resistance against pathogens has been an effective strategy to
reduce disease. Elicitors such as INA (2, 6-dichloro-isonicotinic acid), BTH (benzothiadiazole) and
BABA (β-aminobutyric acid) induce transcription of specific defense genes [38,39]. Few previous
reports suggested the effect of chemicals to protect plants against viroid infection. For example, the
use of piperonyl butoxide showed protective effects against potato spindle tuber viroid infection [12].
Antiviral agent ribavirin (300 mg/l), when applied on Gynura aurantiaca (Purple Passion) plants infected
with citrus exocortis viroid (CEVd), completely suppressed symptoms in newly developed leaves,
whereas the application of the same agent three days prior to infection also prevented establishment
of infection in the plant [13]. Pretreatment of tomato plants with λ-carrageenan reduced the TCDVd
symptom expression, and the progression of the disease was also suppressed. Algal polysaccharides,
such as laminarin and carrageenans trigger host defense mechanisms against subsequent pathogenic
infections in plants and animals [31,33,36]. The application of κ/β-carrageenan from red marine alga
Tichocarpus crinitus showed a significant reduction in the number of necrotic lesions on the tobacco
leaves inoculated with the mixture of tobacco mosaic virus (TMV) [40]. In the present study, we
observed that the highly sulfated λ-carrageenan induced tomato resistance against TCDVd suggesting
the role of sulfation in the bioactivity as shown in earlier studies [28,31,41].

TCDVd virulence is dependent on the pathogenicity factors present in the viroid sequence [42].
We also investigated the TCDVd sequence isolated from a number of λ-carrageenan treated plants and
did not find any mutational effect that could have caused reduced virulence of the viroid in tomato.
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Proteome analysis revealed differential induction of proteins in TCDVd-infected λ-carrageenan
treated plants. Several studies have revealed differential responses of plant proteomes in response
to disease progression [43]. The proteome changes in plant show that the reduction in infection was
primarily mediated by biochemical changes elicited by λ-carrageenan. In a previous study, Itaya et
al., [6] showed changes in host gene expression at different stages of the viroid infection and revealed a
complex pattern of molecular changes in plant that involve defense responses, metabolic changes in
cell wall and proteins and many other miscellaneous functions. Our proteomics results also revealed
that tomato proteins involved in various physiological processes were altered indicating a complex
nature of viroid-plant interactions. The higher expression of 14 proteins in λ-carrageenan treatment
suggests their potential role in tomato defense to TCDVd that should be further investigated.

Results on the expression of lipoxygenase (LOX), allene oxide synthase (AOS) and
pathogenesis-related protein (PR1) genes in TCDVd-infected tomatoes suggest a possible role of
JA response in plants’ resistance against viroid infection. JA response has been important against
various biotic stresses in plants. Wang et al. [7] investigated the expression of genes in a susceptible and
a transgenic (resistant) tomato with potato spindle tuber viroid (PSTVd) infection and revealed several
differentially expressed genes in tomatoes and a possible role of jasmonic acid biosynthesis pathway in
tomato resistance to viroids. The induction of these two genes (LOX and AOS) by λ-carrageenan-treated
tomatoes support the role of JA dependent signaling pathway in tomato defense against TCDVd.
In addition, salicylic acid-inducible PR1 in control was not different than λ-carrageenan treatment,
indicating that jasmonic acid/ethylene is important in viroid-tomato interaction, a finding that needs
further understanding.

4. Material and Methods

4.1. Plant and Viroid Culture

Tomato (Solanum lycopersicum cv. Sheyenne) seeds and tomato chlorotic dwarf viroid
(TCDVd)-infected plants were obtained from the Potato Research Centre, Fredericton, Canada. The
viroid culture was maintained on tomatoes (cv. Sheyenne) in a greenhouse at 24 ± 2 ◦C with a
photoperiod of 16 h light and an 8 h dark cycle. For experiments, surface sterilized healthy tomato
seeds were planted in 8′ ′ pots containing peat soil (Pro-mix) and maintained in the greenhouse under
same conditions as described above.

4.2. Treatments

Three types of carrageenans (iota (ι), kappa (κ) and lambda (λ)) used in this study were provided
by Cargill Texturant Solutions (Baupte, France). The carrageenans differed in sulfation, λ-carrageenan
(35%) and κ-carrageenan (<30%). Spray solution were prepared by dissolving carrageenans in
ultra-pure water (MilliQ) (0.1% w/v) containing 0.02% (v/v) of Tween-20.

4.3. Inoculation of Tomato Plant with TCDVd

Three-week-old tomato plants (8–10 cm tall) with fully expanded third leaves were sprayed with
carrageenans until drip using a hand held atomizer. The control plants were treated in a similar manner
with water containing Tween-20. Leaves (1 g) from TCDVd infected tomato were ground in 5 mL
of 1:10 dilution (w/v) of buffer containing glycine (0.05 M) + dibasic potassium phosphate (0.03 M),
pH 9.2 and the resulting sap was used for inoculating plants 48 h after spray treatment. Briefly, 10 μL
each of TCDVd sap was rubbed gently over two leaflets of the second leaf for each treatment using
a flame sterilized glass rod [37]. Inoculated plants were maintained in the growth chamber at 22 ◦C,
16 h:8 h for day:night conditions. Data on plant height and internode length were recorded at 21 dpi,
whereas the appearance of bunchy top symptoms were observed on plants at 7, 14, 21, and 35 dpi [37].
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4.4. Effect of Carrageenans on TCDVd in Infected Shoots

To investigate the effect of carrageenans on viroid multiplication, tomato shoot cuttings (5–6 cm
long with 2 internodes) were excised from TCDVd infected plants, washed several times with distilled
water and the cut end of the shoot was dipped in a 20 mL glass tube containing half strength Murashige
& Skoog (MS) (Sigma, St. Louis, MO, USA) solution and incubated for two days at 24 ± 2 ◦C with a
photoperiod of 16 h light and 8 h dark cycle. The MS medium was removed and replaced with MS
solution supplemented with 1 g·L−1 carrageenans ( , κ, λ). TCDVd concentration in the shoots was
determined with RT-PCR (as described below) in 20 mm leaf disc excised from upper leaf at 0 (just
before treatment), 1, 2, and 3 weeks post-treatment. Each treatment had three replications and the
experiment was repeated twice.

4.5. Viroid Nucleic Acid Extraction and RT-PCR

The viroid RNA was extracted from the leaf tissue following published method [37]. Briefly,
100 mg of leaf tissue was homogenized in 500 μL viroid extraction buffer (50 mM NaOH + 2.5 mM
EDTA) in a bead beater (Micro Smash MS-100, Tomy Co., Tokyo, Japan), set at 3000 rpm for 2 min. The
homogenate was centrifuged 8000× g at 4 ◦C for 20 min and the supernatant (300 μL) was precipitated
with 300 μL of isopropanol and 0.1 μL of 3 M sodium acetate (−20 ◦C overnight). The precipitate was
collected by centrifugation (12,000× g at 4 ◦C) for 5 min, washed with 70% ethanol, air-dried, and
dissolved in 150 μL of RNAase free water. Two μg RNA was reverse transcribed using High Capacity
cDNA Reverse Transcription kit (Applied Biosystems, ON, Canada) with a Pospiviroid reverse primer
(5′-AGCTTCAGTTGTTTCCACCGG GT-3′).

Polymerase chain reaction was carried with 2 μL of cDNA using Taq
DNA polymerase (Applied Biosystems, Foster City, CA, USA) using the
forward primer (5′-ATTAATCCCCGGGGAAACCTGGAG-3′) and reverse primer
(5′-AGCTTCAGTTGTTTCCACCGGGT-3′) [44]. PCR was performed with standard conditions, except
that 27 cycles were used to avoid saturation of the product. For quantification, ten microliters of
amplified product was electrophoresed on 2% agarose gel containing 0.5 μg/mL ethidium bromide
and photographed under UV light in a gel documentation system (Quantity One, Gel Doc EQ, Bio-Rad,
Hercules, CA, USA). TCDVd band intensities were quantified by ImageJ free software (Version 1.33;
http://rsb.info.nih.gov/ij/) and compared relative to the control.

4.6. Carrageenan Induced Defense Gene Expression in Tomatoes

To determine the response of tomato plant to carrageenan treatment following viroid
inoculation, the transcript abundance of tomato defense genes TomLOX (forward primer,
5′-GGCCACGTTGACCTC CGCAA-3′; reverse primer, 5′-TGCGCTGAAGCCAGCCAGAT-3′,
TomAOS (forward primer, 5′-ACACGACGCCGTTTTCGAGGTG-3′; reverse primer,
5′-CCGACGAACCGATCGGCGAC-3′ and PR1 (forward primer, 5′-GACGAGTTGGCGTTGGCCCT-3′;
reverse primer, 5′-AGCGGCTAGGTTTTCGCCGT-3') were analyzed by quantitative real time PCR.
Leaf tissues were sampled at 0 and 7 dpi and total RNA was extracted using a plant RNA extraction kit
(Qiagen, Mississauga, ON, Canada). The quality and quantity of RNA was assessed with Nanodrop
ND-1000 (NanoDrop Technologies Wilmington, DE, USA) and formaldehyde gel electrophoresis.
DNAase treated RNA was used to synthesize cDNA using Quantiscript reverse transcriptase kit
(Qiagen, Mississauga, ON, Canada) following manufacturer’s instructions. Real-time PCR was
performed on StepOne™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using
SYBR green dye with Rox (Roche Diagnostics, Mississauga, ON, Canada) according to manufacturer
instructions. Transcript abundance of each selected gene was normalized to18S ribosomal RNA. Data
were analyzed from three independent Real-Time PCR runs.
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4.7. Effect of Carrageenan on Tomato Proteomes

Leaf samples from tomato plants spray treated with carrageenans and inoculated with TCDVd as
described above were harvested at 3 weeks after viroid inoculation, flash frozen in liquid nitrogen and
ground to a fine powder. The total protein was extracted using a solution containing trichloroacetic
acid (10%), acetone (89.93%) and dithiothreitol (0.07%). Protein concentration was determined by the
Bradford Method [45] and stored in 100 μL aliquots at −80 ◦C until use.

For protein profiling, 100 μg of total proteins from the control and carrageenan-treated samples
were separated with first dimension electrophoresis using 17 cm IPG strips, pH 4–7 at 500 V for 1 h,
followed by 1000 V for 1 h and 1750 V for 24 h. The proteins were separated by SDS-PAGE in the second
dimension using 12% polyacrylamide gels on a multiphor unit (Amersham Biosciences, Piscataway,
NJ, USA). The gels were silver stained following published protocol [46]. The gels were scanned with
a GS-700 imaging densitometer (Bio-Rad, Hercules, CA, USA) and analyzed with PD Quest software
(Bio-Rad, Hercules, CA, USA).

For protein identification, differentially expressed protein spots were excised from the preparative
gels and digested with trypsin using the MassPREP station (Waters, Milford, MA, USA). Protein
identification and sequencing were carried out using two-dimensional liquid chromatography ESI
MS (Agilent 1100 series 2D nano LC MS). The peptide mass data were subjected to the MASCOT
search engine (Agilent, Santa Clara, CA, USA) for analysis. MS/MS spectra were used to search
protein identity at NCBI non-redundant protein database using MS/MS Ion Search Engine at http:
//www.matrixscience.com/search_form_select.html. A single protein, having a higher score than the
minimum score for the significance level (p < 0.05), was judged as a significant match.

4.8. Statistical Analysis

For data analysis, JMP-IN (Ver. 5) statistical software was used. Data were subjected to analysis
of variance (ANOVA) and the means were compared for significance using Tukey’s test or student’s
t-test (p < 0.05). Each experiment was replicated two to three times in independent trials. Values are
represented as mean ± SEM (standard error of the mean).

5. Conclusions

In summary, the results showed that highly sulfated λ-carrageenan suppressed TCDVd in
tomatoes by eliciting plant defense responses while less sulfated - or κ-carrageenan did not have
an effect. The induction of plant resistance with λ-carrageenan could be a novel, cost effective and
environmentally friendly approach for the management of this pathogen. Since pospiviroids are
replicated in the nucleus by DNA-dependent RNA polymerase II, it remains unclear if λ-carrageenan
affected this enzyme in vivo, which might have resulted in the reduced viroid concentration in the
elicited plants.
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Abstract: Alginate is a natural polysaccharide extracted from various species of marine brown algae.
Alginate-derived guluronate oligosaccharide (GOS) obtained by enzymatic depolymerization has
various pharmacological functions. Previous studies have demonstrated that GOS can trigger the
production of inducible nitric oxide synthase (iNOS)/nitric oxide (NO), reactive oxygen species
(ROS) and tumor necrosis factor (TNF)-α by macrophages and that it is involved in the nuclear factor
(NF)-κB and mitogen-activated protein (MAP) kinase signaling pathways. To expand upon the current
knowledge regarding the molecular mechanisms associated with the GOS-induced immune response
in macrophages, comparative proteomic analysis was employed together with two-dimensional
electrophoresis (2-DE), matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF/TOF MS) and Western blot verification. Proteins showing significant differences in
expression in GOS-treated cells were categorized into multiple functional pathways, including the
NF-κB signaling pathway and pathways involved in inflammation, antioxidant activity, glycolysis,
cytoskeletal processes and translational elongation. Moreover, GOS-stimulated changes in the
morphologies and actin cytoskeleton organization of RAW264.7 cells were also investigated as
possible adaptations to GOS. This study is the first to reveal GOS as a promising agent that can
modulate the proper balance between the pro- and anti-inflammatory immune responses, and it
provides new insights into pharmaceutical applications of polysaccharides.

Keywords: guluronate oligosaccharide; macrophage activation; nuclear factor-κB; anti-inflammation;
antioxidant; cell morphology

1. Introduction

Alginate is currently extracted from marine brown algae and is known to be arranged in
homopolymeric α-L-guluronate (G) blocks (polyguluronate, PG), β-D-mannuronate blocks (M)
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(polymannuronate, PM) and random heteropolymeric G and M stretches [1]. Alginate is used
for biotechnological and medical purposes in a wide range of commercial applications in the
pharmaceutical field. Alginate oligosaccharide (AOS), which is obtained by lyase depolymerization
of polymer and has a relatively low molecular weight, is regarded as a non-toxic, biocompatible,
nonimmunogenic and biodegradable polymer, making it an attractive candidate for biomedical
applications [2]. This oligosaccharide has various physiological functions, such as the promotion
of bifidobacterial growth [3], the stimulation of endothelial cell growth and migration [4], and
human keratinocyte growth [5]. AOS is also involved in the induction of cytokine production
in macrophages [6–8], the enhancement of protection against infections by certain pathogens [9],
antioxidant [10,11] and neuroprotective activities [12], and the suppression of Th2 development and
IgE secretion through the induction of IL-12 secretion [13].

Macrophages play major roles in host defense, immunity and inflammatory responses and help
to maintain steady-state tissue homeostasis [14]. The inflammatory response is a self-limiting process
and involves the sequential activation of signaling pathways leading to the production of both pro-
and anti-inflammatory mediators [15]. Our recent studies have demonstrated that enzymatically
depolymerized guluronate oligosaccharide (GOS) from PG could markedly increase phagocytosis
of IgG-opsonized Escherichia coli and Staphylococcus aureus and intracellular bacterial killing by
macrophages, resulting in enhancement of the antibacterial activity of macrophages via the activation
of several signaling pathways that are related to innate immunity and bacterial clearance in murine
acute peritonitis in vivo [16]. GOS activates macrophages by binding to Toll-like receptor (TLR) 2/4,
causing cytokine production [17]. We have also confirmed that GOS activates the nuclear factor
(NF)-κB and mitogen-activated protein (MAP) kinase signaling pathways, elevates inducible nitric
oxide synthase (iNOS) expression and, in turn, nitric oxide (NO) production, and induces tumor
necrosis factor (TNF)-α secretion and reactive oxygen species (ROS) production [18]. GOS stimulates
cellular inflammatory responses and releases factors, which indicates that it could be used in the
agriculture, food and drug industries as a potent immunomodulatory agent.

Proteomics is now generally accepted as a useful method due to its high-throughput capability
to analyze total protein expression and elucidate cellular processes at the molecular level [19,20].
To gain more information and elucidate specific mechanisms underlying the involvement of GOS
involved in phagocytosis and signal transduction pathways, we carried out a proteomic study to
identify differentially expressed proteins extracted from control and GOS-treated RAW264.7 cells using
two-dimensional electrophoresis (2-DE) and matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF/TOF MS). We identified nine proteins with significant changes (fold
change ≥ 2.0) in expression between the GOS-treated and untreated RAW264.7 cells. These results were
confirmed by Western blot, biochemical studies and morphological analyses. Considered together with
the findings of our previous studies [16,18], the current results suggest that the functional pathways of
activation and negative regulation of the NF-κB signaling pathway, pro- and anti-inflammation, pro-
and anti-oxidation, cytoskeletal remodeling and cell proliferation might be involved in GOS-induced
macrophage activation and immunomodulation. Notably, the inflammatory response requires the
coordinated activation of various signaling pathways that regulate the expression of both pro- and
anti-inflammatory mediators [15]. Thus, we provide key insight into the potential mechanisms by
which the immune response is modulated by GOS.

2. Results

2.1. Preparation and Structural Analysis of GOS

As shown in Figure 1, IR spectroscopy revealed characteristic peaks at 3457, 2930, 1743, 1621,
1415, 1126, 1103, 1035 and 789 cm−1. The broad absorption band at 3457 cm−1 is representative of
the stretching frequency of OH groups, and the band at 2930 cm−1 is attributable to CH asymmetric
stretching. The weak absorption peak at 1743 cm−1 indicates the presence of uronic acids, and the
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absorption peaks at 1621 cm−1 and 1415 cm−1 are also representative of polysaccharides. The region
at 1200–1000 cm−1 contained three absorption peaks indicative of a pyranoid saccharide [21]. The very
weak absorption peak at 789 cm−1 is a unique characteristic of guluronic acid residues.

Furthermore, the molecular weight and degree of polymerization (DP) of GOS, which was
enzymatically digested from PG, was determined using ESI-MS. The results indicated (Figure 2) that
multiple charged ions, which were associated with different amounts of sodium or potassium adducts,
were observed for GOS in the negative mode ESI-MS analysis. The charge states of the ions were
deduced based on their isotopic distributions, and their molecular weights were then calculated. The
interpretation of the MS peaks (Table 1) revealed that the primary GOS ranged from dimers to octamers
(G2–G8).

  

Figure 1. The infrared (IR) spectrum of polyguluronic acid (PG). The spectrum was run in KBr pellets
with 1 mg of sample and 200 mg of KBr.

Figure 2. The electrospray ionization mass spectrometry (ESI-MS) of guluronate oligosaccharide (GOS).
The spectrum was acquired in the negative ion mode with a high-resolution hybrid time-of-flight mass
spectrometer. The ions were present in the form of [M + xNa(K) − (x + n)H]n−. The corresponding
molecular weights and DP were then calculated using the monoisotopic peaks and charge states of
each group of ions.
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Table 1. Ions observed in the mass spectrometry (MS) analysis of GOS.

m/z Charge State Ion Format Corresponding DP (a) MW (b)

351 1 [M − H]− 2 352
263 2 [M − 2H]2− 3 528
274 2 [M + Na − 3H]2− 3 528
283 2 [M + K − 3H]2− 3 528
571 1 [M + 2Na − 3H]− 3 528
362 2 [M + Na − 3H]2− 4 704
373 2 [M + 2Na − 4H]2− 4 704
382 2 [M + 2Na − 4H + H2O]2− 4 704
439 2 [M − 2H]2− 5 880
450 2 [M + Na − 3H]2− 5 880
461 2 [M + 2Na − 4H]2− 5 880
472 2 [M + 3Na − 5H]2− 5 880
481 2 [M + 3Na-5H + H2O]2− 5 880
527 2 [M − 2H]2− 6 1056
538 2 [M + Na − 3H]2− 6 1056
549 2 [M + 2Na − 4H]2− 6 1056
560 2 [M + 3Na − 5H]2− 6 1056
571 2 [M + 4Na − 6H]2− 6 1056
670 2 [M + 5Na − 7H]2− 7 1232
679 2 [M + 5Na − 7H + H2O]2− 7 1232
490 3 [M + 3Na − 6H]3− 8 1407
497 3 [M + 4Na − 7H]3− 8 1406

(a) DP = degree of polymerization; (b) MW = molecular weight.

2.2. Comparison of Protein Expression Patterns between GOS-Treated and Control Cells

To explore the underlying mechanisms of the effects of GOS on RAW264.7 cells, comparative
proteomic analyses were performed. After RAW264.7 cells were incubated with 1 mg/mL GOS in
FBS-free culture medium for 24 h, proteins were extracted and separated by 2-DE. Representative
silver-stained 2-DE maps are shown in Figure 3. A comparison of these maps with the images revealed
that the expression of nine proteins was significantly altered (by ≥2.0-fold), and these proteins were
identified by MALDI-TOF/TOF MS analysis, as shown in Table 2. Among them, six proteins were
significantly up-regulated, and three were noticeably down-regulated. The up-regulated proteins
were identified as 60S acidic ribosomal protein P2 (RPLP2), annexin A5 (ANXA5), cofilin-2 (CFL2),
Cu/Zn-superoxide dismutase (SOD1), galectin-1 (LGALS1) and lactoylglutathione lyase (GLO1). The
down-regulated proteins were cofilin-1 (CFL1), fructose-bisphosphate aldolase (ALDOART1) and
GTP-binding nuclear protein (RAN).
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Figure 3. (A) A representative two-dimensional electrophoresis (2-DE) gel showing of total proteins
from untreated and GOS-treated RAW264.7 cells. Each gel is representative of three independent
replicates. Differentially regulated proteins (≥2.0-fold) are indicated by arrows and numbers and are
listed in Table 2; (B) Magnified image of an identified protein spot.

The proteins could be divided into six functional categories according to the SwissProt database.
The first group was related to the NF-κB signaling pathway and included LGALS1 and GLO1. The
second group comprising ANXA5 and RAN was related to inflammation. The third group was
related to oxidative stress and included SOD1. The fourth group was related to metabolic processes
and included ALDOART1. The fifth group, including CFL1 and CFL2, was involved in cytoskeletal
processes. The sixth group was related to translational elongation and included RPLP2.
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2.3. Western Blot Analysis for Validation of Differentially Expressed Proteins

Western blot analysis was carried out to confirm the differential expression of ALDOART1,
ANXA5, CFL1, CFL2, LGALS1 and SOD1. Figure 4 shows that the expression of ANXA5, CFL2,
LGALS1 and SOD1 was significantly up-regulated, whereas the expression of ALDOART1 and CFL1
was clearly down-regulated in GOS-stimulated RAW264.7 cells compared with control cells, which
corresponded well with the differences observed in 2-DE analysis.

Figure 4. Western blot analysis of altered proteins in GOS-treated RAW264.7 cells. A representative
result of three independent experiments is shown. Typical experiment conducted three times with
similar results. β-tubulin was used as an internal control.

2.4. Effects of GOS on the Morphology and Actin Cytoskeleton Organization of RAW264.7 Cells

We observed changes in the morphology and actin cytoskeleton organization of GOS-treated
RAW264.7 cells compared with control cells under dark-field and confocal microscopy (×40). Figure 5
shows that the GOS treatment induced morphological alterations in the macrophages, including a
dramatic increase in cell number, cell size and nucleus size; an increased number of cells with two
nuclei; and increased F-actin accumulation compared with untreated cells. As shown in Figure 5A,
GOS had an obvious growth-promoting effect on RAW264.7 cells, which was reflected by a marked
increase in the total number of cells. Quantitative analysis revealed that GOS treatment caused a
1.25-fold increase in the number of RAW264.7 cells compared with no treatment (Figure 5B). The
majority of untreated RAW264.7 cells exhibited a rounded morphology. Treatment with GOS for 24 h
stimulated the production of numerous hair-like membrane protrusions or filopodia, which led to an
increase in the macrophage cell area, resulting in extended cellular spreading (Figure 5C). The relative
cell size and relative nucleus area were measured using ImageJ software. By analyzing the relative cell
size distribution of control and GOS-treated RAW264.7 cells, we found that GOS moderately increased
the mean cell area to 172.0% ± 6.6% of the control (100%) (Figure 5D). The GOS-treated RAW264.7
cells also possessed larger nuclei and prominent nucleoli (Figure 5E), and the nuclear areas of the cells
treated with GOS were 29.3% ± 3.5% larger than those of the untreated cells (100%) (Figure 5F). We
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propose a possible positive correlation between cellular uptake during phagocytosis in macrophages
and increases in cell number, cell size and nucleus size in GOS-treated RAW264.7 cells. Furthermore,
it is interesting to note that the GOS-treated RAW264.7 cells showed an increase in the number of
nuclei (Figure 5G), and quantitative analysis revealed that GOS treatment caused a 2.7-fold increase in
the number of cells with dual nuclei compared with the control (no treatment) (Figure 5H). Hence, it
appears that GOS facilitates the formation of dual-nuclei cells.

Figure 5. Cont.

64

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 1798–1818

 
Figure 5. Effects of GOS on the morphology and actin organization of RAW264.7 cells. RAW264.7 cell
morphology was observed by dark-field and confocal microscopy (×40). The cells were treated with
or without 1 mg/mL GOS for 24 h. Representative dark-field images and analysis results show that
GOS induced morphological changes in RAW264.7 cells, including an increase in the cell number (A,B),
larger cell sizes (C,D), extended nucleus areas (E,F), and a greater number of dual-nuclei cells (G,H),
compared with untreated cells (control). F-actin was stained with FITC-phalloidin. GOS-induced
F-actin organization was examined using fluorescence images (I) and quantitative analysis (J). Scale
bar, 20 μm. All images were analyzed with ImageJ software. ** p < 0.01 and *** p < 0.001 indicate
significant differences between the control group and the GOS-treated group.

In addition, to determine the cytoskeletal changes in RAW264.7 cells, F-actin was visualized
with FITC-phalloidin staining. GOS-treated RAW264.7 cells showed an increase in F-actin expression
(Figure 5I). Fluorescence intensity was quantified by ImageJ software. Figure 5J shows that GOS
treatment induced a 2.8-fold increase in F-actin fluorescence intensity compared with untreated cells.
These results support those of our previous study, showing that cytoskeletal transformation can
increase the phagocytosis of bacteria by RAW264.7 cells [16].

2.5. Effects of GOS on Lipopolysaccharide-Activated Morphological Changes in RAW264.7 Cells

Lipopolysaccharide (LPS), a macrophage activator, is known to rapidly activate morphological
changes in macrophages. It has been reported that anti-inflammatory agents can generally inhibit the
LPS-stimulated cell morphological changes [22,23]. To evaluate the effects of GOS on the morphologies
of LPS-stimulated RAW264.7 cells, the cells were monitored under a phase contrast microscope (×40).
The normal cells (control) were generally round and smooth with limited cell spreading and finely
granulated cytoplasm, whereas the LPS-activated RAW264.7 cells displayed a significantly irregular
and rough form with accelerated spreading and the formation of pseudopodia, relatively prominent
cytoplasm with increased granularity, and condensed chromatin in the nucleus (Figure 6). Following
pretreatment with GOS for 2 h and subsequent stimulation with LPS, the cells became rounded, and
the levels of cell spreading and pseudopodia formation were reduced as expected. These results
demonstrated that pretreatment with GOS could reduce LPS-stimulated irregular cell morphology,
suggesting that GOS might specifically affect macrophage functions.
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Figure 6. Effects of GOS on the lipopolysaccharide (LPS)-activated morphological changes in RAW264.7
cells. The morphologies of RAW264.7 cells were visualized with a phase contrast microscope (×40).
The cells were pretreated with 1 mg/mL GOS for 2 h before incubation with 1 μg/mL LPS for 24 h.
(A) Control; (B) LPS-treated only; and (C) LPS-treated with GOS. Scale bar, 20 μm.

3. Discussion

In recent years, many reports have focused on the immunomodulatory effects of AOS [10,18,24].
GOS, which is derived from marine brown seaweed is generally non-toxic and shows a diverse range
of beneficial biological activities. Additionally, GOS is regarded as a potential immunotherapeutic
agent for the regulation of immune responses in the pharmacological industries [18]. Our previous
study indicated that GOS activates the NF-κB signaling pathway, which modulates the expression of
various genes involved in immune and inflammatory responses. For example, this pathway stimulates
the production of NO, ROS, and TNF-α in macrophages [18]. To further determine the possible
underlying biochemical mechanisms associated with GOS-induced immune response in macrophages,
we identified differentially expressed proteins using 2-DE. Nine proteins were found to be significantly
differentially expressed in GOS-treated cells compared with control cells, and these proteins were
considered to be involved in the following processes: signal transduction; inflammatory reactions;
antioxidant, metabolic, and cytoskeletal processes; and translational elongation. Further, the results of
2-DE proteomic analysis were validated by Western blot analysis.

The levels of LGALS1 and GLO1, two proteins that participate in signal transduction
and are involved in the NF-κB signaling pathway, were increased following GOS treatment.
Activation of NF-κB is critical for host defense [25]. However, NF-κB-driven immune responses
must not be permanent; they need to be down-regulated and properly terminated [26]. LGALS1,
a β-galactoside-binding protein belonging to the galectin family, has been reported to act as an
endogenous potent anti-inflammatory factor and form a feedback regulatory loop with NF-κB [27].
NF-κB-activating stimuli increase LGALS1 expression in T cells; however, up-regulation of LGALS1
can inhibit the NF-κB signaling pathway [27–29]. We have reported that GOS activates NF-κB
signaling pathway [16,18]. Thus, it could be speculated that GOS promotes NF-κB expression,
thereby up-regulating LGALS expression and contributing to the attenuation of NF-κB overactivation.
Another protein, GLO1, is involved in regulation of the TNF-induced transcriptional activity of
NF-κB. Overexpression of GLO1 contributes to suppress TNF-induced NF-κB-dependent reporter
gene expression, whereas a GLO1 specific knockdown significantly increases TNF-induced NF-κB
expression [30]. Our results hinted that elevated levels of GLO1 might decrease the transcriptional
activities of TNF-induced NF-κB-regulated target genes in GOS-treated RAW264.7 cells. Taken together,
the up-regulation of LGALS1 and GLO1 inhibited the overactivation of the NF-κB signaling pathway
in GOS-treated cells, which could be considered to be a negative feedback regulatory loop for the
maintenance of cell homeostasis. In addition, LGALS1 has been shown to influence Fc gamma receptor
(FcγR) expression and FcγR-dependent functions, such as phagocytosis, through active extracellular
signal-regulated kinase (ERK)1/2-dependent pathway [31]. Interestingly, our previous reports revealed
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that GOS treatment enhanced the expression of FcγR II and FcγR III and activated the ERK MAP
kinase signaling pathway in macrophages [16,18]. Hence, LGALS1 may play a role in the GOS-induced
macrophage phagocytic activity.

ANXA5, a cytosolic Ca2+-binding protein, and RAN, a GTPase-activating protein, play
important roles during the immune and inflammatory response [32–34]. ANXA5 decreases the
anti-inflammatory cytokines, and ANXA5-knockout animals display increased anti-inflammatory and
immunosuppressive potential [34]. RAN appears to be involved in the response to LPS [33], and
a high level of RAN overexpression in both macrophages and B cells leads to the down-regulation
of LPS signal transduction [35]. In this study, ANXA5 was dramatically up-regulated and RAN
was down-regulated in GOS-treated RAW264.7 cells (Figure 4), suggesting that these proteins might
contribute to GOS-induced pro-inflammatory effects.

SOD1 is known to be a specific scavenger of the superoxide anion. It is one of the major antioxidant
enzymes in mammalian cells and is important for maintaining the balance between O2

·− generation
and removal [36]. The production of ROS and reactive nitrogen species (RNS) (e.g., H2O2, HO·, O2

·−

and NO) by immunocytes is considered to be essential in the destruction of invading pathogens [37];
however, radicals can also cause oxidative stress damage to the host cells. To protect themselves against
constant oxidative challenges, cells develop defense mechanisms that ensure a proper balance between
pro- and anti-oxidant actions [38]. GOS was able to augment ROS production [18] and up-regulate
SOD1 expression in RAW264.7 cells (Figure 4), demonstrating that the activation of SOD1 can protect
cells from oxygen radical overaccumulation. Moreover, recent reports have demonstrated that alginate
and AOS have potent antioxidant abilities [10,11] and that AOS protects PC12 pheochromocytoma cells
against H2O2-induced oxidative stress via the activation of antioxidant enzymes, including SOD [12].
Therefore, the increase in SOD1 activity in the GOS-treated cells might also be related to the antioxidant
ability of alginate. In addition, the activation of macrophages leads to the secretion of SOD1 via ERK
activation, resulting in increased release of TNF-α and the production of ROS, and the overexpression
of SOD1 stimulates immune responses, including ROS production and further TNF-α secretion [39].

Oxidative stress, such as that caused by ROS overproduction and the activation of key
transcription factors such as NF-κB, can promote aerobic glycolysis and inflammation [40]. It has
been reported that glycolysis promotes the proinflammatory activation of macrophages [41],
and inflammation can be prevented in mice by blocking the glycolytic metabolic pathway
of macrophages [42]. ALDOART1 is a ubiquitous enzyme essential for glycolysis and
gluconeogenesis [43]. ALDOART1 was down-regulated in GOS-treated RAW264.7 cells compared
with control cells (Figure 4), which may have led to the inhibition of glycolysis and may have impacted
cellular metabolism. This result suggests that ALDOART1 may be involved in the negative regulation
of GOS-induced pro-inflammatory responses.

Morphological changes constantly occur in macrophages when quiescently surveying
environment or after phagocytosis activation. The morphofunctional alterations of cells require active
actin cytoskeletal remodeling and metabolic adaptation [14]. In macrophages and dendritic cells, the
actin cytoskeleton has been shown to regulate chemotaxis, phagocytosis and antigen presentation [44].
The actin-depolymerizing factor (ADF)/cofilin family of actin binding proteins, which consists of
CFL1 (non-muscle cofilin), CFL2 (muscle cofilin) and ADF, are essential regulators of actin filament
turnover [45]. CFL1 promotes cytoskeletal dynamics by depolymerizing actin filaments, whereas
CFL2 exhibits weaker actin filament depolymerization activity compared to CFL1 and promotes
filament assembly [46–48]. Our results showed that GOS induced down-regulation of CFL1 expression
and significant up-regulation of CFL2 expression in RAW264.7 cells (Figure 4), implying that GOS
elicited synergistic effects on the inhibition of F-actin disassembly and the promotion of actin
polymerization. Furthermore, it has been demonstrated that CFL1 is important for cell division,
and its inactivation leads to abnormal F-actin accumulation and enhances macrophage phagocytic
activity [44]. The depletion of CFL1 results in increases in the cell sizes of different cell types, including
macrophages [47], and CFL1-knockdown macrophages contain two or more nuclei [44]. These findings
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prompted us to investigate the effects of GOS on the morphologies and actin cytoskeleton remodeling of
RAW264.7 cells. As expected, after treatment with GOS, the accumulation of F-actin and morphological
changes, such as increases in cell size, nucleus area and dual-nuclei cell number, were observed in the
RAW264.7 cells. These morphological changes enabled the cells to dynamically adapt to particular
stimuli, for example, by enhancing bacterial phagocytosis by GOS-treated RAW264.7 cells, as has
been described in our previous report [16]. Moreover, GOS-treated RAW264.7 cells contained more
dual-nuclei cells compared with untreated cells, demonstrating that CFL1 does not affect chromosome
replication but that it may play an important role in cytokinesis, consistent with a previous report [47].

Furthermore, the total cell number was increased after treatment with GOS, suggesting that it
may also promote the proliferation of RAW264.7 cells. Kawada et al. have reported that AOS enhances
the growth of human endothelial cells and keratinocytes [4,5]. RPLP2 plays an important role in the
elongation step of protein synthesis, and enhancement/reduction of RPLP2 expression can affect the
rate of protein translation, thereby increasing/decreasing the proliferation rates of cells [49]. Here,
we found that GOS stimulated an increase in RPLP2 expression (Figure 4), indicating that it may be
responsible for GOS-induced cell proliferation.

It is worth noting that LPS, which is a well-known macrophage activator, is known to inhibit
proliferation, induce apoptosis [50], and stimulate macrophage morphological changes [22,23].
LPS-induced apoptosis in macrophages results from two independent mechanisms: first and
predominantly, this activity occurs through the autocrine secretion of TNF-α (early apoptotic events),
and second, it occurs through the production of NO (late phase of apoptosis) [51]. Although GOS was
able to induce TNF-α secretion and NO production [18], apoptotic-like changes were not observed
in the GOS-treated macrophages. Furthermore, GOS appeared to protect RAW264.7 cells from cell
morphological changes caused by LPS treatment. These findings suggest that different mechanisms
or functional pathways might be implicated in the macrophage-activating activities of GOS and LPS.
In addition, LPS directed the core metabolism of these cells toward aerobic glycolysis [52], whereas
the glycolytic pathway appeared to be down-regulated by GOS in the present study. Furthermore,
the changes in cell morphology were different between the LPS- and GOS-treated cells. Therefore,
our study indicated that GOS was able to activate macrophages [18], but it could also control the
over-inflammatory reaction and cell homeostasis; thus, its function was different from the function
of LPS.

4. Materials and Methods

4.1. Materials

Seaweed sodium alginate (20 cps), bacterial lipopolysaccharide (LPS), dithiothreitol (DTT),
iodoacetamide (IAA), sodium dodecyl sulfate (SDS) and polyacrylamide were purchased from
Sigma-Aldrich (St. Louis, MO, USA). 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate
(CHAPS), Tris base, thiourea and urea were purchased from Amresco (Solon, OH, USA). Immobiline
dry strips, immobilized pH gradient (IPG) buffer and IPG cover mineral oil were obtained from GE
Healthcare (Fairfield, CT, USA). All reagents for silver-staining were purchased from Guangzhou
Chemical Reagent Factory (Guangzhou, China). RPMI 1640 culture medium, fetal bovine serum,
penicillin and streptomycin were obtained from Hyclone (Logan, UT, USA).

4.2. Preparation of GOS

PG (DP = 20-24) was prepared from sodium alginate according to Haug et al. [53], and its chemical
structure was analyzed using a Nicolet 6700 infrared (IR) spectrophotometer (ThermoScientific,
Rochester, NY, USA) according to Linker et al. [54]. Unsaturated GOS was depolymerized from
PG by purified alginate lyase [55]. Before use, GOS was filtered through an endotoxin-removing filter
(0.22 μm) (Millipore Co., Billerica, MA, USA).
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4.3. Mass Spectrometry Analysis

Electrospray ionization mass spectrometry (ESI-MS) analysis was performed using an ion trap
time-of-flight mass spectrometer (Shimadzu, Tokyo, Japan) in the negative mode. GOS was dissolved
in 1 mM NH3·H2O in 50% aqueous methanol solution and diluted to a final concentration of 1 mg/mL.
The sample was infused into the mass spectrometer using a built-in syringe pump at a flow rate
of 10 μL/min. The instrument parameters were set as follows: an interface voltage of −3.0 kV;
a nebulizing gas flow rate of 0.5 L/min; a CDL temperature of 200 ◦C; a heating block temperature of
200 ◦C; a detector voltage of 1.75 kV; and a scan range of 200–2000.

4.4. Cell Culture

The murine macrophage-like cell line RAW264.7 was obtained from the Shanghai Institute of
Biochemistry and Cell Biology (Shanghai, China). RAW264.7 cells were cultured in RPMI 1640 medium
plus 10% fetal bovine serum, 100 units/mL penicillin and 100 μg/mL streptomycin. The cells were
maintained in a humidified incubator with an atmosphere of 95% air and 5% CO2 at 37 ◦C.

4.5. Protein Extraction and 2-DE

RAW264.7 cells were harvested and lysed in lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 2%
pharmalyte (pH 3–10), 65 mM DTT and 40 mM Tris base), sonicated 10 times each for 5 s each with
a 10-s pause between pulses in an ice-water bath and centrifuged at 14,000 rpm for 60 min at 4 ◦C.
The supernatant was used directly for 2-DE analysis. Protein concentrations were determined using
the Bradford assay.

Whole cell protein lysates were loaded onto analytical gels (90 μg) and MS-preparative gels
(500 μg), and 2-DE was performed as described previously [56]. Briefly, IPG strips were rehydrated for
12 h at 30 V. Isoelectric focusing (IEF) was performed with the following voltage program: 100 V/2 h,
200 V/1 h, 500 V/1 h, linear ramp to 1000 V over 1 h, 8000 V over 3 h, then 8000 V constant for a total
focusing time of 50,000 Vh. After IEF, the proteins were reduced and alkylated. The second dimension
was carried out using an SE 600 Ruby system (GE Healthcare, Fairfield, CT, USA) by SDS-PAGE
with 12.5% polyacrylamide gels. After migration, silver nitrate and Coomassie brilliant blue (CBB)
R-250 were used to stain the analytical gels and MS-preparative gels, respectively. For silver staining,
the gels were fixed with 40% ethanol and 10% acetic acid overnight, followed by incubated with a
buffer solution containing 30% ethanol, 4.1% sodium acetate, 0.2% sodium thiosulfate and 0.125%
glutaraldehyde for 30 min. After washing with D. D. H2O for three times, the gels were stained with
0.1% silver nitrate solution containing 0.02% formaldehyde for 20 min. Then, after washing with D. D.
H2O twice, the gels were developed in 2.5% sodium carbonate containing 0.01% formaldehyde, and
the reaction was terminated with 1.5% EDTA (disodium salt) followed by thorough rinsing with water.
Subsequently, the gels were imaged using a proXPRESS 2D imaging system (PerkinElmer, Waltham,
MA, USA) and analyzed with ImageMaster 2D Platinum software 6.0 (GE Healthcare, Fairfield, CT,
USA). Only those spots that changed consistently and significantly (more than 2.0-fold) in three
replicates were selected for MS analysis.

4.6. Protein Identification by MS

For protein identification, spots of interest were selected manually, and tryptic in-gel digestion
was subsequently performed [56]. MS analysis was achieved with a 5800 MALDI-TOF/TOF
mass spectrometer (AB SIEX, Framingham, MA, USA) [57]. Combined MS and MS/MS spectra
were searched against the SwissProt database (Release 2013_1) using Mascot (Matrix Science,
London, UK). Search parameters were as follows: taxonomy was limited to Mus musculus; trypsin
digestion with only one missed cleavage site was accepted; variable modifications allowed for
carboxyamidomethylation of cysteine and oxidation of methionine; 100 ppm for precursor ion tolerance
and 0.3 Da for fragment ion tolerance.
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4.7. Western Blot Analysis

Western blot analysis was carried out using primary antibodies (Abs) against annexin A5 (Boster,
Wuhan, China), cofilin-2 (GeneTex, San Antonio, TX, USA), galectin-1, cofilin-1, fructose-bisphosphate
aldolase and Cu/Zn-superoxide dismutase (Bioss Biotechnology, Beijing, China), and β-tubulin
(Abcam, Cambridge, UK) at optimized dilutions. β-tubulin served as an internal control. Proteins
(30 μg/lane) were resolved on 12% SDS-PAGE and transferred onto a PVDF membrane. The blots were
incubated overnight at 4 ◦C with a primary Ab followed by incubation with a horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG secondary antibody (1:5000, Neobioscience Technology,
Shenzhen, China) for 2 h at RT. The blots were then developed using an enhanced chemiluminescence
kit (Amersham Pharmacia Biosciences, Buckinghamshire, UK).

4.8. Cell Morphology and Actin Cytoskeleton Organization

RAW264.7 cells (2 × 105) were maintained on sterile glass coverslips (Corning Life Sciences Inc.,
Tewksbury, MA, USA) in 35 × 35 mm2 culture dishes with complete medium. After stimulation
with 1 mg/mL GOS for 24 h, stimulation with 1 μg/mL LPS alone for 24 h, or pretreatment with
GOS for 2 h followed by stimulation with LPS for 22 h, the cells were washed three times with PBS.
Then, they were fixed with 4% paraformaldehyde for 15 min at room temperature (RT) and incubated
with DAPI (KeyGEN Biotech, Nanjing, China) for 10 min at RT or with TRITC-labelled phalloidin
(1:200) (Sigma-Aldrich, St. Louis, MO, USA) in the dark for 20 min at 4 ◦C for staining of the F-actin
fibers. For examination of cell morphology and the actin cytoskeleton observation, fluorescence and
dark-field microscopy were performed using an upright Olympus BX51 optical microscope (Olympus
Corporation, Tokyo, Japan), and fluorescence and differential interference contrast microscopy were
performed using an Olympus FV1000 confocal scanning laser microscope (Olympus Corporation,
Tokyo, Japan).

4.9. Statistical Analysis

All the experiments were repeated at least three times (n ≥ 3), and all types of samples (treated
with GOS and untreated) were prepared in triplicate and run in three different 2-DE gels. The data are
expressed as the mean ± standard deviation (SD) and were analyzed using the two-tailed Student’s
t-test to determine any significant differences. P values < 0.05 were considered statistically significant.

5. Conclusions

AOS, which play important roles in modulating the immune system, are gaining increasing
attention as potential biomaterials. Combining the results from our previous studies [16,18] together
with those of the present study, we have broadened the understanding of the mechanism by which GOS
maintains a proper balance between the pro- and anti-inflammatory immune responses. Differentially
expressed proteins extracted from control and GOS-treated RAW264.7 cells were identified by a
proteomic study, which were involved in the functional pathways of activation and negative regulation
of the NF-κB signaling pathway, pro- and anti-inflammation, pro- and anti-oxidation, cytoskeletal
remodeling and cell proliferation in GOS-induced macrophage activation and immunomodulation.
GOS is therefore a promising agent that may be utilized by the pharmacological industries to regulate
multiple functional pathways and inflammatory responses.
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Abstract: Chitosan oligosaccharides (COSs), depolymerized products of chitosan composed of
β-(1→4) D-glucosamine units, have broad range of biological activities such as antitumour,
antifungal, and antioxidant activities. In this study, peracetylated chitosan oligosaccharides (PACOs)
and N-acetylated chitosan oligosaccharides (NACOs) were prepared from the COSs by chemcal
modification. The structures of these monomers were identified using NMR and ESI-MS spectra.
Their antagonist effects against glutamate-induced PC12 cell death were investigated. The results
showed that pretreatment of PC12 cells with the PACOs markedly inhibited glutamate-induced cell
death in a concentration-dependent manner. The PACOs were better glutamate antagonists compared
to the COSs and the NACOs, suggesting the peracetylation is essential for the neuroprotective
effects of chitosan oligosaccharides. In addition, the PACOs pretreatment significantly reduced
lactate dehydrogenase release and reactive oxygen species production. It also attenuated the
loss of mitochondrial membrane potential. Further studies indicated that the PACOs inhibited
glutamate-induced cell death by preventing apoptosis through depressing the elevation of Bax/Bcl-2
ratio and caspase-3 activation. These results suggest that PACOs might be promising antagonists
against glutamate-induced neural cell death.

Keywords: PC12; peracetylated chitosan oligosaccharide; neuroprotective; reactive oxygen species;
apoptosis; mitochondrial membrane potential

1. Introduction

Neurodegenerative disease is a general term used to describe a wide range of conditions, such
as Alzheimer’s disease (AD) and Parkinson’s disease, and its occurrence increases with advanced
age [1]. A large number of evidence indicates that oxidative stress induced by reactive oxygen
species (ROS) plays an important role in neurodegenerative disease. ROS are normal byproducts of
aerobic respiration and their level is strictly controlled by various cellular antioxidant compounds and
enzymes, while their overproduction leads to cell death [2]. Accordingly, tackling free radicals offers a
promising therapeutic target in neurodegenerative disease.

Glutamate is one of the major endogenous excitatory neurotransmitters, which plays an important
physiological role in the central nervous system [3]. However, in a variety of pathologic conditions,
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accumulated high concentrations of glutamate can lead to neuronal injury and cell death through
two different mechanisms. One of the mechanisms is that glutamate-induced toxicity is mediated by
competitive inhibition of cystine uptake, which leads to oxidative stress [4–6]. Another mechanism is
that the excitotoxicity of glutamate is mediated by several types of excitatory amino acid receptors
resulting in a massive influx of extracellular Ca2+ [7,8]. It is predictable based on both mechanisms
that proper antagonists would be able to prevent glutamate-induced neural injury and cell death. It
has been reported that high concentration of glutamate induces PC12 cell death [9–12] and different
types of classical antidepressants could prevent excitotoxicity of activated glutamate receptors in PC12
cells [13]. Therefore, PC12 cells represent an ideal cell-based system to search for antagonists against
glutamate-induced cell death and to study underlying molecular mechanisms.

Chitosan oligosaccharides (COSs) are a degradation product of chitosan, which is derived from
deacetylation of chitin, the main component of the exoskeleton of crustaceans. A large number
of studies have shown that the COSs have various biological activities, including antioxidant,
antimicrobial, and antitumor activities [14]. Recently, it has been reported that the COSs possess
good neuroprotective properties such as β-amyloid and acetylcholinesterase inhibitory activities,
anti-neuroinflammation, and anti-apoptosis effects [15–18], which suggest the COSs and their
derivatives might merit further investigation as novel antagonists against glutamate-induced cell death.

To accomplish this goal, peracetylated chitosan oligosaccharides (PACOs) and N-acetylated
chitosan oligosaccharides (NACOs) were prepared and their effects as antagonists against
glutamate-induced cell death and underlying molecular mechanisms were investigated in PC12
cells. The results indicated that the PACOs pretreatment markedly inhibited PC12 cell death induced
by glutamate exposure in a concentration-dependent manner. Moreover, pretreatment with the PACOs
also significantly reduced lactate dehydrogenase (LDH) release and ROS production. It also attenuated
the loss of mitochondrial membrane potential (MMP). Further studies indicated that the PACOs
inhibited glutamate-induced cell death by preventing apoptosis through depressing the elevation
of Bax/Bcl-2 ratio and caspase-3 activation. These results suggest that PACOs might be promising
antagonists against glutamate-induced neural cell death.

2. Results and Discussion

2.1. Characterization of Chitosan Oligosaccharides and Its Acetylated Derivatives

Chitosan oligosaccharide COS was prepared by enzymatic hydrolysis of chitosan as described
previously [19]. The COSs had the degree of polymerization (DP) of 2, 3, and 4, respectively. They
were named COS-2, COS-3 and COS-4 (Figure 1). The acetylated derivatives of COS (N-acetylated
chitooligosaccharide (NACO) and peracetylated chitooligosaccharide (PACO)) were prepared using
the methods described previously [20]. The structures of Q-2, Q-3, Q-4 (PACOs) and N-2, N-3, and N-4
(NACOs) were also shown in Figure 1. The oligosaccharide structures were confirmed by 1H NMR,
13C NMR, and MS analyses.
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Figure 1. Schematic diagram of the repeating saccharide units in chitosan oligosaccharide and its
acetylated derivatives. (A–C) Chemical structure of chitosan oligosaccharides (COS) (A), N-acetylated
chitosan oligosaccharides (NACO) (B), and peracetylated chitosan oligosaccharides (PACO) (C). The
degree of polymerization (DP) of COS, NACO, and PACO is 2~ 4.

2.2. Glutamate-Induced PC12 Cell Death

Both undifferentiated and differentiated rat adrenal medullary phenochromocytoma PC12
cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
Differentiated PC12 cells can form synapses, which are very similar to human neurons. A previously
published resazurin assay [21] was used to measure glutamate-induced PC12 cell death. As shown
in Figure 2A, glutamate treatment for 24 h could not induce cell death of undifferentiated PC12
cells even when glutamate concentration was as high as 32 mM. However, glutamate induced
the death of differentiated PC12 cells in a concentration-dependent manner (Figure 2B), indicating
glutamate-induced death was PC12 cell differentiating-dependent.

Glutamate treatment of the differentiated PC12 cells at a concentration of 4 mM led to about 50.0%
cell death, thus glutamate at 4 mM was chosen for the subsequent experiments.
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Figure 2. Effect of glutamate on undifferentiated and fully-differentiated PC12 cells. (A–B) The
undifferentiated (A) and fully-differentiated (B) PC12 cells were plated on the cell culture plates at a
density of 1 × 105 cells/mL, and then treated with glutamate at different concentrations (0.25, 0.5, 1, 2,
4, 8, 16 and 32 mM) for 24 h. Then the cell viability was evaluated by resazurin assay. The results were
presented as a percentage of the normal control group. Values are the mean ± SD (n = 3). Significance:
* p < 0.05, ** p < 0.01 vs. normal control group without glutamate.

2.3. Oligosaccharides as Antagonists against Glutamate-Induced PC12 Cell Death

Chitosan oligosaccharides and their acetylated derivatives were first tested for their cytotoxicities
in fully differentiated PC12 cells by resazurin assay as described previously [21–23], and the results
indicated that none of chitosan oligosaccharides and their acetylated derivatives (COSs, PACOs and
NACOs) exhibited any significant cytotoxicity even at the concentration of 400 μg/mL (Figure 3). The
low cytotoxicity suggested that chitosan oligosaccharides and their acetylated derivatives were ideal
compounds to use for screening antagonists against glutamate-induced cell death in PC12 cells.
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Figure 3. The cytotoxicity of different chitosan oligosaccharides in PC12 cells. PC12 cells were incubated
with different chitosan oligosaccharides COS-2~4 (A), peracetylated chitosan oligosaccharides Q-2~4
(B) and N-acetylated chitosan oligosaccharides N-2~4 (C) at indicated concentrations (100, 200, 400
μg/mL) for 24 h. Then the cell viability was evaluated by resazurin assay. The results were presented
as a percentage of non drug treated normal control group. Values are the mean ± SD (n = 3).

These compounds as antagonists against glutamate-induced fully differentiated PC12 cell death
were then evaluated by resazurin assay. As shown in Figure 4B, the cells that were exposed to 4 mM
L-glutamate showed a significant decrease in cell viability (32% ± 11%, relative to the untreated control
group). However, pretreatment with peracetylated chitosan oligosaccharides Q3 or Q4 at 100, 200, and
400 μg/mL for 2 h before L-glutamate exposure significantly restored cell viability, which ranged from
about 30% to about 85% as compared to control cells (p < 0.01), which was superior to the effect of the
positive control drug Huperzine-A (HupA, 100 μM) (about 45%) (Figure 4B). The cell death-preventing
effect at 200 μg/mL was greater than the other two concentrations tested (100 and 400 μg/mL)
(Figure 4B). In contrast, the non-acetylated chitosan oligosaccharides (COS-2, COS-3, and COS-4) had
almost no antagonist effects against glutamate-induced PC12 cell death (Figure 4A). These results
indicated that the acetylation modification of chitosan oligosaccharides enhanced their antagonist
effects against glutamate-induced PC12 cell death.

79

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 1267–1289

 

 

Figure 4. The effect of different chitosan oligosaccharides on glutamate-induced PC12 cell damage.
PC12 cells were treated with or without different chitosan oligosaccharides COS-2~4 (A) and
peracetylated chitosan oligosaccharides Q-2~4 (B) at indicated concentrations for 2 h. Then cells were
treated with glutamate for another 24 h before performing a resazurin assay. The untreated normal
cells (control) were assigned values of 100 and the results presented as mean ± SD (n = 4). Significance:
# p < 0.05 vs. normal control group; * p < 0.05, ** p < 0.01 vs. glutamate treated control group.

2.4. The Structure-Activity Relationship of Acetylated Chitosan Oligosaccharides

The influence of molecular weight and the location of the acetylation group on chitosan
oligosaccharides were investigated by performing a resazurin assay. As shown in Figure 4B, the
peracetylated chitotetraose Q-4 had the best neuroprotective effect among Q-2, Q-3, Q-4, which
suggested that the higher molecular weight of peracetylated chitosan oligosaccharides correlated
with superior antagonist activity. However, there was no significant difference in the neuroprotective
effects of those acetylated chitosan oligosaccharides (n = 0, 1, 2) (Figure 4B), which suggested that the
degree of polymerization (DP) is not the key factor for their neuroprotective effects. Interestingly, the
N-acetylated chitosan oligosaccharides with a degree of acetylation of 1.0 had no significant antagonist
effect (Figure 5A), which suggested peracetylation was essential for the antagonist effect of chitosan
oligosaccharides against glutamate-induced PC12 cell death.

Furthermore, to explore whether the acetyl group was indispensible for the neuroprotective effect
of the oligosaccharides, we made another two peracetylated oligosaccharides and evaluated their
neuroprotective effects in PC12 cells. As shown in Figure 5B, the acetylated chitobiose Q-2 had the
best neuroprotective effect among these acetylated oligosaccharides, and the effect at 200 μg/mL
was better than that at other two concentrations tested (100 and 400 μg/mL). Interestingly, the
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non-acetylated oligosaccharides lactose Lac-2 and cellobiose Cel-2 had no significant antagonist effect
against glutamate-induced cell death (Figure 5B) resembling non-acetylated chitosan oligosaccharides.
However, after acetylation, the neuroprotective effects of peracetylated lactose Ac-Lac-2 and
peracetylated cellobiose Cel-2 were all greater than that of non-acetylated oligosaccharides Lac-2
and Cel-2, and the effect of Ac-Lac-2 at 200 μg/mL was comparable to that of Q-2 (Figure 5B).
These results suggested that the acetyl group is indispensible for the neuroprotective effect of the
oligosaccharides, and the structure of the sugar backbone might also influence the antagonist effect
against glutamate-induced PC12 cell death.

 

 

100 μg/mL 
200 μg/mL 
400 μg/mL 

Figure 5. The neuroprotective effects of different acetylated neutral oligosaccharides in PC12 cells.
(A) PC12 cells were treated with or without different N-acetylated chitosan oligosaccharides N-2~4
at indicated concentrations for 2 h. Then cells were treated with glutamate for another 24 h before
performing a resazurin assay. The untreated normal cells (control) were assigned values of 100 and the
results presented as mean ± SD (n = 4). Significance: # p < 0.05 vs. normal control group; * p < 0.05 vs.
glutamate treated control group. (B) PC12 cells were treated with or without peracetylated chitobiose
Q-2, lactose, acetylated lactose, cellobiose, or acetylated cellobiose at indicated concentrations for 2
h. Then cells were treated with glutamate for another 24 h. The untreated normal cells (control) were
assigned values of 100 and the results presented as mean ± SD (n = 3). Significance: ## p < 0.01 vs.
normal control group; * p < 0.05, ** p < 0.01 vs. glutamate treated control group.
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2.5. Effect of Peracetylated Chitosan Oligosaccharides (PACO) on LDH Release and ROS Production

To further investigate the underlying molecular mechanisms of acetylated chitosan
oligosaccharides as antagonists against glutamate-induced PC12 cell death, the LDH release assay,
another indicator of cell toxicity, was performed. As shown in Figure 6A treatment with glutamate
(4 mM) resulted in an increase of LDH release into the medium, which was 161% ± 3% as compared
to control cells (Figure 6A). Pre-incubation with peracetylated chitosan oligosaccharides Q3, Q4 at
the concentration of 200 μg/mL significantly blocked LDH leakage in the PC12 cell system (p < 0.01),
which was decreased from 161% to about 105% as compared to control cells (Figure 6A). The inhibition
effect of peracetylated chitosan oligosaccharides Q2, Q3, and Q4 on LDH release was greater than that
of the positive control drug, huperzine A (HupA, 100 μM) (Figure 6A).

Furthermore, the degree of ROS accumulation after glutamate exposure was also measured to
determine the role of ROS in glutamate-induced PC12 cell death. As shown in Figure 6B, treatment
with glutamate (4 mM) resulted in an increase of ROS in PC12 cells, which was about 131% ± 5%
as compared to control cells. However, pre-treatment with peracetylated chitosan oligosaccharides
Q2, Q3, and Q4 at the concentration of 200 μg/mL significantly reduced glutamate induced ROS
production from 131% to 103% (p < 0.01), which was superior to the effect of positive control drug
huperzine A (HupA, 114%) (Figure 6B).

 

Figure 6. Effect of peracetylated chitosan oligosaccharides on glutamate-induced LDH release and
ROS overproduction. (A) After the treatment of cells with different PACO monomers Q-2, Q-3 and Q-4
at a concentration of 200 μg/mL for 2 h and 4 mM of glutamate for 24 h, the level of LDH in the culture
media was measured using an LDH assay kit. The data were normalized to the activity of LDH released
from control cells. Values are the mean ± SD (n = 4). Significance: ## P < 0.01 vs. normal control group;
* P < 0.05, ** P < 0.01 vs. glutamate treated control group; (B) After the treatment of cells with different
PACO monomers Q-2, Q-3 and Q-4 at the concentration of 200 μg/mL for 2 h and 4 mM of glutamate
for another 24 h. The fluorescence intensity of DCF was measured in a microplate-reader. Data were
expressed as a percentage of non-treated control. Values are the mean ± SD (n = 4). Significance:
## P < 0.01 vs. normal control group; ** P < 0.01 vs. glutamate treated control group.
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2.6. Effects of PACO on Mitochondrial Membrane Potential and the Activation of Caspase-3 and Caspase-9

Since glutamate-induced ROS production was a mitochondria-associated event, the changes in
mitochondria induced by glutamate in the presence or absence of the PACOs were then tested. We
observed the collapse of mitochondrial membrane potential (MMP) in PC12 cells with the probe JC-1.
In brief, after incubation of PC12 cells with glutamate (4 mM) for 24 h, JC-1 uptake was measured
by MMP assay kit according to the methods described previously [24]. As shown in Figure 7A, the
MMP decreased to 62% ± 2% of control after glutamate treatment. Pretreatment with different PACO
monomers (Q-3 and Q-4) at a concentration of 200 μg/mL could significantly protected cells against
the glutamate-induced lowering of MMP from 62% to about 90% (p < 0.05), which was superior to the
effect of the positive control drug, HupA (about 75%) (Figure 7A). The PACO monomer Q-2 could also
inhibit the loss of MMP although insignificantly (Figure 7A). These results suggested that the PACOs
might protect PC12 cells against glutamate induced apoptosis by attenuating the loss of mitochondrial
membrane potential.

Caspases are crucial proteases that drive apoptosis. In our study, caspase-3 was significantly
activated in PC12 cells, i.e., 1.3-fold higher than normal control group after treatment with 4 mM of
glutamate for 24 h (Figure 7B). However, pretreatment with peracetylated chitosan oligosaccharides
(Q-2, Q-3 and Q-4) at the concentration of 200 μg/mL prior to exposure to glutamate could decrease
the expression level of caspase 3 proteins from 1.3 to about 0.9, 0.9 and 1.0 fold of normal control group,
respectively (Figure 7B,C). Moreover, the activities of caspase-3 and caspase-9 were also evaluated
by ELISA assay, and the results indicated that pretreatment with PACOs (Q-2, Q-3 and Q-4) could
significantly decrease the activities of both caspase-3 and caspase-9 in PC12 cells (p < 0.05), which
were superior to the effect of positive control drug HupA (Figure 7D,E). These data suggested that the
PACO may inhibit glutamate-induced cell death by down-regulating caspase-3 protein.

Figure 7. Cont.
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Figure 7. Peracetylated chitosan oligosaccharides protect PC12 cells against glutamate-induced loss
of MMP and the activation of Caspase-3 and Caspase-9. (A) After being pretreated with 200 μg/mL
of different PACO monomers Q-2, Q-3 and Q-4 for 2 h and 4 mM of glutamate for another 24 h, the
mitochondrial membrane potential (MMP) in PC12 cells were evaluated with the probe JC-1. Data
were expressed as a percentage of non-treated control. Values are the mean ± SD (n = 3). Significance:
# p < 0.05 vs. normal control group; * p < 0.05, ** p < 0.01 vs. glutamate treated control group; (B) After
being pretreated with 200 μg/mL of different PACO monomers Q-2, Q-3 and Q-4 for 2 h and 4 mM
of glutamate for another 24 h, the levels of cleaved caspase-3 were measured by western blot. Blots
were also probed for β-actin protein as loading controls. The result shown is a representative of three
separate experiments with similar results. (C) Quantification of immunoblot for the ratio of caspase-3
to β-actin. The ratio for non-treated normal control cells was assigned values of 1.0 and the data
presented as mean ± SD (n = 3). Significance: ## p < 0.01 vs. normal control group; ** p < 0.01 vs.
glutamate treated control group. (D–E) After treatment, the activities of caspase-3 (D) and caspase-9
(E) were measured using an ELISA assay kit (Beyotime, China). Data were expressed as a percentage
of non-treated control. Values are the mean ± SD (n = 3). Significance: # p < 0.05 vs. normal control
group; * p < 0.05 vs. glutamate treated control group.

2.7. Effects of PACO on the Cytochrome c (Cyto C) Release from Mitochondria

Previous study has shown that cytochrome c (Cyto C) release from mitochondria triggers the
apoptotic program [25]. Therefore, we further investigated the possible effect of the PACOs on
glutamate-induced cytochrome c release from mitochondria by western blotting assay. As shown
in Figure 8A,B, 4 mM glutamate caused significant cytochrome c release, which was 1.7-fold higher
than normal control group. However, pretreatment with peracetylated chitosan oligosaccharides (Q-2,
Q-3 and Q-4) at a concentration of 200 μg/mL prior to exposure to glutamate could significantly
decrease the protein level of Cyto C proteins from 1.7 to about 0.7, 0.6 and 0.8 fold of normal
control group, respectively (p < 0.05), which was superior to the effect of positive control drug
HupA (about 1.4 fold) (Figure 8A,B). These data suggested that the PACO may inhibit cytochrome c
release from mitochondria.

To further explore the effects of PACO on Cyto C release from mitochondria, the protein level of
cytochrome c in cytoplasm was also measured by immunofluorescence assay. As shown in Figure 8C–H,
treatment with glutamate (4 mM) resulted in an increase of cytochrome c in cytoplasm (Figure 8D),
while there were nearly no cytochrome c release in normal control cells (Figure 8C). However,
pre-treatment with peracetylated chitosan oligosaccharides Q2, Q3, and Q4 at the concentration
of 200 μg/mL significantly reduced the protein level of cytochrome c in cytoplasm (Figure 8F–H),
which was better than the effect of positive control drug huperzine A (Figure 8E). In summary, PACOs
may inhibit glutamate-induced cell death by inhibiting cytochrome c release from mitochondria.

84

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 1267–1289

 

 

Figure 8. Peracetylated chitosan oligosaccharides protect PC12 cells against glutamate-induced Cyto C
release from mitochondria. (A) After being pretreated with 200 μg/mL of different PACO monomers
Q-2, Q-3 and Q-4 for 2 h and 4 mM of glutamate for another 24 h, the protein levels of Cyto C were
evaluated by western blot. Blots were also probed for β-actin as loading controls. The result shown is a
representative of three separate experiments with similar results; (B) Quantification of immunoblot
for the ratio of Cyto C to β-actin. The ratio for non-treated control cells was assigned values of 1.0
and the data presented as mean ± SD (n = 3). Significance: ## p < 0.01 vs. normal control group; * p <
0.05, ** p < 0.01 vs. glutamate treated control group. (C–H) After being pretreated with 200 μg/mL of
PACO monomers Q-2, Q-3 and Q-4 for 2 h, PC12 cells were exposed to 4 mM glutamate for 24 h. Then
the levels of Cyto C in the cytoplasm were detected by immunofluorescence assay using anti-Cyto C
antibody. C: Normal control, D: Glu, E: Glu + HupA, F: Glu + Q2, G: Glu + Q3, H: Glu + Q4. Scale bar
represents 20 μm.

2.8. Effects of PACO on the Protein Expression of Bcl-2 and Bax

To determine whether Bcl-2 and Bax participated in the process of glutamate-induced PC12
cell death, the cells were treated with or without different drugs and then the expression levels
were examined by western blot analysis. As shown in Figure 9A, Bax expression was markedly
increased in the glutamate-treated group as compared to normal control group. However, pretreatment
with 200 μg/mL of peracetylated chitosan oligosaccharides (Q-2, Q-3 and Q-4) prior to exposure to
glutamate significantly decreased the expression level of Bax protein compared to the glutamate-treated
control group (Figure 9A). In contrast, the level of Bcl-2 in the glutamate-treated group decreased
significantly compared to normal control group (Figure 8B). However, Bcl-2 expression was ameliorated
after the PACO treatment in PC12 cells and the effects of Q-2 and Q-3 were better than that of Q-4 and
HupA (Figure 9B).
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Figure 9. Effect of PACOs on the expression of Bax and Bcl-2 in PC12 cells. (A–B) After being pretreated
with 200 μg/mL of different PACO monomers Q-2, Q-3 and Q-4 for 2 h and 4 mM of glutamate
for another 24 h, the levels of Bax (A) and Bcl-2 (B) were measured by western blot. Blots were
also probed for β-actin as loading controls. The result shown is a representative of three separate
experiments with similar results; (C) Quantification of immunoblot for the ratio of Bax and Bcl-2.
The ratio for non-treated normal control cells was assigned values of 1.0. Values are the mean ± SD
(n = 3). Significance: ## p < 0.01 vs. normal control group; * p < 0.05, ** p < 0.01 vs. glutamate treated
control group.

Moreover, the Bax/Bcl-2 ratio after glutamate-treatment increased to levels that were about
9.2-fold higher than normal control group (Figure 9C), suggesting glutamate induced apoptosis of
PC 12 cells. Treatment with peracetylated chitosan oligosaccharides (Q-2, Q-3 and Q-4) decreased the
Bax/Bcl-2 ratio significantly at a concentration of 200 μg/mL (p < 0.05), and they altered the Bax/Bcl-2
ratio from about 9.2 to about 1.3, 1.2 and 5.0, respectively, when compared to that of normal control
group (Figure 9C). The inhibition effect of peracetylated chitosan oligosaccharides Q2, Q3, and Q4
on Bax/Bcl-2 ratio was better than that of positive control drug HupA (about 6.0 fold) (Figure 9C).
Taken together, these results suggested that the protective effect of the PACO on glutamate-induced
apoptosis in PC12 cells might be through Bcl-2/Bax signal pathway.
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Figure 10. Proposed schemas of the mechanisms by which PACO suppressed glutamate-induced
apoptosis in PC12 cells. Glutamate induces intracellular ROS generation in PC12 cells. The resultant
oxidative stress triggers the activation of Bax protein, thereby reducing ΔΨm, releasing cytochrome c,
activating caspase 3, and finally inducing apoptosis. PACO inhibits ROS and suppresses the activity of
downstream molecules, such as Bax, Cyto c, and caspase 3, for promoting neuronal survival.

3. Experimental Section

3.1. Reagents

Chitosan with degree of deacetylation of >95% was purchased from Jinhu Crust Product Corp.
(Zibo, China). The lactate dehydrogenase (LDH) assay kit, reactive oxygen species (ROS) detection
kit, and mitochondrial membrane potential (MMP) detection kit were purchased from the Jiancheng
Institute of Biological Engineering (Nanjing, China). Antibodies for detecting Bcl-2, Bax, Cyto C, and
cleaved caspase-3 were obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA). FITC
labeled secondary antibodies were purchased from Boster (Wuhan, China). All other reagents were
from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.

3.2. COSs Production and Purification

The COS mixture was prepared by enzymatic hydrolysis of chitosan according to our previously
reported method [19]. In brief, chitosan (50 g) was added to 400 mL distilled water, then 7 mL
chitosanase solution (10 U/mL) was added. The mixture was stirred for 24 h in a 50 ◦C bath, and pH
of the reaction mixture was adjusted to 6 by HCl solution (4 mol/L) during the hydrolysis process. The
hydrolyzate was adjusted to pH 8~9 with concentrated NaOH and subsequently filtered to remove
insoluble parts and the filtrate was concentrated and precipitated by adding four-fold volume of
ethanol at 4 ◦C overnight. The precipitate was collected by centrifugation for 15 min at 8000 rpm then
lyophilized to yield powdered products and identified as the COS mixture.

The COS mixture (300 mg) was dissolved in 2 mL of 0.1 M NH4HCO3, and then filtered with a
microporous membrane (0.45 μm) to obtain a clear solution. The filtrate was loaded on a Bio Gel P6
column (2.6 × 110 cm) that connected to an AKTA UPC100 purification system (Fairfield, GE, USA)
equipped with an online refractive index detector. The column was eluted with 0.1 M NH4HCO3

solution at a flow rate 0.4 mL/min. Eluents (10 mL/tube) were collected using a fraction collector to
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afford the pure dimer, trimer and tetramer of COSs. The analysis of each COS was performed by TLC,
HPLC, IR, NMR and MS, as reported in previous work [19].

3.3. PACOs and NACOs Preparation and Purification

The acetylation of the COSs mixture to prepare PACOs and NACOs was performed according to
the reported methods [20] with some modification.

Dried COSs mixture (5 g) was suspended in acetic anhydride (80 mL) at room temperature
with stirring, and 8 mL concentrated H2SO4 was added. After stirring for 8 h at 50 ◦C, a clear dark
amber-coloured solution was obtained and TLC (CH2Cl2:CH3OH, 12:1, v/v) indicated the completion
of the acetylation. The reaction mixture was added into 100 mL 15% sodium acetate solution at 0 ◦C
and extracted with CH2Cl2 (80 mL × 3). The organic layer was then dried over anhydrous sodium
sulphate, and concentrated under reduced pressure to give a residue of PACOs mixture. The residue
was applied to a silica gel column chromatography (CH2Cl2–CH3OH, 50:1 ~30:1) to give pure dimer,
trimer and tetramer of PACOs. The yield of acetylation of COSs mixture was more than 60%.

The pure dimer, trimer or tetramer of PACOs (2 g) was added to methanol (20 mL). Deacetylation
was started by adding sodium methoxide until pH 9~10. The resulting reaction mixture was stirred for
20 h at room temperature and monitored by TLC (propanol: water, 2:1, v/v). The reaction was then
neutralized by addition of ion-exchange resin (H+). After filtration, the filtrate was concentrated in
vacuum to give pure dimer, trimer or tetramer of NACOs quantitatively.

3.4. MS and NMR Spectroscopy of Isolated PACOs and NACOs

Mass spectra were recorded with Micromass Global Q-TOF Mass Spectrometer (Indian Trail, NC,
USA) using the ESI technique to determinate the molecular mass of each oligosaccharide. 1H and
13C NMR spectra were recorded at 27 ◦C on a JEOL JNM-ECP 600 MHz and an Agilent 500 MHz
DD2 spectrometers with tetramethylsilane (Me4Si) as the internal standard and chemical shifts were
recorded as δ values.

Dimer of PACOs (Q-2): 1H-NMR (600 MHz, CDCl3): δ 6.17 (d, 1H, J = 9.2 Hz, N-H′), 6.10 (d,
1H, J = 3.6 Hz, H-1), 5.82 (d, 1H, J = 9.0 Hz, N-H), 5.23 (dd, 1H, J = 11.1, 9.0 Hz, H-3), 5.14 (dd, 1H,
J = 9.4, 10.4 Hz, H-3′), 5.07 (t, 1H, J = 9.6 Hz, H-4′), 4.50 (d, 1H, J = 8.4 Hz, H-1′), 4.44 (dd, 1H, J =
12.3, 3.8 Hz, H-6-1), 4.40 (dd, 1H, J = 12.6, 4.1 Hz, H-6-1′), 4.40–4.35 (m, 1H, H-2), 4.21 (dd, 1H, J = 2.1,
12.1Hz, H-6-2), 4.02 (dd, 1H, J = 2.1, 12.4Hz, H-6-2′), 3.97 (app q, 1H, J = 9.2 Hz, H-2′), 3.91 (ddd, 1H, J
= 2.2, 3.4, 10.1 Hz, H-5), 3.76 (t, 1H, J = 9.5Hz, H-4), 3.65 (ddd, 1H, J = 2.4, 4.0, 9.9Hz, H-5′), 2.19, 2.15,
2.09, 2.06, 2.01, 2.01,(6s, 18H, 3×-OCOCH3), 1.96, 1.94 (2s, 6H, 2×-NHCOCH3). 13C NMR (150 MHz,
CDCl3): δ 171.4, 171.2, 170.7, 170.5 170.4, 170.2, 169.2, 168.9 (8C=O), 101.7 (C-1′), 90.4 (C-1), 75.9 (C-4),
72.5(C-3′), 71.8(C-5′), 70.7 (C-3), 70.6(C-5), 67.8 (C-4′), 61.6 (C-6′), 61.4 (C-6), 54.3 (C-2′), 51.0 (C-2), 23.1,
23.0 (2CH3CONH), 21.0, 20.9, 20.6, 20.6, 20.5, 20.5 (6CH3COO). ESI-MS m/z 699.1 [M + Na]+.

Trimer of PACOs (Q-3): 1H-NMR (500 MHz, DMSO-d6): δ 7.97 (d, 1H, J = 9.1 Hz, N-H), 7.91 (d,
1H, J = 9.2 Hz, N-H), 7.91 (d, 1H, J = 9.4 Hz, N-H), 5.81 (d, 1H, J = 3.5 Hz, H-1), 5.12 (t, 1H, J = 9.9 Hz),
5.05–4.97 (m, 2H), 4.81 (t, 1H, J = 9.7 Hz), 4.64 (d, 1H, J = 8.4 Hz, H-1”), 4.55 ( d, 1H, J = 8.4 Hz, H-1′),
4.36–4.25 (m, 3H), 4.15–4.10 (m, 1H), 4.05–4.00 (m, 2H, H-2), 3.91–3.77 (m, 4H), 3.72 (t, 1H, J = 9.3 Hz),
3.60–3.48 (m, 3H), 2.15, 2.09, 2.05, 2.00, 1.95, 1.94(2CH3), 1.90 (7s, 24H, 8 × OCOCH3), 1.78, 1.74, 1.73
(3s, 9H, 3 × NHCOCH3); 13C NMR (125 MHz, DMSO-d6): δ 170.1, 170.0, 169.9, 169.8, 169.6, 169.5,
169.4, 169.3, 169.2, 169.1 (11C=O), 100.1, 99.9 (C-1′, C-1”), 89.6 (C-1), 75.6, 74.8, 73.3, 72.3, 71.6, 70.4,
70.1(2C), 68.1, 62.6, 61.6, 61.5, 53.8, 53.7, 50.0, 22.6, 22.5, 22.2(3CH3CONH), 20.8–20.3 (m, 8CH3COO).
ESI-MS m/z 986.2 [M + Na]+.

Tetramer of PACOs (Q-4): 1H-NMR (500 MHz, DMSO-d6): δ 7.96 (d, 1H, J = 9.1 Hz, N-H),
7.92–7.87 (m, 3H, 3NH), 5.81 (d, 1H, J = 3.5 Hz, H-1), 5.12 (t, 1H, J = 9.9 Hz), 5.05–4.94 (m, 3H), 4.81 (t,
1H, J = 9.7 Hz), 4.63 (d, 1H, J = 8.4 Hz, H-1”’), 4.55 (d, 2H, J = 8.4 Hz, H-1”, H-1′), 4.36–4.24 (m, 4H),
4.14–3.99 (m, 4H), 3.90–3.65 (m, 6H), 3.60–3.45 (m, 5H), 2.14, 2.08, 2.07, 2.04, 2.00, 1.95, 1.93(2CH3), 1.89
(8s, 30H, 10 × OCOCH3), 1.78, 1.74, 1.72 (3s, 12H, 4 × NHCOCH3); 13C NMR (125 MHz, DMSO-d6): δ
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170.1, 170.1, 170.0, 169.9, 169.8, 169.6, 169.5, 169.4, 169.3, 169.3, 169.2, 169.1 (14C=O), 100.1, 99.9, 99.8
(C-1′, C-1”, C-1”’), 89.6 (C-1), 75.5, 75.2, 74.7, 73.2, 73.1, 72.3, 71.7, 71.5, 70.4, 70.2, 70.1, 68.1, 62.5 (2C),
61.6, 61.5, 53.9, 53.8, 53.7, 50.0, 22.6, 22.6, 22.5, 22.2(4CH3CONH), 20.8–20.3 (m, 10CH3COO). ESI-MS
m/z 1251.6 [M + H]+.

Dimer of NACOs (N-2): 1H-NMR (600 MHz, D2O): δ 5.16 (d, 0.6H, J = 2.8 Hz, H-1α), 4.66 (d,
0.4H, J = 7.9 Hz, H-1β), 4.56 (d, 0.6 H, J = 8.5 Hz, H-1′α), 4.55 (d, 0.4 H, J = 8.4 Hz, H-1′β), 3.90–3.43
(m, 12H, H-2, H-3, H-4, H-5, H-6-1, H-6-2, H-2′, H-3′, H-4′, H-5′, H-6-1′, H-6-2′), 2.04, 2.00 (2s, 6H,
2 × -NHCOCH3); 13C NMR (150 MHz, D2O): δ 174.9, 174.7 (2C=O), 101.8 (C-1′), 95.1 (C-1β), 90.7
(C-1α), 80.1(C-4α), 79.6 (C-4β), 76.2 (C-5′), 74.8 (C-5β), 73.7 (C-3′), 72.8 (C-3β), 70.2 (C-5α), 70.0 (C-4′),
69.5 (C-3α), 60.8 (C-6′), 60.4 (C-6β), 60.3 (C-6α) 56.3 (C-2β), 55.9 (C-2′), 53.9 (C-2α), 22.4, 22.2 (2CH3).
ESI-MS m/z 425.2 [M + H]+.

Trimer of NACOs (N-3): 1H-NMR (600 MHz, D2O): δ 5.15 (d, 0.65 H, J = 2.6 Hz, H-1α), 4.66 (d,
0.36 H, J = 7.9 Hz, H-1β), 4.56 (d, 0.65 H, J = 8.2 Hz, H-1′), 4.55 (d, 0.65 H, J = 8.5 Hz, H-1”), 3.90–3.43
(m, 18H, H-2~H-6, H-2′~H-6′, H-2”~H-6”), 2.03, 2.03 2.01( 3s, 9H, 3 × -NHCOCH3). 13C NMR (150
MHz, D2O): δ 174.9, 174.9, 174.7 (3C=O), 101.8(C-1”), 101.6 (C-1′), 95.1 (C-1β), 90.7 (C-1α), 79.9 (C-4α),
79.4 (C-4′, C-4β), 76.2 (C-5”), 74.9 (C-5β), 74.8 (C-5′), 73.7 (C-3”), 72.8 (C-3β), 72.4 (C-3′), 70.3 (C-5α),
70.0 (C-4”), 69.5 (C-3α), 60.8 (C-6”), 60.4 (C-6β), 60.3 (C-6′, C-6α), 56.4 (C-2β), 55.9 (C-2”), 55.3 (C-2′),
53.9 (C-2α), 22.4, 22.4, 22.2 (3CH3). ESI-MS m/z 628.1 [M + H]+.

Tetramer of NACOs (N-4): 1H-NMR (600 MHz, D2O): δ 5.18 (d, 0.64 H, J = 1.7 Hz, H-1α), 4.68 (d, 0.35
H, J = 8.1 Hz, H-1β), 4.57 (d, 3 H, J = 8.4 Hz, H-1′, H-1”, H-1”’), 3.92–3.44 (m, 24H, H-2~H-6, H-2′~H-6′,
H-2”~H-6”, H-2”’~H-6”′), 2.05, 1.05, 2.05, 2.03 (4s, 12H, 4 × -NHCOCH3). 13C NMR (150 MHz, D2O): δ
175.0, 174.9, 174.7 (4C=O), 101.7 (C-1”’), 101.5 (C-1′, C-1”), 95.1 (C-1β), 90.7 (C-1α), 79.9 (C-4α), 79.4 (C-4′,
C-4”), 79.2 (C-4β), 76.2 (C-5”’), 74.9 (C-5β), 74.8 (C-5′, C-5”), 73.7 (C-3”’), 72.8 (C-3β), 72.4 (C-3′, C-3”), 70.3
(C-5α), 70.0 (C-4”’), 69.5 (C-3α), 60.8 (C-6”’), 60.4 (C-6β), 60.3 (C-6′, C-6”, C-6α), 56.4 (C-2β), 55.9 (C-2”’),
55.3 (C-2′, C-2”), 53.9 (C-2α), 22.5, 22.4, 22.2 (4CH3). ESI-MS m/z 831.2 [M + H]+.

3.5. Cell Culture

Both undifferentiated and differentiated rat adrenal medullary phenochromocytoma PC12 cells
were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells
were maintained in Dulbecco’s Modified Eagle’s medium (DMEM, Gibco, New York, NY, USA)
supplemented with 10% FBS (Gibco, New York, NY, USA), 100 U/mL penicillin and 100 μg/mL
streptomycin at 37 ◦C in 5% CO2 atmosphere. Cells were passaged with trypsin every 4 days with the
subcultivation ratio of 1:6. All experiments were performed on cells between passages 3–15.

3.6. Determination of Cell Viability

The cell viability of PC12 cells was measured by resazurin assay [21]. In brief, after oligosaccharide
treatment for 24 h, 20 μL of resazurin was added to each well at a final concentration of 0.2 mg/mL
and incubated for 16 h at 37 ◦C. Then resazurin fluorescence was measured using a SpectraMax M5
plate reader (Molecular Devices, Sunnyvale, CA, USA) with excitation and emission wavelengths of
544 and 595 nm, respectively. The cell viability was expressed as a percentage of non-treated control.

For the neuroprotective experiments, PC12 cells were seeded into 96-well plates at a density of
5 × 103 cells/well, and cultivated for 24 h. Cells were pretreated with different oligosaccharides at
concentrations of 100, 200, 400 μg/mL or 100 μM of Huperzine-A (HupA) for 2 h prior to exposure to
4 mM of glutamate. After 24 h incubation, cell viability was evaluated by resazurin assay.

3.7. LDH Release Assay

The level of lactate dehydrogenase (LDH) released from damaged cells into culture media was
measured using an LDH assay kit (Beyotime, Nantong, China) according to the manufacturer’s
protocol. Briefly, PC12 cells were seeded at a density of 5 × 103 cells/well into 96-well plate. After
drug treatment, the cell-free culture supernatants were collected from each well and incubated with
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the appropriate reagent mixture according to the supplier’s instructions at room temperature for 20
min. The absorbance of samples was measured at 440 nm using a micro-plate reader. The data were
normalized to the activity of LDH released from control cells. Absorbance of blanks, determined as
no-enzyme control, had been subtracted from each value.

3.8. Measurement of Intracellular ROS

Intracellular ROS was monitored using the DCFH-DA fluorescent probe as described
previously [26]. In brief, intracellular H2O2 or low-molecular-weight peroxides can oxidize DCFH-DA
to the highly fluorescent compound dichlorofluorescein (DCF). After drugs treatment, cells were
incubated with 10 mM of DCFH-DA at 37 ◦C for 30 min, and then washed twice with PBS.
Finally, the fluorescence intensity of DCF was measured in a micro-plate reader with an excitation
wavelength of 485 nm and an emission wavelength of 535 nm. Data were expressed as percentage of
non-treated control.

3.9. Measurement of the Mitochondrial Membrane Potential (MMP)

The mitochondrial membrane potential (MMP) of PC12 cells was monitored using the fluorescent,
lipophilic and cationic probe, JC-1 (Beyotime, Nantong, China) according to the methods described
previously [24]. Briefly, after indicated treatments, cells were cultured in 24-well plates and incubated
with JC-1 staining solution (5 μg/mL) for 20 min at 37 ◦C. Cells were then rinsed twice with JC-1
staining buffer and the fluorescence intensity of both mitochondrial JC-1 monomers (λex 514 nm,
λem 529 nm) and aggregates (λex 585 nm, λem 590 nm) were detected using a SpectraMax M5 plate
reader (Molecular Devices, USA). The Δψm of PC12 cells in each treatment group was calculated as
the fluorescence ratio of red (i.e., aggregates) to green (i.e., monomers).

3.10. Immunofluorescence Assay

The Cyto C release from mitochondria was also evaluated by using indirect immunofluorescence
assay. Briefly, after treatment, cells were fixed with 4% Paraformaldehyde for 15 min at room
temperature (RT) and further permeabilized by 0.5% Triton X-100 in PBS for 5 min. Then, after
being blocked with 2% bovine serum albumin (BSA) in PBS for 1 h at RT, cells were incubated with
anti-Cyto C antibody for 1 h. After three washes with PBS, cells were incubated with FITC labeled
secondary antibody for 1 h at RT. Then after washing trice, cells were incubated further with DAPI for
10 min. Finally, the fluorescence corresponding to Cyto C and DAPI was observed by using a laser
scanning confocal microscopy (Zeiss LSM510, Oberkochen, Germany).

3.11. Western Blot Analysis

Western blot analysis was performed as described previously [27]. Proteins were separated using
SDS-PAGE and electrically transferred to a NC membrane (Pall, New York, NY, USA). After that,
the membranes were blocked with TBST (50 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 0.1% Tween-20)
containing 5% BSA (Sigma, St. Louis, MO, USA) for 2 h. Then the membranes were incubated with
primary antibodies against Bax, Bcl-2, or caspase-3 protein diluted at 1:1000 at 4 ◦C over night. After
washing with TBST for three times, the membranes were incubated with goat anti-rabbit IgG labeled
with horse radish peroxidase (Santa Cruz, Dallas, TX, USA) diluted at 1:2000 at room temperature for
2 h. Blots were developed using an ECL plus kit (Amersham Bioscience, Aylesbury, UK), exposed to
Kodak autoradiographic films and quantified using Image J software.

3.12. Statistical Analysis

All data are represented as the mean ± SD. Comparison between groups was made by one-way
analysis of variance (ANOVA) followed by a specific post hoc test to analyze the difference. p <
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0.05 was considered to indicate statistical significance. The SPSS software package (SPSS program,
version 13.0, Chicago, IL, USA) was used for all statistical tests.

4. Conclusions

Chitosan is the universally accepted non-toxic N-deacetylated derivative of chitin, one of the
most abundant biopolymers on earth. Chitosan oligosaccharides (COSs) have been reported to
have a variety of biological activities and widely used in many research fields. The current study
demonstrated that the peracetylated chitosan oligosaccharides (PACOs) acted as antagonists against
glutamate-induced PC12 cell death in a concentration-dependent manner. PACOs significantly
prevented glutamate-induced apoptosis as manifested by depressing the elevation of Bax/Bcl-2
ratio and caspase-3 activation, suggesting its antagonist effect could be partially due to apoptosis
regulation. Thus, peracetylated chitosan oligosaccharides might have potential for treating certain
neurodegenerative diseases.

The antagonist effects of PACOs were greater than that of non-acetylated COSs and N-acetylated
oligosaccharides NACOs, suggesting that peracetylation was essential for the neuroprotective effects of
chitosan oligosaccharides. In addition, the peracetylated lactose Ac-Lac-2 and peracetylated cellobiose
Cel-2 both had greater effects than those of the non-acetylated oligosaccharides Lac-2 and Cel-2,
but lesser than those of the acetylated chitosan oligosaccharide Q-2, which suggests that the acetyl
groups were indispensible for the neuroprotective effect of neutral oligosaccharides and that the
structure of the sugar backbone might also influence the neuroprotective effects observed in vitro. It
was reported that peracetylation can facilitate passive diffusion of disaccharides across cell membranes,
allowing them to enter the Golgi [28]. Thus, the acetylation modification might facilitate the chitosan
oligosaccharides to enter the cells to interfere the ROS induced apoptosis in PC12 cells.

Glutamate toxicity is an important mechanism of neuronal death in cerebral ischemia [29,30]. It
was reported that glutamate neurotoxicity is considered to have two mechanisms of neuron injury
including glutamate receptor-mediated [31] and oxidative stress-mediated [32,33] neurotoxicity. In
our study, the PACO treatment potentially reduced LDH release and ROS production, and attenuated
the loss of mitochondrial membrane potential (MMP), which suggests that the PACOs displayed their
protective effect against glutamate-induced apoptosis in PC12 cells mainly through oxidative stress
amelioration [34–36] (Figure 10).

ROS is a well known etiological factor associated with oxidative stress leading to cell death via
apoptosis in a variety of cell types [37–40], and such effects can be blocked or delayed by a wide variety
of antioxidants [41]. Mitochondria-dependent apoptotic pathways are involved in glutamate-induced
cytotoxicity in PC 12 cells [42]. Considering the results indicating that PACOs could reduce ROS
production and attenuate the loss of MMP, we suppose that the PACOs may be able to protect PC12
cells against glutamate induced cell apoptosis. As a mitochondrial membrane-associated protein, Bcl-2
exerts its anti-apoptotic effect through inhibition of Bax expression from mitochondria, and inhibition
of subsequent activation of the caspase-3 [43]. Moreover, cytochrome c release could be reduced by
pretreatment with the PACOs, which suggested the PACOs might influence the Bcl-2/Bax pathway
because Bax is believed to be upstream of cytochrome c release in the mitochondria-mediated apoptosis
pathway. Taken together, glutamate either significantly up- or down-regulated the expression of Bax,
Bcl-2 proteins in PC12 cells. Reversal of these trends by the PACO pretreatment suggests that the
anti-apoptosis activity of the PACOs may be mediated through Bcl-2/Bax signal pathway in PC12
cells [15,44,45] (Figure 10).

In conclusion, our study demonstrated that the peracetylated chitosan oligosaccharides PACOs
exhibited a protective effect on glutamate-induced PC12 cell death through Bcl-2/Bax signal pathway.
Since glutamate-evoked cell injury in neuronal cells is involved in many neuron disorders, it thus
raises the possibility of developing PACOs as potential agents for prevention and treatment of
neurodegenerative diseases. However, PC12 cells cannot totally represent the characteristics of
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primary cultured neurons, so further work needs to be done directly on primary neurons in vitro and
on animal models to test if PACOs are useful in treating glutamate-induced neural injury or death.
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Abstract: The study was conducted to investigate the promoted immune response to ovalbumin in
mice by chitosan nanoparticles (CNP) and its toxicity. CNP did not cause any mortality or side effects
when mice were administered subcutaneously twice with a dose of 1.5 mg at 7-day intervals. Institute
of Cancer Research (ICR) mice were immunized subcutaneously with 25 μg ovalbumin (OVA) alone or
with 25 μg OVA dissolved in saline containing Quil A (10 μg), chitosan (CS) (50 μg) or CNP (12.5, 50 or
200 μg) on days 1 and 15. Two weeks after the secondary immunization, serum OVA-specific antibody
titers, splenocyte proliferation, natural killer (NK) cell activity, and production and mRNA expression
of cytokines from splenocytes were measured. The serum OVA-specific IgG, IgG1, IgG2a, and IgG2b
antibody titers and Con A-, LPS-, and OVA-induced splenocyte proliferation were significantly
enhanced by CNP (P < 0.05) as compared with OVA and CS groups. CNP also significantly promoted
the production of Th1 (IL-2 and IFN-γ) and Th2 (IL-10) cytokines and up-regulated the mRNA
expression of IL-2, IFN-γ and IL-10 cytokines in splenocytes from the immunized mice compared
with OVA and CS groups. Besides, CNP remarkably increased the killing activities of NK cells
activity (P < 0.05). The results suggested that CNP had a strong potential to increase both cellular
and humoral immune responses and elicited a balanced Th1/Th2 response, and that CNP may
be a safe and efficacious adjuvant candidate suitable for a wide spectrum of prophylactic and
therapeutic vaccines.

Keywords: chitosan nanoparticles; adjuvant; immune response; ovalbumin

1. Introduction

Vaccination remains the most effective and cost-efficient means to prevent infectious diseases.
The latest trend towards novel and safer vaccines utilizes well-characterized antigens, like purified
proteins, peptides, or carbohydrates. These so-called subunit vaccines enable the focusing of the
immune response to the desired specificity without the risks associated with vaccines based on
whole inactivated or live attenuated pathogens. Unfortunately, such subunit antigens are often poor
immunogens when administered alone [1]. Therefore, an adjuvant is required to potentiate the immune
response to the coadministrated antigen.

However, strong adjuvant activity is often correlated with increased toxicity and adverse effects.
The unique capacity of the extract Quil A from the bark of Quillaja saponaria and its purified saponin
QS-21 to stimulate both the Th1 immune response and the production of cytotoxic T-lymphocyte
against exogenous antigens makes them ideal for use in subunit vaccines and vaccines directed against
intracellular pathogens as well as for therapeutic cancer vaccines [2,3]. However, in addition to pain on
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injection, severe local reactions and granulomas, toxicity includes severe haemolysis [4,7] making such
adjuvants unsuitable for human uses other than for life threatening diseases, such as HIV infection or
cancer [8]. Freund’s complete adjuvant (FCA) remains amongst the most potent known adjuvants and
a particularly powerful stimulant of both cellular and humoral immunities [9]. Unfortunately, FCA
causes severe reactions and is too toxic for human use. Currently, aluminum compounds (Alum) is the
only adjuvant in vaccines licensed by the Food and Drug Administration (FDA) for use in humans in
the United States [10]. While Alum is safe, it is a relatively weak adjuvant, particularly when used
with subunit antigens. Moreover, the Alum is a mild Th2 adjuvant that can effectively enhance IgG1
antibody responses, but it is rarely associated with Th1 type immune responses [11]. Furthermore,
Alum is poor at stimulating cell-mediated immune responses, and may actively block activation and
differentiation of cytotoxic T-lymphocytes [12]. Hence, there is a major unmet need for a safe and
efficacious adjuvant capable of boosting cellular plus humoral immunity [13].

The ability of biodegradable microparticles to promote vaccine-specific immunity has been
recognized for more than 80 years [14]. Early studies have demonstrated that the adjuvant potency
may be amplified by the formation of nanoparticles with uptake by dendritic cells (DCs) [15,16],
and this contributes to their enhancing effects on innate and antigen-specific cellular immunity [17].
Nanoparticles often exhibit significant adjuvant effects in parenteral vaccine delivery since they
may be readily taken up by antigent presenting cells. The submicron size of nanoparticles allows
them to be taken up by M-cells, in mucosa-associated lymphoid tissue (MALT), i.e., gut-associated,
nasal-associated and bronchus-associated lymphoid tissue, initiating sites of vigorous immunological
responses [18]. However, the mechanism of action of particulate vaccine adjuvants is not fully
understood [19], particularly for polymeric nanoparticles. Possible mechanisms have been suggested:
that nanoparticles induce cytokine release by epithelial cells, shift the Th1/Th2 balance, activate
macrophages and natural killer cells (NK) and improve the delayed-type hypersensitive reaction,
increase cytotoxicity and induce mitosis in cells producing interleukins, breeding factors and interferon,
or simply by increased absorption of antigen [20].

Chitosan is a natural nontoxic biopolymer produced by the deacetylation of chitin, a major
component of the shells of crustaceans such as crab, shrimp, and crawfish. Recently, chitosan
has received considerable attention for its commercial applications in the biomedical, food, and
chemical industries [21,23]. The unique character of nanoparticles could make chitosan nanoparticles
exhibit more superior activities than chitosan. Chitosan nanoparticles have been synthesized as
drug and vaccine delivery carriers as reported in previous studies [24,25]. Due to their bioadhesive,
biocompatibility, biodegradability and penetration-enhancement properties, chitosan nanoparticles
are most efficiently taken up by phagocytotic cells inducing strong systemic and mucosal immune
responses against antigens [20,26,27]. Besides enhancing the immune response by stimulating the
uptake by phagocytotic cells, chitosan and its nanoparticles may also stimulate the immune system.
Chitosan have been reported to have immune-stimulating activity such as increasing accumulation
and activation of macrophage and polymorphonuclear cells, inducing cytokines after intravenous
administration [28,33]. Therefore, the use of chitosan nano- and microparticles used as immunological
adjuvants to induce both humoral and cell-mediated immunity is promising. However, the evaluation
of chitosan nanoparticles as an adjuvant for subcutaneous vaccination has received less attention.
Therefore, we hypothesized that chitosan nanoparticles (CNP) may have the adjuvant potential to
amplify immune response against vaccination by stimulating the innate immune system. The present
study was designed to evaluate the effect of CNP on the immune response induced by a model subunit
antigen ovalbumin (OVA) in mice. OVA was used because this protein is considered to be an inert
antigen with low capacity to modulate the immune response and is widely used as a model antigen.
As a positive control, Quil A is known to be a potent adjuvant for experiment use.
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2. Materials and Methods

2.1. Mice

Five-week-old female ICR mice (Grade II) weighing 18–22 g were purchased from Zhejiang
Chinese Medical University Animal Research Center (Hangzhou, China) and acclimatized for one
week prior to use. Rodent laboratory chow and tap water were provided ad libitum and maintained
under controlled conditions with a temperature of 24 ± 1 ◦C, humidity of 50 ± 10%, and a 12/12 h
light/dark cycle. All procedures related to the animals and their care conformed to the internationally
accepted principles as found in the Guidelines for Keeping Experimental Animals issued by the
government of China.

2.2. Chemicals and Cell Line

Chitosan (CS) was obtained from the Chitosan Company of Pan’an, Zhejiang, China (degree
of deacetylation, 95%; average molecular weight, 220 kDa). Ovalbumin (OVA), concanavalin A
(Con A), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), lipopolysaccharide
(LPS), RPMI-1640 medium, and rabbit anti-mouse IgG peroxidase conjugate were purchased from
Sigma Chemical Co., Saint Louis, MO, USA; goat anti-mouse IgG1, IgG2a and IgG2b peroxidase
conjugate were from Southern Biotech. Assoc., Birmingham, AL, USA; Quil A was kindly provided
by BrenntagNordic A/S, Denmark. Fetal calf serum (FCS) was provided by Hangzhou Sijiqing
Corp., Hangzhou, Zhejiang, China. Cytokines (IL-2, IL-10, IFN-γ) detecting ELISA kits were from
Rapidbio Lab., West Hills, CA, USA. Trizol was from Invitrogen, China; revert Aid™ M-MuLV reverse
transcriptase was from Fermentas, USA; diethylpyrocarbonate (DEPC) and ribonuclease inhibitor
were from Biobasic, Canada; oligo (dT)18 were from Sangon, China.

Human leukemia K562 cell lines, sensitive to natural killer (NK) cells, were purchased from
the Institute of Cell Biology, Chinese Academy Sciences, Shanghai, China. They were maintained
in the logarithmic phase of growth in RPMI 1640 medium supplemented with 2 mM L-glutamine
(Sigma), 100 IU/mL penicillin, 100 g/mL streptomycin (Sigma), and 10% fetal calf serum at 37 ◦C
under humidified air with 5% CO2.

2.3. CNP Preparation and Characterization

Chitosan (CS) was obtained from the Chitosan Company of Pan’an (Zhejiang Province, China).
The degree of deacetylation was about 95% as determined by elemental analysis, and the average
molecular weight of the chitosan was 220 kDa as determined by viscometric methods [34]. Chitosan
nanoparticles were prepared and characterized as previously described [35]. Briefly, Chitosan was
dissolved at 0.5% (w/v) with 1% (v/v) acetic acid (HOAc) and then raised to pH 4.6–4.8 with 10 N
NaOH. CNP were formed by coacervation between positively charged chitosan (0.5%, w/v) and
negatively charged sodium tripolyphosphate (0.25%, w/v). Nanoparticles with different mean size
were obtained by adjusting the volume ratio of chitosan to tripolyphosphate solution. Nanoparticles
were purified by centrifugation at 9000 g for 30 min. Supernatants were discarded and chitosan
nanoparticles were extensively rinsed with distilled water to remove any NaOH residues, and freeze
dried before further use or analysis. The freeze-dried chitosan nanoparticles were suspended in
water for characterization or use for other experiments. Particle size distribution and the zeta
potential of chitosan nanoparticles were determined using Zetasizer Nano-ZS90 (Malvern Instruments).
The analysis was performed at a scattering angle of 90◦at a temperature of 25 ◦C using samples diluted
to different concentration with de-ionized distilled water. Atomic force microscopy (AFM, SPM-9500J3)
was used for visualization of the chitosan nanoparticles deposited on silicon substrates operating in the
contact mode. AFM imaging was performed using Si3N4 probes with a spring constant of 0.06 N/m.

A stock CNP suspension or CS solution with a concentration of 3 mg/mL was prepared. The
CNP was sterilized by passing it through a 0.22 μm Millipore filter, CS was autoclaved to remove
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any contaminant and then analyzed for endotoxin level by a gel-clot Limulus amebocyte lysate assay
(Zhejiang A and C Biological, Zhejiang, China). The endotoxin level in the stock soln. was less than
0.5 EU/mL.

2.4. Toxicity Assays

Five-week-old female ICR mice were divided into five groups, each consisting of six mice. Animals
were injected twice subcutaneously on the back with CNP at a single dose of 0.15, 0.3, 0.75, 1.5 mg in
0.5 mL saline solution at weekly intervals, and monitored daily for 14 days. Saline-treated animals
were included as control and the toxicity was assessed by lethality, local swelling and loss of hair at
the site of injection.

2.5. Immunization

Five-week-old female ICR mice were divided into six groups, each consisting of six mice. Animals
were immunized subcutaneously with OVA (25 μg) alone or with OVA (25 μg) dissolved in saline
containing QuilA (10 μg), or CS (50 μg) or CNP (12.5, 50, 200 μg) on day 1. The boosting injection
was given 2 weeks later. Saline-treated animals were included as controls. Splenocytes and sera
were collected 2 weeks after the secondary immunization for measurement of OVA-specific antibody,
natural killer (NK) cell activity and proliferation assay.

2.6. Measurement of OVA-Specific IgG and Subclasses

OVA-specific IgG, IgG1, IgG2a, and IgG2b antibodies in sera were detected by an indirect ELISA.
In brief, microtiter plate wells (Nunc) were coated with 100 μL OVA solution (25 μg/mL in 50 mM
carbonate–bicarbonate buffer, pH 9.6) for 24 h at 4 ◦C. The wells were washed three times with PBS
containing 0.05% (v/v) Tween 20 (PBS/Tween), and then blocked with 5% FCS/PBS at 37 ◦C for 2 h.
After three washings, 100 μL of a series of diluted sera samples (initial dilution 1:50) or 0.5% FCS/PBS
as control were added to triplicate wells. The plates were then incubated for 2 h at 37 ◦C, and then
washed three times. Aliquots of 100 μL of rabbit anti-mouse IgG horseradish peroxidase conjugate
diluted 1:10,000, goat anti-mouse IgG1 peroxidase conjugate 1:8000, IgG2a peroxidase conjugate 1:8000,
and IgG2b peroxidase conjugate 1:8000 with 0.5% FCS/PBS were added to each plate. The plates
were further incubated for 2 h at 37 ◦C. After washing, the peroxidase activity was assayed as follows:
100 μL of substrate solution (10 mg of O-phenylenediamine and 37.5 μL of 30% H2O2 in 25 mL of 0.1 M
citrate–phosphate buffer, pH 5.0) was added to each well. The plate was incubated for 10 min at 37 ◦C,
and enzyme reaction was terminated by adding 50 μL/well of 2 N H2SO4. The optical density was
measured in an ELISA reader at 490 nm, where sets of sera samples have been subjected to within and
between group comparisons, ELISA assays were performed on the same day for all of the samples.

2.7. Assay of Natural Killer (NK) Cell Activity

Spleen collected from the OVA-immunized mice under aseptic conditions, in Hank’s balanced salt
solution (HBSS, Sigma), was minced using a pair of scissors and passed through a fine steel mesh to
obtain a homogeneous cell suspension. The erythrocytes were lysed with ammonium chloride (0.8%,
w/v). After centrifugation (380× g at 4 ◦C for 10 min), the pelleted cells were washed three times
in PBS, and resuspended in complete medium. Cell numbers were counted with a hemocytometer
by trypan blue dye exclusion technique. Cell viability exceeded 95%. The activity of NK cells was
measured as previously described [36]. Briefly, K562 cells were used as target cells and seeded in
96-well U-bottom microtiter plate (Costar) at 1 × 105 cells/well in RPMI 1640 complete medium.
Splenocytes prepared were used as the effector cells, and were added at 5 × 106 cells/well to give
E/T ratio 50:1. The plates were then incubated for 20 h at 37 ◦C in 5% CO2 atmosphere. 50 μL of
MTT solution (2 mg/mL) was added to each well and the plate was incubated for another 4 h and
subjected to MTT assay. Three kinds of control measurements were performed: Target cells control,
blank control and effector cells control. NK cell activity was calculated as the following equation: NK
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activity (%) = (ODT − (ODS − ODE))/ODT × 100, where ODT is the optical density value of target
cells control; ODS is the optical density value of test samples; and ODE is the optical density value of
effector cells control.

2.8. Splenocyte Proliferation Assay

Spleen collected from the OVA-immunized mice under aseptic conditions, in Hank’s balanced
salt solution (HBSS, Sigma), was minced using a pair of scissors and passed through a fine steel mesh
to obtain a homogeneous cell suspension, and the erythrocytes were lysed with ammonium chloride
(0.8%, w/v). After centrifugation (380× g at 4 ◦C for 10 min), the pelleted cells were washed three times
in PBS, and resuspended in complete medium. Cell numbers were counted with a haemocytometer
by trypan blue dye exclusion technique. Cell viability exceeded 95%. Splenocyte proliferation was
assayed as previously described [37]. Briefly, splenocytes from each mouse were seeded into four wells
of a 96-well flat-bottom microtiter plate at 5 × 106 cell/mL in 100 μL of complete medium. Con A (final
concentration 5 μg/mL), LPS (final concentration 10 μg/mL), OVA (final concentration 30 μg/mL), or
medium were then added, giving a final volume of 200 μL. The plates were incubated at 37 ◦C in a
humid atmosphere with 5% CO2. After 44 h, 50 μL of MTT solution (2 mg/mL) was added to each well
and incubated for further 4 h. The plates were centrifuged (1400× g, 5 min) and the untransformed
MTT was removed carefully by pipetting. 150 μL of a DMSO working solution (192 μL DMSO with
8 μL 1 N HCl) was added to each well, and the absorbance was evaluated in an ELISA reader at
570 nm with a 630 nm reference after 15 min. The stimulation index (SI) was calculated based on the
following formula: SI = the absorbance value for mitogen-cultures divided by the absorbance value for
non-stimulated cultures.

2.9. Cytokine Determination in the Cultured Supernatants of Splenocytes by ELISA

Splenocytes (5 × 105 cells/well) from the immunized mice prepared as described before
were incubated with ConA (final concentration 5 μg/mL) in 24-well culture plates at 37 ◦C in 5%
CO2. After 48 h, the plate was centrifuged at 1400× g for 5 min and culture supernatants were
collected for the determination of INF-γ, IL-2, IL-10 levels. The presence of INF-γ, IL-2, IL-10 in the
cultured supernatants of splenocytes were determined using the mouse ELISA kits (Rapidbio Lab.,
West Hills, CA, USA).

2.10. Reversed Transcript-Polymerase Chain Reaction (RT-PCR) for Cytokines Gene Expression

Splenocytes from the immunized mice prepared as described before were seeded into 24-well
lat-bottom microtiter plate (Nunc) at 5 × 106 cell/mL in 1 mL complete medium, then ConA (final
concentration 5 μg/mL) was added giving a final volume of 2 mL (triplicate wells). The plates were
incubated at 37 ◦C in a humidified atmosphere 5% CO2. After 12 h treatment, cells were collected
by centrifugation (380× g at 4 ◦C for 10 min), and washed with ice-cold PBS, then subjected to RNA
extraction. Cells were lysed in 0.8 mL of Trizol reagent (Invitrogen, China) and the total RNA was
isolated according to the manufacture’s protocol. The concentration of total RNA was quantified
by determining the optical density at 260 nm. The total RNA was used and reverse transcription
was performed by mixing 2 μg of RNA with 0.5 μg oligo (dT)18 primer in a DEPC-treated tube.
Nuclease-free water was added giving a final volume of 12.5 μL. This mixture was incubated at 70 ◦C
for 5 min and chilled on ice for 2 min. Then, a solution containing 4 μL of M-MuLV 5×reaction buffer,
2 μL of 10 mM dNTP, 20 U of ribonuclease inhibitor, and DEPC-treated water was added, giving a
final volume of 19 μL, and the tubes were incubated for 5 min at 37 ◦C. The tubes then received 200 U
of M-MuLV reverse transcriptase and were incubated for 60 min at 42 ◦C. Finally, the reaction was
stopped by heating at 70 ◦C for 10 min. The samples were stored at −20 ◦C until further use.

As shown in Table 1, the primers were used to amplify cDNA fragments (381-bp IL-2 fragment,
460-bp IFN-γ fragment, 324-bp IL-10 fragment and 564-bp GAPDH fragment). Amplification was
carried out in total volume of 50 μL containing 4 μL (10 μM) of each cytokine-specific primers, 5 μL
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of 10× PCR buffer, 4 μL of MgCl2 (25 mM), 4 μL of dNTPs (2.5 mM), 2 μL of transcribed cDNA, and
0.25 μL of Taq DNA polymerase. PCR was performed for 33 (IL-2), 32 (IFN-γ), 30 (IL-10) or 28 (GAPDH)
cycles using a MyCycler (Bio-Rad, Hercules, CA) with the following program of denaturation at 94 ◦C
for 5 min, following by indicated cycles of 94 ◦C for 30 s, annealing at 58 ◦C (GAPDH), 60 ◦C (IL-2),
62 ◦C (IL-10), 63 ◦C (IFN-γ) for 30 s, and elongation at 72 ◦C for 30 s, and a final extension step at
72 ◦C for 10 min. Semi-quantitative RT-PCR was performed using GAPDH as a house keeping gene to
normalize gene expression for the PCR templates. The PCR products were studied on a 1.5% agarose
gel and the amplified bands were visualized using Gel DOC2000 (Bio-Rad, USA) after staining with
GoldView. The size of the amplification fragments was determined by comparison with a standard
DNA marker. The relative level of cytokine expression is calculated for 100 copies of the GAPDH house
keeping gene following the formula: n = 100 × (the intensity of cytokine gene expression band/the
intensity of GAPDH band).

Table 1. Sequences of primer used for Reversed Transcript-Polymerase Chain Reaction (RT-PCR).
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Gene Primer sequence Product size (bp)

IL-2 5′-CTCTACAGCGGAAGCACAGC-3′
5′-CATCTCCTCAGAAAGTCCACCA-3′

381

IFN-γ 5′-TGAACGCTACACACTGCATCTTGG-3′
5′-CGACTCCTTTTCCGCTTCCTGAG-3′

460

IL-10 5′-CCAGTTTTACCTGGTAGAAGTGATG-3′
5′-TGTCTAGGTCCTGGAGTCCAGCAGACTCAA-3′

324

GAPDH 5′-CCCACAGTAAATTCAACGGCAC-3′
5′-CATTGGGGTTAGGAACACGGA-3′

564

2.11. Statistical Analysis

Data were expressed as mean ± standard deviations (S.D.) and examined for their statistical
significance of difference with ANOVA and a Tukey post hoc test by using SPSS 16.0. P-values of less
than 0.05 were considered statistically significant.

3. Results

3.1. Morphology, Size and Zeta Potential of CNP

As shown in Figure 1, chitosan nanoparticles regularly formed and well distributed in acetic
acid (HOAc)/sodium tripolyphosphate solution (pH 5.5) were used in this study. The mean size and
size distribution of each batch of nanoparticle suspension was analyzed using the Zetasizer analysis
(Figure 1). The size distribution profile represents a typical batch of nanoparticles with a mean diameter
of 83.66 nm and a narrow size distribution ranging from 63.16 to 101.70 nm (polydispersity index <1),
and shows that the surfaces of chitosan nanoparticles have a positive surface charge of about 35.43 mV.
These excellent characteristics are of benefit to the stabilization and penetration capability of CNP,
enabling CNP to easily penetrate through capillary and epithelial tissue.
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Figure 1. Morphology of chitosan nanoparticles (CNP). (A, B) atomic force micrographs (AFMs) of
CNP; (C) the size distribution by intendity of CNP, the size of CNP ranges from 63.16 to 101.70 nm, and
the mean of size is about 83.66 nm; (D) Zeta potential distribution of CNP, CNP exhibit a zeta potential
range from 20.04 to 51.13 mV and have a mean charge with 35.43 mV.

3.2. Toxicity of CNP

The endotoxin level in a stock CNP with a concentration of 3 mg/mL was measured to be less
than 0.5 endotoxin units (EU)/mL. Therefore, the CNP samples used in this study were excluded
from endotoxin contamination. When the animals were administered subcutaneously twice ranging
from 0.15 to 1.5 mg at weekly intervals, no harm was observed. Local swelling or loss of hair was not
observed in mice at the test doses. The results suggested that the safety dose of CNP used for animals
was at least up to 60 mg/kg.

3.3. Effect of CNP on the OVA-Specific Serum Antibody Response

The OVA-specific IgG, IgG1, IgG2a and IgG2b antibody levels in the serum were measured by the
indirect ELISA method two weeks after the last immunization (Figure 2). As a positive control, QuilA
elicited the highest IgG and IgG isotypes levels. The serum IgG and IgG1 levels in mice immunized
with OVA were significantly enhanced by CNP compared with the control groups (OVA and CS)
(P < 0.05). Moreover, significant enhancements in OVA-specific IgG2a and IgG2b levels were observed
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in mice immunized with CNP compared with the OVA and CS control group (P < 0.05), and there
were significant differences among CNP at all doses and QuilA (P < 0.05).

Figure 2. Effect of CNP on OVA-specific IgG, IgG1, IgG2a and IgG2b antibody titers in OVA-immunized
mice. Mice (n = 6/group) were subcutaneously injected with OVA (25 μg) alone or with OVA 25 (μg)
dissolved in saline containing CNP (12.5, 50 or 200 μg), CS (50 μg) or QuilA (10 μg) on days 1 and
15. Sera were collected 2 weeks after the secondary immunizations for analysis these OVA-specific
antibodies using indirect ELISA. Bar with different letters are statistically different (P < 0.05).
Abbreviations: QuilA: mixture of triterpene saponins from the bark of Quillaja saponaria Molina.

3.4. Effect of CNP on Natural Killer (NK) Cell Activity in OVA-Immunized Mice

The effects of CNP on natural killer (NK) cell activity in OVA-immunized mice were shown in
Figure 3. CNP and Quil A significantly enhanced the killing activity of NK cell in the OVA-immunized
mice (P < 0.05). The findings indicated that CNP could promote lytic activity of NK cells in mice
immunized with OVA.
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Figure 3. Effect of CNP on NK cell activity in mice immunized with OVA. Mice (n = 6/group) were
subcutaneously injected with OVA (25 μg) alone or with OVA 25 μg dissolved in saline containing
CNP (12.5, 50 or 200 μg), CS (50 μg) or QuilA (10 μg) on days 1 and 15. Bars with different letters are
statistically different (P < 0.05).

3.5. Effect of CNP on Splenocyte Proliferation in OVA-Immunized Mice

The effects of CNP and QuilA on splenocyte proliferative responses to ConA, LPS and OVA
stimulation are shown in Figure 4. Mice immunized with OVA plus CNP or QuilA had higher
splenocyte proliferative response to ConA, LPS and OVA than the mice injected with OVA alone
(P < 0.05). Mice immunized with OVA plus CNP also had higher ConA-, LPS- and OVA-stimulated
splenocyte proliferative response than the mice injected with OVA plus CS (P < 0.05).

Figure 4. Cont.
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Figure 4. Effect of CNP on mitogen- and OVA-stimulated splenocyte proliferation in the mice
immunized with OVA. Bars with different letters are statistically different (P < 0.05).

3.6. Effect of CNP on Cytokines Level in Splenocytes from the OVA-Immunized Mice

The contents of cytokines IFN-γ, IL-2 and IL-10 in the supernatants from cultured splenocytes in
the mice immunized with OVA-CNP were significantly higher than those in OVA and OVA-CS control
mice (P < 0.05) (Figure 5). QuilA enhanced significantly the production of cytokine IL-10 (Th 2 type
immune response), IFN-γ and IL-2 (Th 1 type immune response) (P < 0.05) in the supernatants from
cultured splenocytes in the mice immunized with OVA. These results suggested that CNP significantly
enhanced the production of the Th1 and Th2 cytokines in OVA-immunized mice, and CNP markedly
improved the adjuvant activity of chitosan in the OVA-immunized mice.
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Figure 5. Effects of CNP on cytokine production in splenocytes from the OVA-immunized mice.
Splenocytes were prepared and cultured with Con A for 48 h. The levels of IL-2, IFN-γ and IL-10 in
the culture supernatants were determined by ELISA as described in the text. Values are expressed as
means ± S.D. of six animals. Bars with different letters are statistically different (P < 0.05).

3.7. Effect of CNP on mRNA Expression of Cytokines in Splenocytes from the Immunized Mice

As shown in Figure 6 and Table 2, CNP and QuilA not only significantly increased the mRNA
expression of Th1 cytokines IL-2 and IFN-γ (P < 0.05), but also enhanced that of Th2 cytokines IL-10
in splenocytes from the immunized mice (P < 0.05). Therefore, the findings suggested that CNP
up-regulated the gene expression of Th1/Th2 cytokines in splenocytes from the immunized mice.

Figure 6. Eeffect of CNP on the mRNA expression of cytokines and GAPDH in splenocytes from the
OVA-immunized mice. Lane M, DNA marker; lane 1, OVA; lane 2, QuilA; lane 3, OVA-CNP (12.5 μg);
lane 4, OVA-CNP (50 μg); lane 5, OVA-CNP (200 μg); lane 6, OVA-CS (50 μg).

Table 2. The mRNA expression level of cytokines in splenocytes from the OVA-immunized mice.

Gene OVA OVA-QuilA OVA-CNP OVA-CS

(12.5 μg) (50 μg) (200 μg) (50 μg)

IL-2 15.0 ± 1.4 a 45.6 ± 2.1 c 26.6 ± 1.4 b 38.8 ± 2.1 bc 50.6 ± 2.2 c 16.0 ± 1.2 a

IFN-γ 15.8 ± 1.6 a 40.4 ± 2.3 c 29.0 ± 1.4 b 38.8 ± 2.3 bc 44.0 ± 2.5 c 16.0 ± 1.6 a

IL-10 15.0 ± 1.4 a 45.0 ± 2.7 c 22.4 ± 1.8 ab 30.4 ± 2.2 b 44.8 ± 2.7 c 18.2 ± 1.7 a

Means within a row with different letters (a, b, c) differ significantly (P < 0.05).
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4. Discussion

Immunization has been the most effective way to protect individuals and the community against
debilitating infectious diseases, thereby preventing the potential economic losses and morbidity
associated with such diseases [25]. New generations of vaccines, particularly those based on
purified recombinant proteins, synthetic peptides and plasmid DNA, despite their better tolerability,
are unfortunately often much less reactogenic and immunogenic. Therefore, there is an urgent need for
the development of new and improved vaccine adjuvants [38]. Although a variety of adjuvants have
been used in experimental vaccines, most of these materials only elicit an antibody response and/or
have undesirable side effects that have limited their potential application in vaccines [39,40].

In the previous studies, chitosan particles could activate components of the nonspecific immune
system such as macrophages and NK cells, and could induce nonspecific immunity to bacteria, fungi,
and tumors [28,41,42]. In addition, Chitosan particles can also activate dendritic cells (DCs) via the
membrane receptors (TLR4 and mannose receptors) [43]. DCs are thought to be the most effective
antigen-presenting cells (APCs) in immune response, although macrophages can also function in
this role. Activated DCs lead to cytokine production, increase levels of membrane markers, such as
major histocompatibility complex class II molecules, and possess the capacity to activate naive T cells.
Furthermore, Chitosan micro- and nanoparticles have been reported to have immune-stimulating
activity such as increasing accumulation and activation of macrophage and polymorphonuclear cell,
promoting resistance to infections by microorganisms, and inducing cytokines [44]. These studies
indicated that chitosan particles could stimulate macrophage, DCs, B and T lymphocytes. Therefore,
the ability of chitosan nanoparticles used as immunological adjuvants to induce both humoral and
cell-mediated immunity seems promising. To further research the safer adjuvant, the present study
was undertaken to evaluate the toxicity of CNP and its adjuvant potential on the cellular and humoral
immune responses of mice against OVA.

The cellular immune response plays an important role in the host response to intracellular
pathogens by limiting replication and accelerating clearance of infected cells as well as in the generation
of both humoral and cell-mediated responses to vaccination. Among the T-lymphocytes, helper T
cells induce B-lymphocytes to secrete antibodies, and cytotoxic T-lymphocytes help phagocytes to
destroy ingested microbes and to kill intracellular microbes. Humoral immunity, however, mediated
by antibodies which are produced by B-lymphocytes, functions by neutralizing and eliminating
extracellular microbes and microbial toxins. The capacity to elicit an effective T- and B-lymphocyte
immunity can be shown by the stimulation of lymphocyte proliferation response. It is generally known
that Con A stimulates T cells and LPS stimulates B cell proliferation [45]. We evaluated whether
CNP could enhance the cellular immune responses to OVA in mice when given together with OVA.
As a positive control, QuilA is known to be a powerful experimental adjuvant, and significantly
elicited the mitogen- and OVA-stimulated splenocyte profilerations in OVA-immunized mice [45].
As shown in Figure 4, CNP and QuilA significantly enhanced the mitogen- and OVA-stimulated
splenocyte profilerations in OVA-immunized mice as compared with OVA and CS groups, while
there was no significant difference between CNP and QuilA. The proliferation assay showed that
CNP could significantly promote the Con A-, LPS-, and OVA-stimulated splenocyte proliferation
in the immunized mice. The results indicated that CNP could significantly increase the activation
potential of T and B cells, and induce the humoral immunity and cell-mediated immune response in
the OVA-immunized mice.

Evidence now exists to clearly suggest that Th1 or Th2 responses, generated upon antigenic
stimulation, can be modulation in vivo depending on the adjuvant used for immunization [46,47]. The
different Th1 and Th2 immune response profiles correspond to the activation of two distinct major
subsets of T-cells characterized by their pattern of cytokine production [48]. The Th1 immune response
is characterized by the production of cytokines IL-2, TNF-β and IFN-γ, and an enhanced production
of IgG2a, IgG2b, IgG3 in mice. The Th2 response is characterized by the production of cytokines IL-4,
IL-10 and an enhanced production of IgG1 [49]. Immunity to different infectious agents required
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distinct types of immune responses. The Th1 response, correlated with the induction of cell-mediated
immunity [50], is required for protective immunity against intracellular infectious agents, such as
certain bacteria, protozoa and presumably against cancer cells [51]. Th2 immunity, which control the
humoral immune response through the triggering of B cell proliferation and differentiation [52], is
effective for protection against most bacterial as well as certain viral infections [53]. In the present study,
the adjuvant activity of CNP on the humoral immune responses to OVA was also evaluated. While
OVA alone induced low levels of IgG, IgG1, IgG2a and IgG2b antibodies (Figure 2), the addition of
CNP to OVA resulted in dramatic increase in IgG, IgG1, IgG2a and IgG2b antibody titers. Meanwhile,
as a positive control group, QuilA could also increase IgG, IgG1, IgG2a and IgG2b antibody titers,
resulting in a mixed Th1/Th2 immune response. Thus, in addition to enhancing the magnitude of
antibody responses, CNP also modulated the quality of the immune responses, and elicited a balanced
Th1/Th2 immune response to OVA in mice as indicated by the significant increases in both IgG1,
IgG2a and IgG2b antibody isotypes.

In order to clearly establish that Th cell-derived cytokines were involved in the adjuvant activity of
CNP, we analysed the Th1/Th2 cytokines secretion profiles in OVA-immunized mice using ELISA. CNP
not only significantly enhanced the production of Th2 cytokine IL-10, but also strongly increased the
production of Th1 cytokines IL-2 and IFN-γ from splenocytes in the OVA-immunized mice (Figure 5).
To further elucidate the mechanism responsible for the changes in the amounts of Th1/Th2 cytokines,
we utilized RT-PCR to analyse the mRNA expression of IL-2 and IFN-γ, the typical Th1 cytokines, and
IL-10, the archetypal Th2 cytokine in splenocytes of the immunized mice. CNP not only enhanced the
mRNA expression of IL-10, but also increased that of IL-2 and IFN-γ. Cytokines mRNA levels were
positively correlated with protein expression of cytokines, i.e., the levels of cytokines. In this study,
CNP significantly enhanced the levels of cytokines (IL-2, IFN-γ and IL-10) in OVA-immunized mice.
In mice, IL-10 preferentially switch activated B cells to the IgG1 isotype (Th2 type); IFN-γ and IL-2
enhanced IgG2a and IgG2b response (Th1 type) [54]. These results suggested that the effects of CNP
on Th1 and Th2 immune response may result, at least in part, from the regulation of mRNA expression
of the cytokines.

Natural killer cells (NK cells) are the type of cytotoxic lymphocyte that constitute the major
component of the innate immune system. NK cells and CTL play the important role in the defense
against tumors and cells infected by viruses [55,57], and moreover, represent two major populations
of cytotoxic lymphocytes [58,59]. With spontaneous cell-mediated cytotoxicities, NK cells are also
functionally similar to CTLs. NK cells are capable of delivering a response immediately after
recognizing specific signals, including stress signals, “danger” signals or signals from molecules
of foreign origin [60]. NK cells can react against and destroy a target cell without prior sensitization to
it. The target cell could be a cancer cell cultured in vitro or from another tissue. NK cell activity assay
is a routine method for analysis of a patient’s cellular immune response in vitro, and can also be used
to test the antitumor activities of possible drugs [61]. In this investigation, as shown in Figure 3, CNP
significantly enhanced the lytic activity of NK cells in OVA immunized mice, suggesting that CNP
could improve cytolytic activities against autologous tumor cells and viruses.

5. Conclusions

Based on the findings presented herein, our data suggested that CNP has immunological adjuvant
activity on the specific cellular and humoral immune responses to OVA in mice. Taking account of its
natural origin and good biocompatibility, and without lethal toxicity to humans and animals, CNP
may be a safe and efficacious adjuvant candidate suitable for a wide spectrum of prophylactic and
therapeutic vaccines, for which a balanced and potent stimulation of both the cellular and humoral
responses is required. Research on CNP with various types of antigen, including vaccines clinically
used in other animal models, verify the adjuvant effect. Moreover, the mechanism of the action of CNP
has still not clearly been explained. Therefore, more studies on the mechanism of the adjuvant effect of
CNP are needed to elucidate in more detail.
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Abstract: All the reports to date on the anti-inflammatory activity of chitooligosaccharides (COS) are
mostly based on in vitro methods. In this work, the anti-inflammatory activity of two COS mixtures
is characterized in vivo (using balb/c mice), following the carrageenan-induced paw edema method.
This is a widely accepted animal model of acute inflammation to evaluate the anti-inflammatory effect
of drugs. Our data suggest that COS possess anti-inflammatory activity, which is dependent on dose
and, at higher doses, also on the molecular weight. A single dose of 500 mg/kg b.w. weight may be
suitable to treat acute inflammation cases; however, further studies are needed to ascertain the effect
upon longer inflammation periods as well as studies upon the bioavailability of these compounds.

Keywords: chitooligosaccharides; anti-inflammatory; animal model

1. Introduction

Chitooligosaccharides (COS) are partially hydrolyzed products of chitosan, a biopolymer
composed of β-(1–4)-linked N-acetyl-D-glucosamine and deacetylated glucosamine units [1]. Several
authors have reported the potential of COS as a therapeutic agent against inflammation. These studies
were mainly based on in vitro tests [2,4]. It has been suggested that this anti-inflammatory action of
COS occurs via down-regulation of transcriptional and translational expression levels of TNF-α, IL-6,
iNOS and COX-2 [4,6]; furthermore, it depends on the molecular weight of COS [6]. This preliminary
study, therefore, intends to investigate the anti-inflammatory activities of COS mixtures with different
molecular weights, by studying its effects in vivo upon inflammation induced by carrageenan.

2. Results and Discussion

Both COS mixtures administered orally at doses between 50–1,000 mg/kg b.w., didn’t generate
any significant change in the autonomic or behavioural responses during the observation period.
Therefore, the oral LD50 value in mice, for both COS, was found to be above 1,000 mg/kg b.w.

Edema induced by phlogistic agents is a widely accepted model for the evaluation of
anti-inflammatory effect of drugs [7]. Carrageenan-induced paw edema is a classical model of acute
inflammation (used mainly for testing the nonsteroidal anti-inflammatory drugs, as INN) involving
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various types of chemical mediators of inflammation such as histamine, serotonin, bradykinin
and prostaglandins, in which the involvement of the cyclooxygenase products of arachidonic acid
metabolism and the production of reactive oxygen species are well established [8]. Development of
edema induced by carrageenan is commonly correlated with the early exudative stage of inflammation,
one of the important processes of inflammatory pathology [9]. In the beginning of carrageenan
injection, there is sudden elevation of paw volume as consequence of histamine liberation from
mastocyte cells [10]. After 1 h the inflammation increases gradually and is elevated during the later 3–6
h. This second phase is mediated by prostaglandins, cyclooxygenase products. Continuity between
the two phases is provided by kinins [11,12].

To demonstrate the validity of the carrageenan-induced paw edema test, mice were administered
INN orally as a positive control at a dosage of 10 mg/kg b.w. 1 h before carrageenan injection.
As expected, INN significantly (p < 0.05) decreased paw edema at 2, 3 and 6 h after carrageenan injection
compared to saline, with inhibition levels of 67.92%, 71.61% and 78.79%, respectively (Figure 1).
These results demonstrate that INN, a cyclooxygenase inhibitor, exerts an anti-edematous effect
during the second phase of paw edema due to the reduction of prostaglandins, which are second
phase inflammatory mediators. Simultaneously, mice were administered various doses of COS3 and
COS5 (10–500 mg/kg b.w.) orally 1 h before carrageenan administration. All tested concentrations
significantly (p < 0.05) decreased the paw volume at 3 and 6 h after carrageenan administration
compared to vehicle control (Figure 1). Both COS showed higher action at 500 mg/kg, decreasing the
paw volume significantly compared to the other tested concentrations. Also, at this concentration the
molecular weight proved to play a major role reducing paw volume, since COS3 showed significant
(p < 0.05) stronger effect −73.42% and 78.13%, than COS5–63.20% and 71.88% at 3 and 6 h, respectively.

Figure 1. Effect of various doses of both COS, administered orally 60 min prior to injection of
carrageenan, on mice paw edema volume (mL), after 3 and 6 h. (Average ± S.E.M.). Legend: (a)
statistically different from all other compounds tested (p < 0.05), except b; (b) statistically different from
all other compounds tested (p < 0.05), except a; (c) statistically different (p < 0.05) from COS3–500 mg
and INN at 3 and 6 h; (d) statistically different from COS3–500 mg and INN at 3 and 6 h; (e) statistically
different (p < 0.05) from other COS3 concentrations; (e*) statistically different from COS5–500 mg at 6 h
(p < 0.05); (f) statistically different from other COS5 concentrations; (g) statistically different from COS3
and COS5 concentrations, except 500 mg values (p < 0.05).

Overall every dose of COS3 and COS5 tested in this study showed significant reduction of paw
edema at 2 h after carrageenan injection, suggesting that COS produces an anti-edematous effect
during the second phase, similarly to INN. Therefore, our results suggest that the mechanism of the
anti-inflammatory effect of COS may involve the inhibition of the cyclooxygenase pathway; as reported
elsewhere [6], COS may exert their anti-inflammatory effect via down-regulation of transcriptional and
translational expression levels of COX-2. At this stage, an endpoint was established in order to prevent
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animals from suffering a severe discomfort resulting from leg ulceration. However, the experiment
was extended with the INN group (which showed to be more effective than Dexa as a positive control),
and with the most promising COS concentration–500 mg/kg (Figure 2).

Figure 2. Effect of 500 mg/kg b.w. of both COS, administered orally 60 min prior to injection of
carrageenan, on mice paw edema volume (mL), along the time (Average ± S.E.M.).

COS3 continued to exert anti-inflammatory activity, comparable to INN until the 24 h, while
COS5 started losing activity around the 15–h which may be related to a lower level of COS5 in the
blood circulation, due to its higher MW and concomitant lower absorption rate at intestinal level [1];
by 48 h, both COS mixtures presented a similar effect (between 43–47%), lower than INN (81.81%)
but still significantly different from the negative control (p < 0.05). After euthanasia, no changes were
observed in COS3 and COS5 administered mice. Kidneys, liver, stomach, heart and intestines were
analyzed for visible alterations and weighted, presenting no differences compared to control mice;
however, the group administered with INN, had considerably inflated and heavier stomachs and
intestines–which can be associated to the peptic ulcer inducing effect of INN [13].

3. Experimental Section

3.1. Materials

Chitooligosaccharide mixtures characterized by two distinct average molecular weights 1.2
(COS3)—and 5.3 kDa (COS5)—and possessing a degree of deacetylation in the 80–85% range, were
purchased from Nicechem (Shanghai, China). Both compounds were derived from crab shells.
All chemicals used in this work were purchased from Sigma-Brazil.

3.2. Animals

Balb/c male mice (6 weeks), weighing between 27 and 32 g, were used in the experiments. The
animals were purchased from Centro Multidisciplinar para Investigação Biológica na Área da Ciência
em Animais de Laboratório–CEMIB at the University of Campinas (UNICAMP), and were kept in
polyethylene boxes (n = 6), in a controlled environment—constant temperature (24 ± 2 ◦C) with a
12 h light-dark cycle and relative humidity of 40–70%. They were kept without food for 24 h before
the experiment and water was ad libitum. Groups of six mice were used and the studies were carried
out in accordance with current guidelines for the veterinary care of laboratory animals [14], and were
performed under the consent and surveillance of Unicamp’s Institute of Biology Ethics Committee for
Animal Research (1076-1).
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3.3. Preliminary screening and acute toxicity assessment

Mice were divided into seven groups, each containing six animals. COS mixtures were
administered orally, in varying doses (50, 250 and 1,000 mg/kg b.w.) to these animals, using saline
solution as a vehicle. A group of animals treated with the vehicle served as control. They were
continuously observed for 4 h to detect changes in their autonomic or behavioural responses viz.
alertness, spontaneous activity, irritability, pinna reflex, corneal reflex, urination, salivation and
piloerection [15]. Any mortality during this period of experimentation and along the following 14
days was also recorded. Based on the results of this preliminary toxicity test, doses of 10, 30, 100 and
500 mg/kg b.w. were chosen to study the anti-inflammatory activity of COS mixtures.

3.4. Acute inflammation assessment

Anti-inflammatory activity was studied by carrageenan-induced paw edema method [7]. Mice
were divided into eleven groups, each containing six animals. COS mixtures were administered
orally in different doses (10, 30, 100 and 500 mg/kg b.w.), 60 min prior to carrageenan injection.
Two positive control groups [16] were used: one with 10 mg/kg b.w. of indomethacin (INN–a
well-known non-steroidal anti-inflammatory drug), and the other with 1 mg/kg b.w. of dexamethasone
(Dexa–a potent synthetic member of the glucocorticoid class of steroid hormones). A group of animals
treated with the vehicle served as negative control. Edema was induced by injecting 0.02 ml of 2.5%
carrageenan in sterile saline into the plantar surface of the right hind paw. The difference of volumes
between the basal and sequential measurements in the right hind paw was calculated as the edema
formation. The paw volume was measured in an Ugo Basile plethysmometer (Comerio VA, Italy),
at 0.5, 1, 2, 3, 4, 6, 8, 24 and 48 h.

3.5. Statistical analysis

The results are expressed as mean ± SEM (n = 6). Statistical significance was determined by
analysis of variance and subsequent Duncan’s multiple range test (p < 0.05). The analysis was
performed using Statistical Package for Social Sciences – SPSS statistical software (Chicago, IL, USA).

4. Conclusions

In conclusion, our data suggests that COS are able to induce anti-inflammatory effect mediated
by cyclooxygenase inhibition and consequent reduction of prostaglandins. In addition, the efficacy
of high-dose COS3 (500 mg/kg b.w.) was comparable to that of indomethacin, but during a shorter
period. A single dose of 500 mg/kg b.w. may indeed be suitable to treat acute inflammation cases;
however, further studies are needed to ascertain the effect upon longer inflammation periods as well
as studies upon the bioavailability of these compounds.
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Abstract: The present study investigated and compared the hypoglycemic activity of differently
regioselective chitosan sulfates in alloxan-induced diabetic rats. Compared with the normal
control rats, significantly higher blood glucose levels were observed in the alloxan-induced
diabetic rats. The differently regioselective chitosan sulfates exhibited hypoglycemic activities at
different doses and intervals, especially 3-O-sulfochitosan (3-S). The major results are as follows.
First, 3,6-di-O-sulfochitosan and 3-O-sulfochitosan exhibited more significant hypoglycemic activities
than 2-N-3, 6-di-O-sulfochitosan and 6-O-sulfochitosan. Moreover, 3-S-treated rats showed a more
significant reduction of blood glucose levels than those treated by 3,6-di-O-sulfochitosan. These results
indicated that –OSO3

− at the C3-position of chitosan is a key active site. Second, 3-S significantly
reduced the blood glucose levels and regulated the glucose tolerance effect in the experimental rats.
Third, treatment with 3-S significantly increased the plasma insulin levels in the experimental diabetic
rats. A noticeable hypoglycemic activity of 3-S in the alloxan-induced diabetic rats was shown.
Clinical trials are required in the future to confirm the utility of 3-S.

Keywords: differently regioselective chitosan sulfates; hypoglycemic activity; glucose tolerance;
plasma insulin; alloxan-induced diabetic rats

1. Introduction

Diabetes mellitus (DM) is a common group of metabolic diseases associated with endocrine and
metabolic disorders, which are mainly characterized by hyperglycemia, with a genetic predisposition.
DM leads to abnormal metabolism of carbohydrates, fats and proteins, sometimes accompanied by
the long-term complications of diabetes, including microvascular, macrovascular, and neuropathic
disorders [1]. DM affects human eyes, kidneys, hearts, nerves and blood vessels. According to
previous reports, diabetes mellitus has become the third most serious threat to human health following
malignant tumors and cardiovascular and cerebrovascular disease.

The latest statistical data of the International Diabetes Federation (IDF) showed that at least
382 million people worldwide had diabetes in 2013. Compared with 371 million cases in 2012, the
increasing rate reached 8.4 percent, and by 2025, the organization predicts that there will be 592 million
cases. Moreover, IDF showed that there are 5.1 million deaths caused by this disease per year, or one
death every 6 seconds. The expense for the treatment of diabetes is high: The global diabetes medical
costs are $548 billion, accounting for 11% of the global medical expenditure, and this is likely to rise to
$627 billion by 2035. It has become a heavy economic burden of the individual, family and society.
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In China, 114 million people had diabetes in 2013, which means there is one Chinese patient for every
three to four patients with diabetes mellitus in the world, and the amount of patients is expected to
increase a few million per year. Therefore, research on the prevention and treatment of diabetes and its
complications has become a major public health issue.

Currently available therapies for diabetes include insulin and various oral hypoglycemic
agents, such as sulfonylureas, biguanides, metformin, glucosidase inhibitors, troglitazone, etc. [2].
In conventional therapy, insulin-dependent diabetes mellitus or type 1 is treated with exogenous
insulin while the non-insulin-dependent diabetes mellitus or type 2 is treated with oral hypoglycemic
agents [3,4]. However, these drugs have serious side effects. For example, sulfonylureas drugs
may cause abnormal liver function and hypoglycemia and are also not recommended for pregnant
women because of their teratogenic effects on the fetus. A large dose of biguanide drugs can lead
to gastrointestinal reactions, including nausea, vomiting, abdominal pain, diarrhea, and loss of
appetite. Patients with lung, liver, and kidney diseases are prone to lactic acidosis after taking
biguanide drugs [5–7]. The other classes of antidiabetic drugs, such as insulin sensitizing agents,
insulin antagonistic hormone inhibitors, gluconeogenesis inhibitors, insulin like growth factor, ISU
(insulin) secretion, and traditional Chinese medicine preparations, including flavonoids, alkaloids
and so on, are also not ideal. Therefore, the development of safer, more specific and more effective
hypoglycemic agents is important for diabetes treatment.

A previous study found that chitin/chitosan has definite hypoglycemic effects. The presumed
mechanism showed that chitosan of a certain molecular weight stimulated the beta-cells
proliferation [8], the secretion and release of insulin, and limited the glucagon secretion of islet
α cells. Moreover, chitosan was active on the liver: it inhibited hepatic gluconeogenesis and the in vivo
absorption of sugar; reduced sugar output; enhanced the utilization of sugar by the surrounding tissue,
thus reducing the level of blood sugar. Another hypothesis is that chitosan could increase the amounts
of insulin and glucose receptors, improve insulin sensitivity, and strengthen the biological activity of
the receptor. Subsequently, the intracellular oxidase system was inhibited followed by tissue hypoxia.
As a result, glucose metabolism was increased, and the blood sugar decreased.

Some research has shown that differently regioselective sulfate chitosans had varying bioactivities.
For example, the anticoagulant activity of 6-O-sulfochitosan (6-S) was notably higher than that of
2-N-sulfochitosan (2-S) and 3-O-sulfochitosan (3-S). However, the selective sulfation at N-2 and/or
O-3 had a much higher inhibitory effect on the infection of the AIDS virus in vitro than that of the
known 6-S [9]. Moreover, many studies showed that diabetes was associated with oxidative stress,
which contributed to an increased production of reactive oxygen species (ROS), including superoxide
radicals, hydroxyl radicals, lipid peroxidation, and hydrogen peroxide [10,11]. Antioxidants could
thus be a potential type of drug for the treatment of diabetes [12]. Non-toxic and natural antioxidants
have been shown to prevent oxidative damage in diabetes [13]. Our previous research showed that
sulfate chitosans had obvious antioxidant activities [14]. Therefore, the present study investigated the
anti-diabetic activity of differently regioselective sulfate chitosans in alloxan-induced diabetic rats. The
results showed that 3-S markedly lowered the blood glucose level, improved the glucose tolerance of
rats and increased the fasting serum insulin level of alloxan-induced diabetic rats. Based on our study,
3-S could potentially be developed as a new hypoglycemic drug.

2. Results

2.1. Physico-Chemical Parameter of Differently Regioselective Sulfate Chitosans

Table 1 shows the result of differently regioselective sulfate chitosans under the aforementioned
reaction conditions. All products have good solubility.
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Table 1. Characteristics of differently regioselective chitosan sulfates.

Species
Molecular Weight

(×104)
Sulfur Content

(%)
Color of Resultant Solubility

H2,3,6-S 12.4 14.7 Pale yellow Easily soluble
3,6-S 11.7 12.1 White Easily soluble
3-S 12.1 5.2 Yellow Easily soluble
6-S 13.5 7.6 White Soluble

L2,3,6-S 0.9 14.5 Pale yellow Easily soluble
CTS 76 0 Pale yellow Not soluble

2.2. Structural Characterization of All Chitosan Sulfates

In the FTIR (Fourier Transform Infrared) spectrum (as shown in Figure 1), characteristic
absorptions at 1222 and 806 cm−1, due to sulfo groups, were assigned to S = O and C–O–S bond
stretching, respectively.

 

Figure 1. FTIR of H2,3,6-S (1) chitosan; (2) H2,3,6-S under dichloroacetic acid; (3) H2,3,6-S under
formic acid.

The structures of 2-phthalimidochitosan, 3,6-S and 3-S were further investigated by means of
FTIR spectrum (Figures 2–4). In the FTIR spectrum (as shown in Figure 2), characteristic absorptions
at 1712 cm−1 and 749 cm−1, due to phthalimido groups, were assigned to C=O and C–H bond
stretching, respectively. Figure 3 shows that the phthalimido group was completely eliminated up to
3 h. As shown in Figure 4, the structure of 3-S was exhibited. Characteristic absorptions at 1261 and
805 cm−1 were assigned to S=O and C–O–S bond stretching, respectively. In this FTIR spectrum, three
characteristic absorptions of the amino group, 1667.46, 1571.16, 1509.30 cm−1, appeared. Moreover,
characteristic absorption of CH2 in C6 (2980 cm−1) was determined, which proved the 6-O-sulfo
group was completely eliminated. Therefore, from the aforementioned result, 3,6-S and 3-S were
successfully synthesized.
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 3000 2000 1000

Figure 2. FTIR of 2-phthalimido-chitosan under 90 ◦C; 1: FTIR of 2-phthalimido-chitosan under 3.5 h;
2: FTIR of 2-phthalimido-chitosan under 3.0 h; 3: FTIR of 2-phthalimido-chitosan under 2.0 h.

 

Figure 3. FTIR of 3,6-S; 3: Eliminating the phthalimido group under 3 h; 6: Eliminating the phthalimido
group under 6 h; 10: Eliminating the phthalimido group under 10 h; 16: Eliminating the phthalimido
group under 16 h.
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Figure 4. FTIR of 3-S.

The structures of 6-S was investigated by means of FTIR spectrum (Figure 5). In the FTIR
spectrum, characteristic absorptions at 1225 cm−1 and 805 cm−1 were assigned to S=O and C–O–S
bond stretching, respectively. Characteristic absorptions of hydroxy group 3440 cm−1 did not change
in Cu-chitosan chelation and Cu-sulfated chitoan chelation, which proved that the C2-N-group and
C3-O-group were completely protected, and a sulfated reaction did not destroy the protection group.

 
Figure 5. FTIR of 6-S; 1: Chitosan; 2: Cu-chitosan chelation; 3: Cu- sulfated chitoan chelation under
formic acid; 4: Cu- sulfated chitoan chelation without formic acid.

In the FTIR spectrum (as shown in Figure 6), characteristic absorptions at 1222 and 806 cm−1,
due to sulfo groups, were assigned to S=O and C–O–S bond stretchings, respectively. The peak at
940 cm−1, due to the pyranose units in the polysaccharide, proved that the cyclic pyranosyl rings were
not destroyed by microwave radiation.
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Figure 6. FTIR of L2,3,6-S; 1: Chitosan; 2: L2,3,6-S under traditional heating; 3: L2,3,6-S under
microwave radiation (800W).

2.3. The Effects of Differently Regioselective Sulfate Chitosans on Body Weight

As shown in Table 2, compared with the normal control group, the body weight of the diabetic
model control group was significantly reduced (p < 0.05, p < 0.01, p < 0.01) on day 12, day 18 and
day 30 after alloxan treatment. The body weight of the treatment groups did not significantly change
compared to the normal control group. Moreover, the body weight of the 3-S treatment groups almost
recovered to the normal level, especially the 150 mg/kg and 50 mg/kg dose groups. These results
showed that the differently regioselective sulfate chitosan samples did not affect the rats’ body weights
and had no negative effect on the rats.

2.4. Determination of Antidiabetic Activity of Differently Regioselective Chitosan Sulfates in Vivo

The effects of the differently regioselective sulfate chitosans on the fasting blood glucose levels
of alloxan-induced diabetic rats are shown in Table 3. The administration of a single intraperitoneal
injection of 50 mg/kg body weight of alloxan monohydrate induced diabetes in rats after 72 h. The
fasting blood glucose levels in alloxan-induced diabetic rats were 21.83–27.01 mmol/L. The fasting
blood glucose levels of the diabetic model rats were significantly higher than that of the normal
control group. Differently regioselective sulfated chitosans have different hypoglycemic activities.
Compared with the diabetic model rats, all doses of H2,3,6-S reduced the blood glucose levels of the
rats tested on the 6th, 12th, 18th, 24th and 30th days to different degrees, although the differences
were non-significant. Furthermore, we found that the hypoglycemic activity of low molecular weight
L2,3,6-S is better than that of high molecular weight H2,3,6-S. A high dose of L2,3,6-S (400 mg/kg)
showed a significant reduction (p < 0.05, p < 0.05) of the blood glucose level of the diabetic rats on
the 12th and 18th days post-treatment. Hypoglycemic activities of sulfate chitosans depend on the
substitution sites of the sulfate group. First, hypoglycemic activities of the 6-S groups are basically
the same as that of the H2,3,6-S groups. Second, hydrazine hydrate could not be treated completely
for 3,6-S, treatment with 3,6-S at a dose of 400 mg/kg and 150 mg/kg caused experimental animal
mortality. However, treatment with 3,6-S at a low dose of 50 mg/kg in the diabetic rats led to a
significant reduction (p < 0.05) in the blood glucose level on the 18th day. The results showed that
the hypoglycemic activities of sulfate chitosans are enhanced by the introduction of sulfur at site 3.
Third, all doses of the 3-S treatment reduced the blood glucose level in the diabetic rats significantly.
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Treatment with 3-S at a dose of 400 mg/kg caused a significant reduction (p < 0.05, p < 0.05, p < 0.05)
in blood glucose levels in the diabetic rats on the 12th, 18th and 24th day post-treatment. Treatment
with 3-S at a dose of 50 mg/kg led to a significant reduction (p < 0.01, p < 0.05) in blood glucose
levels on the 12th and 18th day. The highest anti-hyperglycemic activity of 3-S was the 150 mg/kg
dose in diabetic rats on the 12th, 18th, 24th and 30th day post-treatment (p < 0.01, p < 0.001, p < 0.001,
p < 0.05). Therefore, these results indicated that 3-S had the highest hypoglycemic activity, and all of
the investigated sulfate chitosans reduced the blood glucose levels in a dose-independent manner.
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2.5. Effect of 3-S on the Sugar Tolerance of Normal Rats

As described above, 3-S had the highest hypoglycemic activity among all of the selected sulfate
chitosans. Therefore, 3-S was further investigated for its activity of increasing the sugar tolerance of
the alloxan-induced rats.

Table 4 and Figure 7 showed the fasting blood glucose levels of normal control, and 3-S- and
phenformin hydrochloride-treated rats after intraperitoneal administration of glucose (2 g/kg body
weight). As shown in Table 4 and Figure 7, in the three groups, the blood glucose concentration
peaked 0.5 h after the intraperitoneal administration of glucose. However, compared with the normal
control group, the groups treated with 3-S (300 mg/kg) and phenformin hydrochloride (200 mg/kg)
exhibited significantly lower blood glucose levels (p < 0.01, p < 0.001, respectively). After 0.5 h,
the blood glucose levels of all of the experimental rats decreased. Moreover, 3-S- and phenformin
hydrochloride-treated rats had significantly lower blood glucose concentrations at 1 and 2 h compared
to the normal control rats.

Table 4. Glucose tolerance tests in normal and experimental groups.

Group Dose (mg/kg) n Prior to Treatment
After Treatment

0 h 0.5 h 1 h 2 h

Normal
control 10 4.82 ± 0.50 4.34 ± 1.39 14.95 ± 3.76 9.41 ± 3.63 5.09 ± 1.64

3-S 300 10 4.43 ± 0.44 4.29 ± 0.90 10.94 ± 2.04 ** 6.74 ± 0.97 * 4.03 ± 0.70 *
Phenformin
hydrochloride 200 10 4.72 ± 1.17 3.19 ± 0.67 * 7.09 ± 2.28 *** 4.84 ± 1.46 ** 3.49 ± 0.87 *

* p < 0.05; ** p < 0.01 vs. normal control.

 

Figure 7. Hypoglycemic effects of 3-S on the fasting blood glucose levels of normal rats during GTT,
each value shown in mean ± S.E.; n = 10, number of animals in each group.

2.6. The Effect of 3-S on Fasting Blood Glucose and Insulin Levels

Table 5 showed the levels of the fasting blood glucose and plasma insulin in normal control,
diabetic control and experimental groups after 14 days of treatment. Compared with the normal
control rats, the blood glucose level of the diabetic control rats was significantly increased, whereas the
level of plasma insulin was significantly decreased. Treatment with 3-S at doses of 300 and 800 mg/kg
caused a significant reduction in blood glucose level and a significant increase in serum insulin level.
Moreover, the hypoglycemic activity of 3-S was higher than that of glibenclamide.
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Table 5. The effect of 3-S on fasting serum insulin levels of normal and alloxan-induced diabetic rats.

Group Treatment n Blood Glucose Level (mmol/L) Fasting Serum Insulin
Levels μIU/mL

Before Treatment After Treatment

1 Normal control 10 5.17 ± 1.05 5.00 ± 0.81 6.71 ± 1.70
2 Diabetic control (DC) 10 32.10 ± 1.76 ΔΔΔ 26.18 ± 5.68 ΔΔΔ 3.54 ± 1.93 ΔΔ

3 DC + 3-S (800 mg/kg) 10 30.25 ± 5.30 19.76 ± 9.20 * 5.44 ± 1.65 *
4 DC + 3-S (300 mg/kg) 10 29.96 ± 4.94 17.86 ± 7.93 ** 5.12 ± 1.50 *
5 DC + 3-S (100 mg/kg) 10 31.78 ± 3.07 20.05 ± 7.28 4.00 ± 1.65
6 DC + Glibenclamide (25 mg/kg) 10 31.92 ± 2.63 26.45 ± 7.00 4.94 ± 1.85

Readings are values ± S.E.; (n) = number of animals in each group; ΔΔ p < 0.01; ΔΔΔ p < 0.001 vs. normal control; * p
< 0.05; ** p < 0.01 vs. diabetic control.

3. Discussion

Type I diabetes is an autoimmune disease. Type I diabetics need insulin injections to survive,
which sometimes cause a series of complications. The development of safer, more specific and more
effective hypoglycemic agents are important. Therefore, this study is the preliminary assessment and
comparison of the anti-diabetic activities of differently regioselective chitosan sulfates. The diabetic
model was developed by the intraperitoneal injection of alloxan.

Alloxan, a hydrophilic and chemically unstable pyrimidine derivative, is one of the common
substances administered to induce diabetes mellitus. Alloxan has a destructive effect on the pancreatic
β cells because it can generate a massive amount of oxygen radicals [15,16]. Some studies have shown
that free radicals can rapidly accumulate and lead to oxidative stress in diabetic animals, which
might impair the function of the liver and kidney, decrease antioxidase activities and increase lipid
peroxidation levels [17]. Therefore, the role of oxidative stress/antioxidant balance in diabetes and
its complications is an important research topic. Much attention has been focused on the research of
antioxidant substances. Based on our previous research, differently regioselective chitosan sulfates
have metal chelating and free radical scavenging properties [14]. Therefore, we hypothesized that
differently regioselective chitosan sulfates may have hypoglycemic activities.

In the present study, we found that the hypoglycemic activities of regioselective chitosan
sulfates are related to the position of their substitute group, though all of the selected sulfated
chitosans had hypoglycemic activities. However, substitution degree of sulfate is not a major factor
for the effect of hypoglycemic activity in vivo. High molecular weight 2-N-3,6-di-O-sulfo chitosan
(H2,3,6-S) and 6-O-sulfochitosan (6-S) have equal hypoglycemic activities that were weaker than that
of 3,6-si-O-sulfochitosan (3,6-S) and 3-O-sulfochitosan (3-S). Among all of the investigated sulfated
chitosans, 3-S has the highest hypoglycemic activity. Treatment with 3-S contributed to a significant
reduction of the blood glucose levels in the alloxan-induced diabetic rats. The results indicated that
–OSO3

− at the C3 position is important, as introduction of this substitute group significantly increased
the hypoglycemic activity of chitosan. In addition, we found that the hypoglycemic activities of low
molecular weight 2-N-3,6-di-O-sulfo chitosan (L2,3,6-S) were obviously higher than that of H2,3,6-S.
Therefore, the molecular weight is another important factor influencing hypoglycemic activities of
sulfated chitosans. In this study, the hypoglycemic activities of differently regioselective sulfate
chitosans are consistent with their antioxidant activity. The ability of 3,6-S and 3-S to scavenge and
chelate hydroxyl radicals and their reducing power were stronger than that of H2,3,6-S and 6-S. The
antioxidant activity of L2,3,6-S was significantly higher than that of H2,3,6-S. It is noteworthy that
the relationship between the dose and the hypoglycemic activities of all of the investigated sulfate
chitosans showed a bell-shaped curve. For example, the dose of 3-S (150 mg/kg) exhibited the highest
hypoglycemic effect. Its effect was more significant than that of the low (50 mg/kg) or high dose (400
mg/kg) of 3-S. This result suggested that the 150 mg/kg dose may be the effective hypoglycemic dose
of 3-S. This result provided a theoretical basis for the pharmacological structure-function relationship
among different backbone structures and differently arranged functional groups.

Glucose tolerance is the human tolerance to glucose. Clinical tests usually measure the glucose
tolerance of patients suspected of having diabetes. After oral administration of glucose for 2 h, the
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body reduces the tolerance to glucose if the blood glucose levels range from 7.8 to 11.1 mmol/L. In
other words, the sugar uptake and usage of the body are worse than normal. In the present study, 3-S
lowered the blood glucose levels and regulated the glucose tolerance effect in experimentally induced
rats. 3-S was able to enhance glucose utilization because it significantly decreased the blood glucose
level in glucose-loaded rats. This effect may be due to the restoration of a delayed insulin response or
the inhibition of the intestinal absorption of glucose. Lazarow et al., [18] and Colca et al., [19] described
the mechanism of action of alloxan. According to their studies, alloxan caused a massive reduction in
insulin release through the destruction of β cells of the islets of Langerhans.

The pancreas is the primary organ involved in sensing the organism’s dietary and energetic
states via the glucose concentration in the blood; in response to elevated blood glucose, insulin is
secreted [20]. When there are not enough available β cells to supply sufficient insulin to meet the needs
of the body, insulin-dependent diabetes occurs [21]. In our study, as shown in Table 5, we observed a
significant increase in the plasma insulin level when alloxan diabetic rats were treated with 3-S. At the
same time, 3-S, at a dose of 300 mg/kg and 800 mg/kg body weight, was found to have a significant
hypoglycemic activity and be more effective than glibenclamide (25 mg/kg). At a dose of 25 mg/kg,
glibenclamide did not exhibit any hypoglycemic activity and only slightly increased fasting serum
insulin levels. Therefore, the hypoglycemic potential of 3-S may be due to its ability to promote the
renewal of β cells in the pancreas, help recover partially destroyed β cells, or stimulate pancreatic
insulin secretion. However, the exact mechanism by which 3-S lowered the blood glucose level is not
yet clear and needs to be further studied.

4. Materials and Methods

4.1. Materials and Chemicals

Alloxan and the reagents for serum insulin were purchased from Sigma-Aldrich Chemicals Co.
(Saint Louis, MS, USA). A glucose analyzer and strips were purchased from Arkray Factory Inc.
(Shiga, Japan). Phenformin hydrochloride tablets were purchased from Zhejiang Yatai Pharmaceutical
Co. Ltd. (Shaoxing, Zhejiang, China). Glibenclamide tablets were purchased from Tianjin Lisheng
Pharmaceutical Co. Ltd. (Tianjin, China). All other chemicals and reagents, unless otherwise specified,
were not purified, dried or pretreated.

4.2. Experiment

4.2.1. Preparation of Sulfating Reagent

Five milliliters of HClSO3 were added dropwise and stirred into 30 mL N,N-dimethylformamide
(DMF) which was previously cooled at 0–4 ◦C. The reaction mixture was stirred without cooling until
the solution (DMF·SO3) reached room temperature.

4.2.2. The Preparation of Sulfated Chitosan of C2,3,6 Sulfation (H2,3,6-S)

Fifty milliliters of DMF·SO3 was added a 500 mL threenecked bottomed flask containing 50 mL of
chitosan solution in a mixture of DMF–DCAA or DMF–formic acid with swirling to get gelatinous
chitosan. Then the reaction was run at adequate temperature (40–60 ◦C) for 1–2.5 h, and 95% of EtOH
(300 mL) was added to precipitate the product, giving a white precipitate. The mixture of products
was filtered. The precipitate was washed with EtOH, then dissolved in distilled water, and the pH
was adjusted to pH 7–8 with 2 M NaOH. The solution was dialyzed against distilled water for 48 h
using an 8000 Da MW cut-off dialysis membrane. The product was then concentrated and lyophilized
to give chitosan sulfate (2 g chitosan gave 2–3.7 g chitosan sulfates according to different conditions,
including time, temperature and acid solvent).
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4.2.3. The Preparation of Sulfated Chitosan of C2,3,6 Sulfation (L2,3,6-S)

DMF·SO3 reagent (50 mL) was added to a 300 mL Erlenmeyer flask containing 50 mL of chitosan
solution in a mixture of DMF–formic acid with swirling to get gelatinous chitosan. The Erlenmeyer
flask containing the mixture of reactant was placed on the center of the turntable of the microwave
oven. To control the reaction temperature to ~100 ◦C, another 50 mL Erlenmeyer flask containing a
higher boiling solvent was also placed on the turntable in the microwave oven. Different irradiation
powers and radiation times were set. After irradiation ceased, the reaction liquid was immediately
poured into 90% EtOH (300 mL), giving a white precipitate. The mixture of products was filtered. The
precipitate was washed with EtOH, then dissolved in distilled water, and the pH was adjusted to pH
7–8 with 2 M NaOH. The solution was dialyzed against distilled water for 48 h using a 3600 Da MW
cutoff dialysis membrane. The product was then concentrated and lyophilized to give chitosan sulfate
(2 g chitosan gave 1.8–3.1 g chitosan sulfated according to different conditions, including radiation
power, radiation time, etc.).

4.2.4. The Preparation of Sulfated Chitosan of C3,6 Sulfation (3,6-S)

An amount of 4 g of chitosan was suspended in 100 mL dry DMF and stirred, then 5 g phthalic
anhydride and 3 mL ethylene glycol was added in this system by stirring. The mixture was stirred
for 2 h at 90 ◦C, and the transparent yellow solution was poured into ice-cold water. The precipitate
was filtered off, washed with water, resuspended in EtOH, filtered off again. The product was dried
at 60 ◦C and obtained the 2-phthalimidochitosan. Then 50 mL DMF·SO3 was added dropwise to a
250 mL three-necked bottomed flask containing 2 g 2-phthalimidochitosan and 100 mL DMF. Then the
reaction was run at 50 ◦C for 2 h, and 95% of EtOH (500 mL) was added to precipitate the product,
giving a pale yellow precipitate. The mixture of products was filtered and washed with EtOH, then
redissolved in distilled water, and the pH was adjusted to 7–8 with 2 M NaOH. The solution was
dialyzed against distilled water for 48 h using a 3600 Da MW cut-off dialysis membrane. The product
was then concentrated and lyophilized to give pale yellow 3,6-di-O-2-N-phthalimido-sulfochitosan.

3,6-di-O-2-N-Phthalimido-sulfochitosan was dissolved in deionized water, and hydrazine hydrate
was added. The solution was heated to 70 ◦C for 3 h. Afterwards, water was added, and the solution
evaporated nearly to dryness. This was repeated three to five times to eliminate the remaining
hydrazine. Then, the solution was dialyzed against distilled water for 48 h using a 3600 Da MW
cut-off dialysis membrane. The product was then concentrated and lyophilized to give pale yellow
3,6-di-O-sulfochitosan.

4.2.5. The Preparation of Sulfated Chitosan of C3 Sulfation (3-S)

3,6-di-O-Sulfochitosan was dissolved in deionized water, and then the mixture of
N-methylpyrrolidinone and water was added to the aforementioned solution. The yellow solution
was stirred for 3 h at 90 ◦C. After the reaction, the pH was adjusted to 9.0 by 2 M NaOH. The solution
was dialyzed, concentrated and freeze-dried to give yellow 3-O-sulfochitosan (TCTS).

4.2.6. The Preparation of Sulfated Chitosan of C6 Sulfation (6-S)

Chitosan was dissolved in 2% formic acid (50 mL), then 1 M CuSO4·5 H2O was added dropwise to
the above-mentioned solution at rt. After stirring for 4 h, the PH was adjusted to 6–7 by 2% NH3·H2O,
then the reaction was run at rt for 4 h. The resulting precipitate was filtered and washed with water,
acetone, and Et2O. This precipitate was dispersed in dry DMF (30 mL) for 16 h, then SO3·DMF was
added dropwise to the aforementioned mixture solution, and the reaction was run for 1–3 h at 40–60 ◦C.
After the reaction, the pH was adjusted to 8 by saturated NaHCO3. The solution was dialyzed for
3 days. To eliminate the copper protective group from the complex, the aforementioned solution was
passed through an Amberlite IRC 718 column. The eluate was neutralized and then freeze-dried.
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4.2.7. Analytical Methods

The degree of deacetylation of chitosan was 87% by potentionmetry and the viscosity
average-molecular weight was 7.6 × 105. FTIR spectra was measured by Nicolet Magna-Avatar 360
(American) with KBr disk; Sulfate content % was measured in a SC-132 sulfur meter (LECO), and the
average viscometric molecular weight of sulfated chitosan was estimated from the intrinsic viscosity
determined in the solvent 0.1 M CH3COOH/0.2 M NaCl using the Mark-Houwink parameters α = 0.96,
Kη = 1.424 at 25 ◦C when the intrinsic viscosity was expressed in mL·g−1.

4.3. Animals

Wistar rats, due to their high fecundity, litter size, gentle temperament, strong resistance to
infectious diseases, and low incidence of spontaneous tumors, are widely used in various fields
of biomedical experimentation. Wistar rats of approximately the same age and a body weight of
180–220 g, half male and half female, were obtained from Tianjin Institute of Pharmaceutical Research
and were used after being acclimatized to laboratory conditions for a week. The rats were provided
a standard rat pellet diet and water. There were 21 groupsemployed, and each consisted of 5 to
10 animals. The rats were housed in stainless steel cages to provide them with sufficient space and to
avoid unnecessary morbidity and mortality. All experimental procedures were performed in strict
accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the
Institutional Animal Ethical Committee, and the protocols were approved by the Committee on the
Ethics of Animal Experiments of the Institute of Oceanology, Chinese Academy of Sciences, Shandong,
China. All efforts were made to minimize suffering, and the experimental animals were anesthetized
using sodium pentobarbital before blood sampling was performed. The animals for the following
experiments were pre-fasted overnight, but were allowed free access to water.

4.4. Studies on Alloxan-Induced Diabetic Rats

4.4.1. Induction of Diabetes Mellitus

Diabetes was induced by the intraperitoneal injection of alloxan monohydrate in normal saline
to overnight-fasted animals at a dose of 50 mg/kg body weight. After 72 h, the rats were deprived
of food for 3 h, and then the blood glucose level was determined. The rats with blood glucose levels
above 10 mmol/L were used for the study.

4.4.2. Determination of the Hypoglycemic Effect on Diabetic Rats

Alloxan diabetic rats were divided into 23 groups of 5–10 animals each. Group 1 was the normal
group, and Group 2 was the diabetic model control group. The groups were given an equivalent
volume of saline (0.5 mL/100 g day body weight) by intragastric administration. For the Group
3 animals, phenformin hydrochloride was applied at a dose of 100 mg/kg body weight/day by
intragastric administration. For the Group 4, Group 5 and Group 6 animals, sulfated chitosan of C2,3,6

sulfation (H2,3,6-S) was given at a dose of 50, 150 and 400 mg/kg body weight/day by intragastric
administration. Group 7, Group 8 and Group 9 animals were treated with low molecular weight
sulfated chitosan of C2,3,6 sulfation (L2,3,6-S). Group 10, Group 11 and Group 12 were treated with
sulfated chitosan of C6 sulfation (6-S). Group 13, Group 14 and Group 15 were given sulfated chitosan
of C3,6 sulfation (3,6-S). Group 16, Group 17 and Group 18 were given sulfated chitosan of C3 sulfation
(3-S). Group 19, Group 20 and Group 21 were given chitosan (CTS). The groups were given equivalent
doses of H2,3,6-S by intragastric administration, once a day for 30 days. The fasting blood samples
(1 mL per rat) were collected on day 6, 12, 18, 24 and 30 to determine the glucose level.
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4.4.3. Glucose Tolerance Test

Kunming rats are an outbred rats group. China has the largest production and usage of this
rat. After years of breeding, Kunming rats now have a very low rate of spontaneous tumors, strong
resistance to disease and resilience, high reproductive rate and survival rate. Therefore, Kunming rats
are widely used in various fields of biomedical experiments and account for approximately 70% of the
total amount of all the rats. Kunming rats of approximately the same age and with a body weight of
20–30 g, half male and half female, were obtained from the Tianjin Institute of Pharmaceutical Research
and were used after being acclimatized to laboratory conditions for a week. They were provided a
standard rat pellet diet and water. Three groups were employed, and each consisted of 10 animals.
Group 1 was the normal group that received an equivalent volume of saline. For the animals in Group
2, phenformin hydrochloride was administered at a dose of 200 mg/kg body weight/day and in
Group 3 animals, 3-S was administered at a dose of 300 mg/kg body weight/day for 14 days. Fifteen
days later, after being deprived of food for 15 h, blood was collected from the rat’s tail vein for glucose
estimation. This value was used as the baseline blood glucose level. Then, Group 2 rats and Group
3 rats were given phenformin hydrochloride and 3-S once by intragastric administration. One hour
later, rats of both the control and treated groups were injected intraperitoneally with glucose (2 g/kg
body weight). Blood was collected from the rat’s tail vein at 30 min intervals up to 2 h [22] for glucose
estimation using a glucometer.

4.4.4. Determination of the Plasma Insulin Concentration

Kunming rats were deprived of food and allowed free access to water for 18 h. Then, diabetes was
induced by the intraperitoneal injection of alloxan monohydrate at a dose of 50 mg/kg body weight.
Seventy-two hours later, the rats were deprived of food for 4 h, and blood was collected from the rat’s
tail vein for glucose level estimation. The rats with glucose levels above 10 mmol/L were randomly
divided into 5 groups. The normal group had 10 normal rats. The normal group and the diabetic
model control group were given an equivalent volume of saline by intragastric administration, once a
day for 14 days. For the Group 3 animals, phenformin hydrochloride was administered at a dose of
25 mg/kg body weight by intragastric administration, once a day for 14 days. For Group 4, Group 5
and Group 6 animals, 3-S was given at a dose of 100 mg/kg, 300 mg/kg and 800 mg/kg body weight
by intragastric administration, once a day for 14 days. On the fourteenth day, after being deprived of
food for 12 h, Group 3, Group 4, Group 5 and Group 6 animals were given phenformin hydrochloride
and different doses of 3-S by intragastric administration. Two hours later, blood was collected from the
rat’s eyeballs for glucose level determination. The fasting serum insulin levels were determined using
an insulin radioimmunoassay kit [23].

4.5. Statistical Analysis

All of the data were expressed as mean ± standard deviation (SD) of three replicates and were
analyzed statistically by one-way analysis of variance using SPSS version 10.0 software. The statistical
significance between the means of the experimental and control studies was established by Student’s
t-test. The results were considered to be significant if p < 0.05, p < 0.01 or p < 0.001.

5. Conclusions

The hypoglycemic activity of differently regioselective chitosan sulfates in alloxan-induced
diabetic rats was researched in this paper. The conclusions are as follows.

• Differently regioselective chitosan sulfates exhibited hypoglycemic activities.
• Hypoglycemic activity of low molecular weight sulfate chitosan was obviously higher.
• 3-S exhibited significantly hypoglycemic activities in alloxan-induced diabetic rats.
• 3-S could regulate the glucose tolerance effect.
• 3-S could significantly increase the insulin levels in experimentally induced rats.
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• –OSO3
− at the C3-position of chitosan is a key active site.
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Abstract: Herein we investigate the structure/function relationships of fucoidans from
Ascophyllum nodosum to analyze their pro-angiogenic effect and cellular uptake in native and
glycosaminoglycan-free (GAG-free) human endothelial cells (HUVECs). Fucoidans are marine
sulfated polysaccharides, which act as glycosaminoglycans mimetics. We hypothesized that the
size and sulfation rate of fucoidans influence their ability to induce pro-angiogenic processes
independently of GAGs. We collected two fractions of fucoidans, Low and Medium Molecular Weight
Fucoidan (LMWF and MMWF, respectively) by size exclusion chromatography and characterized
their composition (sulfate, fucose and uronic acid) by colorimetric measurement and Raman and
FT-IR spectroscopy. The high affinities of fractionated fucoidans to heparin binding proteins were
confirmed by Surface Plasmon Resonance. We evidenced that LMWF has a higher pro-angiogenic
(2D-angiogenesis on Matrigel) and pro-migratory (Boyden chamber) potential on HUVECs, compared
to MMWF. Interestingly, in a GAG-free HUVECs model, LMWF kept a pro-angiogenic potential.
Finally, to evaluate the association of LMWF-induced biological effects and its cellular uptake,
we analyzed by confocal microscopy the GAGs involvement in the internalization of a fluorescent
LMWF. The fluorescent LMWF was mainly internalized through HUVEC clathrin-dependent
endocytosis in which GAGs were partially involved. In conclusion, a better characterization of the
relationships between the fucoidan structure and its pro-angiogenic potential in GAG-free endothelial
cells was required to identify an adapted fucoidan to enhance vascular repair in ischemia.

Keywords: fucoidan; glycosaminoglycans; glycocalyx; angiogenesis; endocytosis
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1. Introduction

Glycosaminoglycans (GAGs) are linear and sulfated carbohydrate chains covalently bound
to a protein core to form a proteoglycan (PG), including syndecans [1]. The GAGs are
shaped of sulfated disaccharide units composed of galactose or glucuronic/iduronic acid and
N-acetyl-glucosamine/-galactosamine. As major components of the glycocalyx, GAGs, which cover
the luminal outermost endothelial cell layer, are involved in angiogenesis, inflammation, as well as in
cell proliferation, adhesion and migration [2,3]. Thus, reorganization of microenvironment, damages
and modifications in the endothelial glycocalyx, caused by ischemia are widely studied [4]. Highly
sulfated GAGs, such as heparan sulfate, mostly bind the signaling proteins (cytokines, chemokines and
growth factors) and allow their retention/release, therefore contributing to glycocalyx and extracellular
matrix reorganization [5]. It is known that the interaction of GAGs with signaling proteins involves the
negative charges of the sulfates. However, we have previously shown that the relation between GAG
expression and their potential in regulation of angiogenesis is difficult to characterize, mainly caused
by the heterogeneity of their chain structure, sulfation level and position. Moreover, we also showed
that the GAGs expression is subjected to modulation of expression pattern in size and sulfation levels
during ischemia, modifying their ability to bind proteins [6].

Fucoidan, a marine sulfated polysaccharide from brown seaweeds that has similar biological
activities of heparin, has been shown to promote revascularization in a rat critical hindlimb ischemia [7]
and re-endothelialization in rabbit intimal hyperplasia [8]. Its polysaccharidic structure is mainly
composed by fucose and uronic acid units, and confers to the fucoidan some properties which are
similar in a certain extent to endogenous GAGs. It is noteworthy that this natural GAG mimetic could
have comparable affinities for heparin binding proteins, such as chemokines and growth factors [9].
Depending of the type and size of polysaccharide fragments, the fucoidan could have a pro-angiogenic
activity by modulating the bioavaibility of angiogenic cytokines in soluble or matrix-associated
forms [10,11]. Recently, we demonstrated that the low molecular weight fucoidan (LMWF) modified
the heparan sulfate expression pattern in modulating heparanase and syndecans expressions [12].
In addition, we have previously shown that the functionalized fucoidan present in three dimensional
porous scaffolds was shown to retain the vascular endothelial growth factor (VEGF) and increased
subcutaneous angiogenesis in mouse [13].

Upstream of developing a bio-engineering therapy based on fucoidan to regenerate
damaged-vasculature, we propose the structure/function analysis to study its beneficial effect on
angiogenesis and the endogenous GAG involvement in this process. Based on recent literature which
showed the correlation between low molecular weight sulfated GAG-mimetics and their ability to
regenerate damaged tissue [14], we hypothesized that the size and sulfation level of fucoidan could
have an influence on cell migration and angiogenesis in glycocalyx-damaged human endothelial
cells. We hypothesized that endogenous GAGs expression is altered in cardiovascular diseases
and exogenous polysaccharides could modify the GAGs expression that we and others has already
shown [12,15].

In our work we analyzed the correlation between the structure of the fucoidans and their
functions on in vitro vascular network formation and endothelial cell migration in GAG-free human
endothelial cells.

2. Results

2.1. LMWF and MMWF Fractions Collection and Characterization

2.1.1. Fractionation and Composition of ASPHY, MMWF and LMWF

A column of size exclusion chromatography was used to elute the crude fucoidan Ascophyscient
(ASPHY, 4100 g/mol) and collect two fractions with different molecular weight (Table 1), a medium
molecular weight fucoidan (MMWF, 26,600 g/mol) and a low molecular weight fucoidan (LMWF,

134

Bo
ok

s
M
DP
I



Mar. Drugs 2016, 14, 185

4900 g/mol). Polydispersity analysis showed a very homogeneous population distribution of both
polysaccharides LMWF and MMWF, as compared to the heterogeneous crude ASPHY (Table 1 and
Figure S1). The composition of the three fucoidans (ASPHY, MMWF and LMWF) was analyzed then
to determine sulfate, fucose and uronic acid mass percentage using the colorimetric measurement.
The results showed the presence of fucose, sulfate and uronic acid in different percentage rate, 29%, 25%,
and 27% for ASPHY, 36%, 29%, and 14% for MMWF and 21%, 23%, and 18% for LMWF, respectively
(Table 2). The average density of sulfates for each fucoidan was calculated with a molecular rate of
sulfate per fucose unit and showed that all fucoidans displayed a high sulfation rate (>1). The highest
sulfation rate was attributed to LMWF (1.55), as compared to MMWF (1.14) and ASPHY (1.22) (Table 2).

Table 1. Molecular weight determination of fractionated fucoidans by HPSEC-MALLS-dRI.

Fucoidans Mn (g/mol) Mw (g/mol) Ip (Mw/Mn)

ASPHY 4100 10800 2.8 ± 0.6
MMWF 26,600 27,400 1.0 ± 1.2
LMWF 4900 5600 1.1 ± 1.2

Table 2. Composition of the fucoidans in fucose, sulfate, uronic acid and expression of the molar ratio
sulfate/fucose.

Fucoidans Fucose Sulfate Uronic Acid Unknown Ratio Sulfate/Fucose

ASPHY 29% 25% 27% 19% 1.22
MMWF 36% 29% 14% 21% 1.14
LMWF 21% 23% 18% 39% 1.55

2.1.2. Raman and Fourier Transform Infrared Spectroscopy Analysis

Complementary to colorimetric measurement, the spectroscopic analysis of the three
polysaccharides (ASPHY, MMWF and LMWF) was performed with Raman and Fourier Transform
Infrared (FT-IR) Spectroscopy. The Raman band at 1458 cm−1 was assigned to scissoring vibration
of CH2 and asymmetric bending vibration of CH3 for absorption at around 1455 cm−1, as suggested
previously by Synytsya [16]. The Raman shoulder at 1360 cm−1 is originated from symmetric bending
vibration of methyl and the FT-IR spectroscopy band at 1389 cm−1 could be the corresponding band
already described at 1380 cm−1 (Figure 1A,B). The main pyranoid ring vibrations (HCC, HCO and
COH) were observed in Raman band at 1336 cm−1, while COC stretching of glycosidic bonds and
also CC and CO stretching covered the region located at 1200–900 cm−1. In Raman the β-glycosidic
linkages between monosaccharide units was described at 890 cm−1. The characteristic band for sulfated
polysaccharides attributed to asymmetric O=S=O stretching vibration (with some contribution of
carbohydrate vibrations) was founded around 1253 cm−1 in FT-IR and 1268 cm−1 in Raman, although
symmetric O=S=O stretching of sulfate was founded at 1082 cm−1 in Raman [17]. The Raman spectra
of the three samples of fucoidans showed that LMWF exhibited a strong vibration at 1082 cm−1 and
1268 cm−1 compared to MMWF. For both LMWF and MMWF spectra, the Raman band at 845 cm−1

was attributed to COS bending vibration of sulfate substituents at the axial C2 and the equatorial C4
positions [18], both the 722 cm−1 and 820 cm−1 bands were attributed to the angular deformations of
CH bonds. Otherwise the Raman band at 577 cm−1 and 540 cm−1 were attributed to the asymmetric
and symmetric O=S=O deformation of sulfates [19]. The FT-IR analysis in D2O revealed the intensity
of carboxylic groups (COO-) at the band 1609 cm−1 for LMWF and MMWF and 1598 cm−1 for ASPHY
(Figure 1B). The data exhibited stronger intensities in the crude ASPHY and fractionated LMWF,
as compared to MMWF.

In the next part of our work, in order to study the structure/function correlation of fucoidans,
we analyzed the impact of ASPHY, MMWF and LMWF size and sulfation rate on human endothelial
cell viability, angiogenesis and migration.
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Figure 1. Raman and Fourrier Tansform Infrared (FT-IR) Spectroscopy analysis. Fucoidan spectra
are represented in black for crude Ascophyscient (ASPHY), dark grey for the low molecular weight
fucoidan (LMWF) and light grey for the medium molecular weight fucoidan (MMWF) for (A) Raman
and (B) FT-IR (in H2O and in D2O). The numbers indicates the characteristics bands for polysaccharides.

2.2. Biological Effects of LMWF and MMWF in GAG-Free Endothelial Cells

2.2.1. LMWF and MMWF Affinities towards Heparin-Binding Proteins

We measured and compared the affinity of all the fucoidans towards the heparin-binding proteins
(HBP) stromal derived factor-1 (SDF-1/CXCL12), regulated on activation, normal T cell expressed
and secreted (RANTES/CCL5) and vascular endothelial growth factor (VEGF) by Surface Plasmon
Resonance analysis. We used a low molecular weight heparin (LMWH) and a non-sulfated dextran
(Dextran) as positive and negative control, respectively. Our data showed a characteristic model with
a rapid association of the polysaccharide to the HBP and a slow dissociation as we have previously
described [20] (Figure 2A–C). The results confirmed the direct interaction between fucoidans and HBP,
characterized by an affinity KD (Kd/Ka), for SDF-1/CXCL12 (8.2 × 10−11 M for ASPHY, 1.4 × 10−10 M
for MMWF and 8.4 × 10−11 M for LMWF) (Figure 2A), for RANTES/CCL5 (5.4 × 10−9 M for ASPHY,
4.7 × 10−9 M for MMWF and 2.1 × 10−9 M for LMWF) (Figure 2B) and for VEGF (8.1 × 10−10 for
ASPHY, 2.3 × 10−10 for LMWF and 1.9 × 10−10 for MMWF) (Figure 2C).

There were no significant differences between the affinities of all fucoidans towards
SDF-1/CXCL12 and RANTES/CCL5 and the affinities of LMWH (1.0 × 10−10 M, 1.4 × 10−8 M
and 5.2 × 10−11 M respectively).
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Figure 2. Affinity measurement of fucoidans to SDF-1/CXCL12, RANTES/CCL5 and VEGF.
The binding responses of ASPHY, MMWF, LMWF and low molecular weight heparin (LMWH)
to SDF-1/CXCL12, RANTES/CCL5 and VEGF were measured by Surface Plasmon Resonance.
We immobilized biotinylated SDF-1/CXCL12, RANTES/CCL5 or VEGF on streptavidin chip.
Each polysaccharide was injected over flow of a BIAcore sensor chip pre-coated with streptavidin
biotinylated SDF-1/CXCL12, RANTES/CCL5 or VEGF. Each set of sensorgrams was obtained by
injecting increasing concentration of polysaccharides (1.2, 3.7, 11.1, 33.3, and 100 nM). The response
unit (RU) was recorded as a function of time (sec) and the affinities are expressed in molar (M) with
the equilibrium dissociation constant KD (Kd/Ka). LMWH was used as a positive control of sulfated
polysaccharide whereas non-sulfated dextran was used as a negative control (not shown). Affinity of
polysaccharides to (A) SDF-1/CXCL12; (B) RANTES/CCL5 and (C) VEGF, and their corresponding
representative sensorgrams.

2.2.2. LMWF and MMWF Effects on Endothelial Cell Viability

We first studied the effects of fucoidans on human umbilical vein endothelial cells (HUVECs)
viability using metabolic activity MTT test (Thiazolyl Blue Tetrazolium Bromide) after 24, 48, and 72 h
of ASPHY, MMWF and LMWF treatments. Our results demonstrated that all fucoidans showed
no toxicity for HUVECs from 1 to 1000 μg/mL, as compared to untreated cells (Figure 3 and data
not shown). There was a light increase of cell viability after 24 h of LMWF treatment at 10, 100,
and 1000 μg/mL (Figure 3A,C). However, only the highest concentration of MMWF at 1000 μg/mL
increased the HUVEC viability (Figure 3B). At 10 μg/mL, LMWF increased the HUVEC viability
(Figure 3C), but ASPHY and dextran did not have any effect on HUVEC viability at this concentration

137

Bo
ok

s
M
DP
I



Mar. Drugs 2016, 14, 185

(Figure 2C and data not shown). In addition, there was no increase of HUVEC viability after 48 and
72 h of fucoidan treatment (data not shown). This assay established the viable culture conditions to
measure angiogenesis and cell migration assays where we decided to use the fucoidans to analyze its
biological activities at 10 μg/mL and up to 24 h of fucoidan treatment.

Figure 3. Effect of fucoidans on cell viability. The viability of HUVECs was analyzed by using MTT
assay after fucoidan treatment for 24 h. The absorbance was read with a spectrophotometer (at 570 nm).
HUVECs were incubated with (A) LMWF and (B) MMWF at increasing concentration (1, 10, 100,
and 1000 μg/mL); (C) HUVECs were incubated 24 h with polysaccharides (dextran, LMWH, LMWF,
MMWF and ASPHY) at 10 μg/mL. Values are expressed as means ± SEM (n ≥ 3). AU-Arbitrary units.
* p < 0.05 versus Untreated.

2.2.3. LMWF and MMWF Effects on Angiogenesis In Vitro

In order to analyze the fucoidan structure/function relation in the angiogenesis processes,
we established a 2-dimensional (2D) vascular network formation assay on Matrigel in vitro.
The pro-angiogenic potential of ASPHY, MMWF, and LMWF at 10 μg/mL on HUVECs was analyzed
as the percentage of cellular connection resulting in nodes formation per well at 6 h of incubation.
Our results showed the significant increase of nodes formation by 56% ± 16% and by 57% ± 12%,
after LMWF and LMWH treatments, respectively, as compared to control (Figure 4A, black bars).
However, dextran, MMWF and ASPHY did not induce any changes in node formation (Figure 4A).
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Figure 4. Pro-angiogenic potential of fucoidans on GAG-free HUVECs. (A) HUVECs pre-treated or not
with βDX (4-Nitrophenyl-β-D-Xylopyranoside) were seeded on Matrigel and incubated with dextran,
LMWH, LMWF, MMWF or ASPHY for 6 h. The cells were then stained with Hemalun Mayer’s and
photographed for analysis. Values are expressed in number of nodes per well. ** p < 0.01 LMWF
or LMWH versus Untreated (all without βDX). # p < 0.05 LMWF versus Untreated (all with βDX);
(B) Endogenous GAGs expression analyzed by flow cytometry on HUVECs pre-treated or not 48 h
with βDX; (C) PD98059, a pharmacological inhibitor of ERK1/2 and (D) LY294002, a pharmacological
inhibitor of PI3K/AKT were added in HUVEC culture, then HUVECs were seeded on Matrigel for
6 h and vascular network formation was observed as described before. Values are expressed in nodes
per well (n ≥ 3). * p < 0.05 LMWF, PD98059, LY294002, LMWF + PD98059, LY294002 + LMWF versus
Untreated; # p < 0.05 LMWF + PD98059 versus PD98059.

Recently, Kim et al. [21] reported that fucoidan from Laminaria japonica acts synergistically with
fibroblast growth factor-2 (FGF-2) in promoting HUVEC angiogenesis by AKT signaling pathways
via activation of the p38 and c-Jun N-terminal kinase (JNK) pathways. Based on these results,
we performed the Western Blot analysis to verify whether MAPK/Erk1/2 or PI3K/AKT signaling
pathways are implied in the pro-angiogenic effect of LMWF. To this aim, we incubated the cells with
two pharmacological inhibitors PD98059 (for MAPK/Erk1/2) and LY294002 (for PI3K/AKT) before
adding LMWF to cell culture. Our data attested that these two inhibitors significantly reduced the
number of LMWF-induced nodes, by 46% ± 4.6% for PD98059 and by 59% ± 5.8% for LY294002,
and evidenced the involvement of these signaling pathways in LMWF-induced angiogenesis from
Ascophyllum nodosum (Figure 4C,D).

We have previously shown that fucoidan treatment can influence the syndecan-1/-4 and the
glycosaminoglycan (GAG) expression level in HUVECs [12]. Since GAGs have been demonstrated
to play an important role in angiogenesis processes, we studied the endogenous GAGs involvement
in LMWF pro-angiogenic response. We established a GAG-free HUVEC model through the
4-nitrophenyl-β-D-Xylopyranoside (βDX) cell treatment for 48 h to inhibit GAG elongation.
The efficiency of βDX on endogenous GAG abolition was verified by flow cytometry (Figure 4B).
In these conditions, LMWF increased the vascular network formation by 53% ± 13%, whereas ASPHY,
MMWF, LMWH and dextran had no effect (Figure 4A, grey bars). These results were similar with
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those obtained in basic condition with HUVECs expressing GAGs (56% ± 16%), demonstrating that
the βDX treatment did not affect LMWF-induced angiogenesis.

These data suggests that endogenous GAGs were not involved in LMWF-induced angiogenesis,
highlighting that LMWF had still a pro-angiogenic effect even in GAG-free condition.

2.2.4. LMWF and MMWF Effects on HUVEC Migration In Vitro

To study the LMWF-migratory potential on HUVECs we assessed cell migration in a Boyden
chamber. The HUVECs were incubated with ASPHY, MMWF or LMWF in the upper chamber
(insert) and allowed to migrate through fibronectin-coated 8 μm-porous membrane to the lower
chamber. The results showed a significant increase in HUVEC migration by 35% ± 16% for ASPHY,
by 40% ± 11% for LMWF and by 36% ± 7% for LMWH, while MMWF and dextran did not have any
effect on HUVEC migration (Figure 5).

Figure 5. Pro-migratory potential of fucoidans on GAG-free HUVECs. HUVECs were seeded and
incubated 24 h in the upper chamber with the polysaccharides dextran, LMWH, LMWF, MMWF
or ASPHY at 10 μg/mL. The basal migration was performed in complete medium with 12% FBS.
In the aim to remove the GAGs, the cells were pre-treated with βDX for 48 h, then the migration
assay was performed with the same treatments as described above. The cells were fixed, stained with
Mayer’s hemalun solution and counted after migration. Values are expressed as cell number per well.
* p < 0.05 ASPHY versus Untreated (all without βDX); ** p < 0.01 LMWH and LMWF versus Untreated
(all without βDX); $ p < 0.05 LMWH and LMWF versus Untreated (all with βDX); # p < 0.05 LMWH
and LMWF and ASPHY (all without βDX) versus LMWH and LMWF and ASPHY (all with βDX).

Then we analyzed the involvement of endogenous GAGs in the pro-migratory effect of fucoidans.
HUVECs were treated with βDX for 48 h and seeded in the upper chamber to obtain cell migration in
GAG-free conditions. Our result showed that in this GAG-damaged condition, the effects of LMWF
and LMWH on cell migration were significantly reduced by 31% ± 4% and 29% ± 4%, respectively.
Both, LMWF and LMWH induced the migration in a light manner by 21% ± 5% and 22% ± 5%,
respectively (Figure 5), suggesting that GAGs were partially involved in fucoidan-induced endothelial
cell mobility.

In summary, LMWF was able to induce endothelial cell migration in Boyden chamber and this
activity required the expression of endogenous GAGs to be fully effective.

2.3. Cellular Uptake of LMWF-Alexa in Endothelial Cells

2.3.1. Regulation of LMWF Cell Uptake: Involvement of Endogenous GAGs

Very little is known about fucoidan localization and cellular uptake, which can be involved in
HUVEC migration and vascular network formation. The fucoidan’s mechanism of action on the cells is
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still not well understood, however, heparin is known to be accumulated and internalized in endothelial
cells by clathrin-mediated endocytosis [22] and it has been shown that the internalization pathway is
related to the size of the polysaccharides [23].

A fluorescent LMWF was designed by coupling the LMWF with a red fluorophore Alexa Fluor
555 (LMWF-Alexa). This technique allowed us to analyze the LMWF-Alexa cell uptake at physiological
temperature (37 ◦C) and at low temperature (4 ◦C) that slow down the cell activity linked to membrane
fluidity, dynamics and cell trafficking, thus reducing endocytosis. We measured the LMWF-Alexa
accumulation in vesicle-like spots in HUVECs by the quantification of the red fluorescence intensity by
confocal microscopy (Figure 6A). These vesicles-like spots reminded membrane movements similar
to endocytosis. The control conditions were performed with Dextran-FITC (green fluorescence) and
Alexa Fluor 555 (Alexa) alone (red fluorescence). The intracellular fluorescence was detected from
30 min of HUVEC incubation with LMWF-Alexa and reached the maximum of fluorescence intensity
at 2 h of incubation at 37 ◦C. There was a very weak signal of fluorescence intensity detected for
Dextran-FITC and Alexa alone at 2 h of incubation at 37 ◦C (Figure 6A, right panel). In addition,
the LMWF-Alexa cell uptake was significantly decreased by 90% ± 2% at 2 h of incubation at low
temperature at 4 ◦C (Figure 6A, left panel). These results evidenced the implication of the molecular
chain structure of fucoidan (as compared to non-sulfated-dextran), membrane fluidity and dynamics
in HUVEC uptake. The fluorescence intensity did not changed after 2 h of incubation (Figure 6C,
black bars and data not shown) showing that the maximum of cell capacity of LMWF-Alexa uptake
was reached at 2 h of incubation at 37 ◦C (Figure 6C, black bars).

We then used the HUVEC GAG-free model and tested the influence of endogenous GAG on
LMWF-Alexa cell uptake up to 6 h. We performed an enzymatic degradation of the GAG using the
heparinases I, III and chondroitinase ABC mix-solution (H/C) instead of long term culture with βDX
treatment which was more appropriate for longer assays (from 6 h up to 24 h). The total endogenous
GAG degradation was confirmed by flow cytometry (Figure 6B). Our results showed that the HUVEC
pre-treated with H/C solution decreased significantly the fluorescence intensity by 40% ± 10% at 2 h
of LMWF-Alexa incubation (Figure 6C, grey bars). Interestingly, H/C treatment (for GAG degradation)
slow down the LMWF-Alexa cell uptake and the maximum fluorescence intensity was reached at 6 h
of incubation at 37 ◦C. These results suggested that LMWF-Alexa cell uptake reached the saturable
capacity of cells internalization starting from 2 h of incubation and the endogens GAGs are involved but
not exclusive to regulate this process. In order to determine the mechanism of LMWF internalization
in HUVECs we analyzed the different endocytic pathways.

Figure 6. Cont.
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Figure 6. LMWF-Alexa localization in HUVECs by confocal microscopy. LMWF was previously
coupled with the fluorophore Alexa Fluor 555. (A) LMWF-Alexa was added in HUVEC culture
medium at 10 μg/mL during 2 h at 37 ◦C and 4 ◦C. Dextran-FITC and Alexa fluor alone (Alexa)
were used as negative control. Pictures were taken by confocal microscopy and the intensity of the
accumulated fluorescence per cell was quantified by using specific quantification software (DAPI—blue,
LMWF-Alexa—red, Dextran-FITC—green, bar = 10 μm). Values are expressed as percentage of the
intensity. * p < 0.01 37 ◦C versus 4 ◦C; (B) Endogenous GAGs expression on HUVECs treated by
heparinase I, II, and III and chondroitinase ABC (H/C); (C) LMWF-Alexa was incubated with HUVECs
(30 min, 2 h, and 6 h) with or without heparinase I, II, and III and chondroitinase ABC (H/C) and the
intensity of fluorescence per cell was measured by flow cytometry. Values are expressed as percentage
of the intensity normalized on the maximum intensity reached at 2 h. The right panel shows the
confocal observation. (DAPI—blue, LMWF-Alexa—red, bar = 10 μm). * p < 0.05, 2 h, and 6 h versus
30 min (all Untreated with H/C); $ p < 0.05, 6 h versus 30 min (all treated with H/C); # p < 0.05, 2 h of
treated with H/C versus 2 h of Untreated.

2.3.2. Mechanism of LMWF Uptake: Implication of Clathrin

In this last part of our work we analyzed the mechanism of LMWF-Alexa endocytosis at 2 h of
incubation using two specific markers of the receptor-dependent and receptor-independent endocytic
pathways, clathrin and caveolin-1, respectively. We realized a co-localization assay of LMWF-Alexa
(red fluorescence) with clathrin or caveolin-1 (green fluorescence) using confocal microscopy. A merge
of the green and red fluorescent pictures were performed to see the co-localization of LMWF-Alexa
with clathrin or caveolin-1. The fluorescence intensity per cell was quantified and the co-localization
level was measured by scoring the proportion of red spots on green spots. The results showed that
LMWF-Alexa was co-localized with clathrin at 70% ± 6% (Figure 7A, upper panel, arrows in the merge),
but less co-localization was observed with caveolin-1 at 27% ± 7% (Figure 7A, lower panel, merge).
This result suggested that LMWF-Alexa was mainly internalized by HUVECs in a clathrin-mediated
endocytosis at 2 h of incubation.

To confirm this observation we used specific inhibitors of the major endocytic pathways:
(a) the Cytochalasin D (CtyD), inhibitor of F-actin which acts on macropinocytosis/phagocytosis;
(b) the dynasore inhibitor of the GTPase activity of dynamin which prevents the clathrin-coated pit
formation and (c) the filipin which binds to cholesterol and inhibits the formation of lipid rafts and
caveolin-vesicles. Our data demonstrated that at 2 h of incubation, the accumulation of LMWF-Alexa
was decreased by 49% ± 6% in presence of dynasore, as compared to control (Figure 7B), however there
was no changes of LMWF-Alexa cell uptake after CytD and filipin treatments. The transferrin was
used as a positive control of clathrin-mediated endocytosis, and the results showed that the dynasore
treatment decreased its cell uptake by 63% ± 4% (Figure S2).

In conclusion, our data evidenced that LMWF was internalized in HUVECs in a clathrin-
dependant endocytosis.
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Figure 7. Internalization pathways of LMWF-Alexa in HUVECs analyzed by confocal microscopy.
(A) HUVECs were incubated 2 h with LMWF-Alexa, fixed, permeabilized and the clathrin or caveolin-1
was revealed by immunofluorescence. A non-specific isotype of immunoglobulin was used as negative
control (Isotype). The pictures were taken by confocal microscopy and the staining overlaped in merge
(DAPI—blue, LMWF-Alexa—red, Clathrin—green, bar = 10 μm) high view inserts. The intensity of the
fluorescence was quantified and the co-localization of markers was measured with the rate red/green
represented in the histogram and dot plots. The intensity of fluorescence in HUVECs was quantified
using specific software. * p < 0.05 Caveolin-1 versus Isotype; ** p < 0.01 Clathrin versus Isotype;
(B) HUVECs were pre-treated or not (control) with specific inhibitors of endocytosis: Cytochalasin D
(CytD-inhibits phagocytosis and micropynocytosis), Dynasore (inhibits clathrin mediated endocytosis)
and Filipin (inhibits lipid raft formation) before adding LMWF-Alexa in the culture medium for 2 h. The
intensity of fluorescence by cells was quantified as described above.* p < 0.05 Dynasore versus Control.

3. Discussion

3.1. Structure-Function Correlation

For decades, natural marine sulfated fucanes named fucoidans, demonstrated anti-coagulant [24,25]
and anti-thrombotic [9,26] effects comparable to heparin. We have previously shown that the fucoidans
have therapeutic potential in cardio-vascular diseases in animal models with an important role in
preventing intimal hyperplasia [8,27] and promoting revascularization after ischemia development [7].
We and other studies have shown the therapeutic effects of low molecular weight fucoidans (LMWF)
on angiogenesis in vitro and in vivo [10–13,21,28].

Fucoidans are heterogeneous sulfated polysaccharides (size, composition and degree of sulfation),
which can be obtained from different brown algaes, such as Laminaria saccharina, L. digitata,
Fucus evanescens, F. serratus, F. distichus, F. spiralis, and Ascophyllum nodosum. Their structural diversity
has been widely analyzed and described, highlighting an average structure based on a linear sulfated
poly-fucose backbone with sometimes a few amount of uronic acids and traces of galactose and
xylose. Many reports evidenced relationship between the structural features of fucoidans and their
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most potent biological activity, the widely admitted role of the molecular weight, and the sulfate
groups content and distribution closely depending on the starting material and the method of
preparation [9,25,29,30]. Thus, to conclude about structure-activity relationships could be tricky
when considering different fucoidan fractions from the same origin. This is precisely well illustrated by
works about the anti- and pro-angiogenic activity. Pomin et al. evidenced that fucoidans from various
origins exhibit an anti-angiogenic activity due to their ability to interfere with Vascular endothelial
growth factors (VEGFs) and basic Fibroblast growth factor (FGF-2) [30]. However, Matou et al. showed
the pro-angiogenic effect of fucoidans, also extracted from A. nodosum, by enhancing the expression of
α6, β1 integrin subunits and platelet endothelial cell adhesion molecule 1 (PECAM-1) on the surface of
endothelial cells, resulting in an increase of FGF-2-induced angiogenesis [10]. Recently, Nifantiev et al.
reviewed numerous studies on the angiogenic activities of fucoidans from different brown algae to
highlight structure-activity relationships. They could only conclude that fucoidan fractions from
A. nodosum with high molecular weight (>30,000 g/mol) exhibited anti-angiogenic activity whereas
fucoidan fraction with low molecular weight (<30,000 g/mol) exhibited pro-angiogenic activity [31].

Furthermore, the heterogeneity in structure and composition of fucoidans appeared to correlate
with heterogenous activities and the relation between the sulfate content and their anti-coagulant
and anti-thrombotic potential was demonstrated by Ustyuzhanina et al. [32]. In this study, a native
fucoidan with a degree of sulfation of 1.3 (Saccharina latissima) showed stronger activities than higher
sulfated fucoidan from the same species, rather than other native fucoidans with a lower sulfation
degree of 0.9 or 0.4 (Fucus vesiculosus or Cladosiphon okamuranus, respectively).

Only few publications presented the fucoidan effects on angiogenesis in endothelial cells or in
cancer cells under hypoxic conditions. Chen et al. showed that a low molecular weight fucoidan
(LMWF) obtained from Sargassum hemiphyllum (Mw = 760 g/mol, 40% sulfate) dose-dependly
reduced hypoxia effect on VEGF-induced capillary tube-like structure formation in Human Umbilical
Endothelial Cells (HUVEC) in vitro, and did not affect angiogenesis under normoxic condition [33].
In addition, they showed that LMWF treatment inhibited the migration and invasion of hypoxic
Human Bladder Cancer Cells (T24). Interestingly, they suggested that under hypoxic conditions,
the anti-angiogenic activity of LMWF in bladder cancer may be associated with suppressing
Hypoxia-Induced Factor-1 (HIF-1)/VEGF-regulated signaling. Their experiments were performed in
presence with both VEGF and fucoidan and it is well established that there are electrostatic interactions
between negative charges from fucoidan and positive charges from VEGF, leading to depletion of both
molecules that can explain their anti-angiogenic results. Cho et al. investigated the role of a fucoidan
obtained from Fucus vesiculosus (Mw and composition non mentioned) [34]. They showed the decrease
on Hepatocellular Carcinoma Cell (HCC) invasion in normoxic and hypoxic conditions and showed
that fucoidan suppressed cells proliferation and invasion in a NDRG-1/CAP43-dependent manner.
Teng et al. demonstrated that fucoidan from Undaria pinnatifida sporophylls (Mw = 104356 g/mol,
21% sulfate) significantly inhibits cell invasion and lymphatic metastasis in a mouse hepatocarcinoma
Hca-F cell line under hypoxic conditions by suppressing HIF-1α/VEGF-C, which attenuates the
PI3K/Akt/mTOR signaling pathways [35]. In conclusion, it is very difficult to compare these results
with ours, since the experiments of Chen et al., Cho et al. and Teng et al. were performed with
the fucoidans prepared from different seaweeds with different molecular weights, compositions
and concentrations.

In this study, the characterization using Fourier Transform Infrared (FT-IR) and Raman
Spectroscopy indicated that the crude ASPHY and the fractionated low and medium molecular
weight fucoidans (LMWF and MMWF, respectively) demonstrated the characteristic bands of the
O=S=O stretching vibration of sulfate, as determined through the observation of strong vibrational
bands. The observation of the Raman band at 1268 cm−1 exhibited variations in intensity between
the fucoidans with stronger band for LMWF. The Raman band of both LMWF and MMWF also
exhibited vibrations at approximately 845 cm−1, which indicates the presence of sulfate groups at
positions 2 and 4, respectively. Bilan et al. [36] obtained similar findings for the fucoidan extracted
from Fucus serratus Linnaeus.
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The FT-IR spectra showed that the intensity of COO- groups is higher in ASPHY and LMWF than
in MMWF that can be compared to the amount of uronic acid measured in the fucoidans (27%, 18%,
and 14%, respectively).

The spectroscopic data related to sulfate and carboxylic groups of the fucoidans can be correlated
to the sulfation rate and uronic acid content obtained with colorimetric measures.

The negative charges carried by these native sulfated polysaccharides allows electrostatic
interactions with numerous positively charged proteins, such heparin binding proteins (HBP), shown
with stromal derived factor-1 (SDF-1/CXCL12) [37] and growth factors, such as FGF-2 [10,38].
These interactions were thought to induce HUVEC cell migration and lead to new vessels formation in
animal models of ischemia [7,13]. In the current paper, we showed that crude (ASHPY) and fractionated
fucoidans from A. nodosum (MMWF and LMWF) bound to HBP (SDF-1/CXCL12, regulated on
activated T cell expressed and secreted RANTES/CCL5 and vascular endothelial growth factor
VEGF) with a high affinity. However, our results highlighted a tendency in the affinity between
the fractionated fucoidans both highly sulfated (1.55 and 1.14) and two of the HPB SDF-1/CXCL12
and RANTES/CCL5. LMWF presents a higher sulfation rate and relative higher affinity (KD) for both,
compared with MMWF, which owns a weaker KD with both. ASPHY and LMWF behave similarly
considering the interaction with HBP. This result is in accordance with the hypothesis of the modulation
of the affinity by the sulfation rate, however the difference in sulfate degree for LMWF and MMWF
was probably not enough significant to distinguish strong variations in the affinity to bind HBP. We
hypothesized that the molecular model of interaction of fucoidans with the HBP fixed on the chip
was polyvalent and related to the fast association and the slow dissociation phases in accordance with
previous study with the GAG-mimetics [20]. The hypothesis was proposed that the amino acids present
in the binding site of SDF-1/CXCL12 (BBXB) to heparin can be similar to those which interact with
fucoidans. We suggest for the further study the use of adapted sensorgram designed to measure the
interaction of fucoidan with the HBP and compete with heparin on the heparin binding-site to validate
this model. Structural studies could also evidence that the size of fucoidan is also an important criterion
to discriminate its affinity to HBP by using a range of fucoidan owning the same degree of sulfation.

In Boyden chamber migration assay, both LMWF and ASPHY increased the HUVEC migration.
The structural analysis of fucoidan could explain the reason why the native fucoidan had
a pro-migratory activity similar to LMWF. As shown on the polydispersity measurement, ASPHY
contains LMWF populations in majority as its molecular mass was measured at 4100 g/mol.
We analyzed distinct effects on HUVEC migration influenced by LMWF and MMWF. These data
suggested that the size of LMWF was important, as a high sulfation rate, for the sulfated polysaccharide
to have a pro-migratory activity on HUVECs.

The same results were observed in 2 dimensional (2D) vascular network formation on Matrigel
with LMWF which shown higher potential to induce nodes formation than MMWF. However the
native fucoidan ASPHY did not shown any activity in this assay, demonstrating that the fucoidan
activity analyzed in HUVEC migration could act in a different pathway than 2D angiogenesis assay.
We also revealed in this study that 2D-angiogenesis induced by LMWF involved PI3K/AKT and the
MAPK Erk1/2 pathways, in line with recent study that evidenced the activation of P-38 and JNK
pathways [21].

In our studies we evidenced the role of the sulfate groups content and molecular weight of
fucoidan fractions on their angiogenic properties, and we proposed some preliminary mechanisms.
This is possible because the fractions were obtained from a reliable and reproducible industrial
process, that constitued a prerequisite for relevant studies. Anyway these fractions remain complex
mixtures of macromolecules and determining a complete structure-activity is a difficult task that we
had undertaken.

3.2. Influence of the Endogenous GAGs in Pro-Angiogenic Effect of Fucoidans in GAG-Free HUVEC Migration

Beside, in this study we explored the role of endogenous GAGs fucoidan-induced angiogenesis
and HUVEC migration. We hypothesized that in basal condition, fucoidan could act as an intermediate
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actor between receptors and chemokines by increasing their concentration at the cell surface in
co-operation with the endogenous GAGs. This interaction could enhance the formation of co-receptors
(proteoglycans) and receptors complexes, their internalization and could lead to an amplification
of the cell signal and response. While in absence of GAG expression, fucoidan could substitute
the GAG function, prevent glycocalyx degradation and finally restore its function by enhancing the
revascularization process. However, other hypothesis assumed that exogenous GAG-mimetics such as
fucoidans, as they bind to HBP, could compete with endogenous GAGs for their binding sites leading
to the inhibition of HBP activating pathways. Thus, suggesting that the pro-angiogenic activity of
LMWF was not linked to its ability to bind HBP but mostly related to intrinsic activity.

We showed that LMWF still has a pro-migratory activity on HUVECs in GAG-free condition but
in a lesser extent (40% ± 11% in basal condition versus 21% ± 5% in GAG-free condition). These results
were not found for 2D-angiogenesis assay in GAG-free condition, where LMWF still induced nodes
formation in the same range than basal condition. Endogenous GAGs shown in this field to be partially
required for the fucoidan activity. This suggests that fucoidan could acts independently, depending on
the biological effect. Otherwise, it has been proposed that fucoidan acts as a competitor for endogenous
GAGs while binding HBP with higher affinity [11]. Considering the high affinity of LMWF to HBP,
this model could partially correlate with our results as the tendencies showed that LMWF has stronger
effect when the GAGs are expressed.

3.3. Internalization of LMWF

Our results attested that fluorescent LMWF was internalized in 2 h in HUVECs and localized
in a perinuclear region. These observations correlated with a previous study focused on the heparin
internalization in vascular smooth muscle cells, where the biphasic endocytic pathway of this sulfated
polysaccharide was demonstrated [22].

The delay observed in the accumulation of LMWF-Alexa between untreated and Heparinase/
Chondroitinase treated HUVECs demonstrated that endogenous GAGs were necessary to internalize
the LMWF in 2 h. We evidenced that this internalization was temperature and clathrin-dependent.
Proteoglycans are mobilized to induce clathrin-mediated endocytosis, and LMWF, as GAG-mimetic,
could also interact with proteoglycan core or HBP at the cell surface and could be internalized and
finally induced the biological effects on endothelial cells.

Previous studies have shown the importance of the size of polysaccharide in their cellular fluid
internalization pathways with fluorescent low molecular weight dextran (10,000 g/mol) internalized
in a clathrin and dynamin mediated micro- and macropinocytosis while medium molecular weight
dextran (70,000 g/mol) used the amiloride-sensitive and clathrin-independent macropinocytosis [23].
Lately soluble exogenous GAGs have been demonstrated to improve cellular uptake of coated
peptide-DNA complexes and escape from endosomal pathway until final localization in perinuclear
region [39]. As suggested by our results, LMWF showed higher pro-angiogenic effect than MMWF.
We then chose the LMWF to study its internalization and the potential implication of the GAGs on
these mechanisms, which could explain the particular biological effects of LMWF on endothelial cells.
Further trafficking studies should be proposed in correlation with cell signaling pathways to determine
more accurately the cellular and molecular effects of LMWF on endothelial cells and its role inside the
cells (signaling pathways) to induce angiogenesis.

4. Experimental Section

4.1. Reagents

Alexa Fluor Succinimidyl Ester (NHS Ester) was furnished by Molecular Probes (Thermo Fischer
Scientific, Waltham, MA, USA). Transferrin-biotin labeled human (Sigma-Aldrich, Saint-Louis, MO,
USA) was furnished by Sigma-Aldrich and used as a positive control of clathrin-mediated endocytosis.
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4.2. Pharmacological Inhibitors

LY294002 (Sigma-Aldrich), is an inhibitor of the PI3K signaling pathway and was used at 30 μM
in cell culture. PD98059 (Sigma-Aldrich) is an inhibitor of the MAPKK MEK1 and MEK2 signaling
pathway and was used at 30 μM in cell culture. Cytochalasin D (C8273, Sigma-Aldrich) is an inhibitor
of the phagocytosis and micropinocytosis by depolymerizing actin-F and was used at 100 μM in cell
culture for 2 h. Filipin (F9765, Sigma-Aldrich) is an inhibitor of the clathrin independent endocytosis
which binds to cholesterol and blocking membrane movements. This inhibitor was used at 1 μg/mL
in cell culture for 1 h. Dynasore (D7693, Sigma-Aldrich) is an inhibitor of the clathrin mediated
endocytosis by bocking the GTPase activity of dynamin and was used at 80 μM in cell culture
for 30 min.

4.3. Enzymes and Glycosaminoglycan Substitute

βDX (4-Nitrophenyl β-D-xylopyranoside, Sigma-Aldrich), a substitute of glycosaminoglycans
(GAGs) was used as specific inhibitor of the GAG chain elongation. βDX was added at 2 g/mol for 48 h
in HUVEC culture to inhibit the endogenous GAGs expression before assays. Heparinase I (5U, 1/100)
from Flavobacterium heparinum (H2519), Heparinase III (10U, 1/50) from Flavobacterium heparinum
(H8891), and chondroïtinase ABC (10U, 1/50) from Proteus vulgaris were all obtained from
Sigma-Aldrich and used 2 h at 37 ◦C to depolymerize endogenous GAGs in HUVEC culture before
short time assays up to 6 h.

4.4. Antibodies

We used an antibody directed against heparan sulfate chains (Mouse IgM, Clone F58-10E4,
AMS Biotechnology, Abingdon, UK) to observe their expression in flow cytometry CLTC is a primary
antibody directed against clathrin heavy chain 1 (Mouse IgG1, Everest Biotech, Ramona, CA, USA).
CAV-1 is a primary antibody directed against caveolin-1. PA5-17447 was obtained from Pierce
(Rabbit IgG, Thermo Scientific, Rockford, IL, USA). The isotype Mouse IgG1 and the isotype Mouse
IgM κ was obtained by BD Biosciences (BD Biosciences, Bedford, MA, USA), the isotype Rabbit IgG
was produced by R&D (R&D Systems Inc., Minneapolis, MN, USA). The secondary antibodies Goat
anti Mouse IgG Alexa fluor 488 was produced by Santa Cruz Biotechnology and Goat anti Rabbit IgG
Alexa fluor 488 were produced by Santa Cruz Biotechnology (Santa Cruz Biotechnology, Santa Cruz,
CA, USA).

4.5. Polysaccharides

The crude fucoidan (ASPHY) was obtained from the marine alga species Ascophyllum nodosum
(Algues & Mer, Ascophyscient, batch #ASPHY12399, Ouessant, France). The Ascophyscient fucoidan
was previously characterized by our laboratory [40]. A 10,000 g/mol non-sulfated dextran (Dextran
T-10, Amersham Pharmacia Biotech, Amersham, UK) and a Dextran-FITC (TdB consultancy, Uppsala,
Sweden) were chosen as negative controls. A low molecular weight heparin was used as a positive
control (LMWH, Mw = 6300 g/mol, Tinzaparin sodium Innohep, Ballerup, Denmark).

4.6. Fractionation

The crude fucoidan ASPHY was fractionated using size exclusion gel. The column (XK 50/60,
GE Life Sciences, Velizy-Villacoublay, France, id: 50 mm, L: 50 cm) was prepared with Bio-Gel P60
(Bio-Rad, Marne-la-Vallée, France). 0.15 M NaCl and 0.02% (w/v) sodium azide were used as carrier
after careful filtration through 0.45 μm-filter unit (Millipore, Billerica, MA, USA) at 1.5 mL/min flow
rate. 10 mg of Ascophyscient® (30%, w/v) was eluted through the column and 100 mL were collected
in several fractions. Then, the fractions were dialyzed five times against water (Spectra/Por, MWCO
1 kDa, Dominique Dutscher, Brumath, France) and freeze-dried. Each fraction was analyzed: fucose,
uronic acid and sulfate rate were assessed by colorimetric assay and the molecular weight measured
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using size-exclusion chromatography with multi-angle laser light scattering-differential refractive
index detection (HPSEC/MALLS-DRI) system [40]. We collected and used two fractions from the
elution, a low molecular weight fucoidan (LMWF, Mw = 4,900 g/mol) and medium molecular weight
fucoidan (MMWF, Mw = 26,600 g/mol).

4.7. Raman Spectroscopy

Raman spectra were recorded with a commercial confocal Raman microspectrometer from 200 to
1800 cm−1. A Horiba Scientific Xplora spectrometer was used at 660 nm excitation wavelength with
3 cm−1 spectral resolution. The Raman measurements were carried out in backscattering configuration
through a 10× objective (NA = 0.25). The incident laser power was measured at the sample position
and set at 20 mW. Raman spectra were acquired during 60 s acquisition time and baseline corrected
using Labspec software (HJY, Kyoto, Japan).

4.8. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FT-IR) spectra of the samples diluted either in D2O
(>99.8% purity, Euriso-Top, CEA, Saclay, France) or in H2O solution were recorded on a Tensor 27
spectrophotometer (Bruker, Karlsruhe, Germany). Solutions were deposited between two ZnSe
windows at a concentration of 333 μg/μL. Experiments were performed by drying the samples and
dissolving them in solution at pH ~7. Twenty scans were accumulated (spectral region 4000–400 cm−1,
resolution 1 cm−1). Data treatment was performed using the opus software and consisted of multiple
point base line correction.

4.9. Surface Plasmon Resonance

Affinity of fucoidans for SDF-1/CXCL12, RANTES/CCL5 or VEGF165 was assessed with
a BIAcore X100 (GE Healthcare, Freïburg, Germany). Biotinylated-SDF-1/CXCL12, -RANTES/CCL5 or
VEGF165 was coupled to the surface of a SA sensor chip (carboxymethylated dextran with immobilized
streptavidin for capture of biotinylated ligand). Biotinylated-SDF-1 (20 μL of 5 μg/mL in HEPES buffer
saline-50 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.05% surfactant P-20) was then injected,
at 5 μL/min flow rate, of the streptavidin-coated sensor chip to a resonance unit (RU) value of 110 for
SDF1/CXCL12 and 235 for RANTES/CCL5. VEGF165 was immobilized on a CM5 sensorchip with the
BIAcore amine kit at 1913 RU. Non coupled surfaces were used as controls, 1 M NaCl was used to
regenerate the sensor surface. Samples were diluted in running buffer (50 mM HEPES pH 7.4, 150 mM
NaCl, 3 mM EDTA, and 0.05% P-20). We selected with the BIAcore control software: temperature
(25 ◦C), flow rate (30 μL/min), contact time (180 s), and sample volume (GE Healthcare) in single
cycle method. Samples were injected consecutively at 1.2, 3.7, 11.1, 33.3, and 100 nM. The affinities
of fucoidan for SDF-1/CXCL12, RANTES/CCL5 or VEGF165 were determined using a 1:1 Langmuir
model by analysis the kinetic of the association and dissociation with the BIAcore evaluation software.

4.10. Endothelial Cell Culture

Human umbilical vascular endothelial cells (HUVECs, CRL-1730, ATCC, LGC Molsheim, France)
were cultured in endothelial cell basal medium 2 (ECBM2, PromoCell, Heidelberg, Germany)
supplemented with 12% fetal bovine serum, EGF (epidermal growth factor, 5.0 ng/mL), hydrocortisone
(0.2 μg/mL), VEGF (vascular endothelial growth factor, 0.5 ng/mL), bFGF (basic fibroblast growth
factor, 10 ng/mL), R3 IGF-1 (insulin like growth factor, 20 ng/mL), ascorbic acid (1 μg/mL) and
antibiotics (penicillin-streptomycin, 1%, Invitrogen, Cergy, France) at 37 ◦C in 5% CO2. HUVECs
were cultured at 60%–90% of confluence. The media were changed twice a week. The presence of
growth factors such as VEGF, EGF, bFGF and IGF-1 in the culture medium of HUVECs, mimics the
angiogenic conditions of in vitro cultures. We removed the heparin from the supplemented kit when
the fucoidan treatment was performed, since heparin as a sulfated polysaccharide, could be considered
as a competitor of fucoidan because of its structural and functional homologies.
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4.11. Flow Cytometry

The level of heparan sulfate on HUVEC cell surface was quantified by fluorescence-activated
cell sorting (FACS). Cells were pre-incubated for 1 h at 4 ◦C with anti-heparan sulfate antibody
(10 μg/mL, Clone 10E4) or with isotypes (IgM). After washing, cells were labeled for 30 min at 4 ◦C
with streptavidin-Alexa Fluor 488 complex (1/200, Molecular Probes, Invitrogen). Cells were fixed in
1% paraformaldehyde and analyzed with a FACScan (Becton Dickinson, Le Pont de-Claix, France).

4.12. Cell Viability Assay

The viability of HUVECs was demonstrated using MTT (3-[4.5-Dimethylthiazol-2-yl]-
2.5-diphenyltetrazolium bromide) assay (Thiazolyl Blue Tetrazolium Bromide, Sigma-Aldrich).
5000 cells/well were incubated in a 96-wells plate for 24, 48, and 72 h with or without polysaccharides
(LMWF, MMWF and ASPHY) at increasing concentration (1 μg/mL, 10 μg/mL, 100 μg/mL and
1000 μg/mL). LMWH and dextran were used as a control at 10 μg/mL. MTT solution at 1 mg/mL
was added to the medium for 2 h and coloration was revealed in DMSO. The metabolic activity
was correlated by the absorbance read at 570 nm with a photometer (Bio-rad© Microplate reader,
Model 680).

4.13. Cell Migration Assay

HUVEC migration was performed with Bio-coat cell migration chambers (Becton Dickinson,
Franklin Lakes, NJ, USA) as described [26]. Briefly, inserts were coated with fibronectin (100 μg/mL,
BD Biosciences). The polysaccharides (LMWF, MMWF, ASPHY, Dextran or LMWH) were added
directly in the upper chamber at 10 μg/mL with 40 × 104 cell/wells in 500 μL of complete medium for
24 h. The lower chamber was filled with 500 μL of complet medium. The cytokines naturally contained
in the complet medium were considered as basal inducer of chemotaxis migration. To test the role
of endogenous GAGs, the cells were pre-incubated 48 h with βDX, and kept in inhibition condition
for the experiment. Twenty-four hours later, medium and cells in the upper chamber were gently
removed. Migrated cells in the lower chamber were fixed with methanol and stained with Mayer’s
hemalun solution (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). The cells were counted manually
by two different observers who performed the blind data acquisition. HUVECs were photographed
with phase contrast microscopy (Nikon© Coolpix 8400, Nikon Corporation, Tokyo, Japan) at objective
×4 and quantified by using the Image J software (Rasband, W.S., ImageJ, U.S. National Institutes of
Health, Bethesda, MD, USA).

4.14. 2D Vascular Network Formation Assay

The 2 dimensional (2D)-vascular network formation assay was performed with HUVECs
cultured on Matrigel-coated (Corning, Bedford, MA, USA) 16-wells Labtek or 96 wells microplate.
1 × 104 cells/well and incubated for 6 h at 37 ◦C in complete culture medium with or without
10 μg/mL of polysaccharides (LMWF, MMWF, ASPHY, Dextran or LMWH). The microvascular
network was photographed using a phase contrast microscopy coupled camera (Nikon© Coolpix 8400).
The pictures were analyzed with 5 parameters: the total length network, the number of nodes
(cell interactions), the number, the perimeter and the area of the generated meshes. The measures were
estimated for each experimental condition using Image J analysis system. All measures showed same
tendencies and we chose to exhibit the number of nodes that demonstrated higher differences between
the treatments.

4.15. Labeling of the LMWF with a Fluorophore

LMWF was first aminated on the terminal aldehyde group of fucose chain by a reductive
amination [41]. In this study, 50 mg of LMWF were solved in 0.54 mL solution of diaminopropan
1.5 M in glacial acetic acid and heated for 3 h at 90 ◦C, then a reduction was performed by adding
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0.15 mL of dimethylboran 3 M in the solution and heated 3 h at 90 ◦C. Samples were dialized (cut-off
1000 Da) and freeze-dryed. LMWF was then coupled with a red fluorophore (Alexa Fluor® 555 NHS
Ester, Thermo Fisher scientific, Waltham, MA, USA). 1 mg of Alexa-Fluor 555 NHS was dissolved
in 100 μL of dimethyl sulfoxide (DMSO, VWR BDH Prolabo, Fontenay-sous-Bois, France), beside,
10 mg of Aminated-LMWF was dissolved in 1 mL of carbonate buffer 0.1 M at pH 8.3 and 50 μL of the
solution carrying the label was added to the solution stirred in darkness for 1 h at room temperature.
The labeled compound was precipitated in ethanol to remove the free labels and eluted two times in
column PD-10 (GE Healthcare Life Sciences).

4.16. Kinetic of the Cellular Localization of LMWF

Fluorescents LMWF-Alexa or Dextran-FITC (negative control) were added in HUVECs culture
medium at 10 μg/mL in kinetic (30 min, 2 h and, 6 h) at 37 ◦C and 4 ◦C. The heparinases and
chondroitinase were added to HUVECs culture. Cells were then fixed in paraformaldehyde 4%,
stained with Dapi and observed under confocal microscopy (Leica SP8 tandem, Wetzlar, Germany)
An average of 30 cells per condition was photographed in stack in the Z axe and the intensity of the
accumulated fluorescence per cell was quantified by using specific quantification software (Imaris,
Bitplane, Belfast, UK). The intensity gain was normalized on the auto fluorescence of the cells.

4.17. Co-Localization Assay of LMWF with Clathrin and Caveolin-1

HUVECs were incubated in presence of the fluorescent LMWF-Alexa for 2 h in the same conditions
as described above, then fixed and permeabilized with saponine 0.1% (Fluka, Sigma-Aldrich). Cells
were stained with Dapi and antibodies directed against light chain of clathrin (CLTC), caveolin-1
(CAV-1) or isotypes (Mouse IgG1; Rabbit IgG), then revealed by secondary antibodies (Goat anti mouse
Alexa Fluor 488 and Goat anti goat Alexa Fluor 488) coupled with fluorophore. The colocalization
assay was performed by using the specific quantification software Imaris.

4.18. Statistical Analysis

For the determination of statistical significance, an ANOVA test was performed with the Statview
software (StatView 4.5 Abacus Concepts, Berkeley, USA). A p value of <0.05 was used as the criterion
of statistical significance.

5. Conclusions

In summary, we showed in this study that from the heterogeneous crude fucoidan ASPHY
collected from A. nodosum, we could distinguish two different fucoidans, LMWF and MMWF in their
composition and through their pro-angiogenic effects. LMWF showed a higher activity to induce
vascular network formation and endothelial cell migration than MMWF and ASPHY. These variations
observed in their biological activities are mostly related to the size of the polysaccharide rather than
their sulfation rate which were not enough different to distinguish significant variations in the affinity
to chemokines SDF-1/CXCL12 and RANTES/CCL5. In addition, we demonstrated that the ability of
LMWF to increase the vascular network formation at 6 h was regulated by Erk1/2 and PI3K/AKT cell
signaling pathways. Localization study of LMWF-Alexa showed that the endothelial cells responded
to fluorescent fucoidan presence by its uptake in a clathrin-mediated endocytosis and reached the
maximum of cell capacity in 2 h with its accumulation in a perinuclear region.

Interestingly, we highlighted that the endogenous GAGs which were expressed at the surface
of HUVECs, were partially involved in the pro-angiogenic activity of LMWF in vascular network
formation and endothelial cell migration. LMWF activities were stronger when the endogenous GAGs
were expressed, however in their absence LMWF has still an effect and showed that it could act as
a substitute to induce angiogenesis and endothelial cell migration. The internalization of LMWF-Alexa
was not inhibited but slowed down in GAG-free HUVECs. This work opens the way to use the most
pro-angiogenic fucoidan as therapeutic GAGs substitute after glycocalyx injuries.
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Abstract: In this study, we showed that PI3K/Akt signaling mediates fucoidan’s anticancer
effects on prostate cancer cells, including suppression of proliferation. Fucoidan significantly
decreased viability of DU-145 cancer cells in a concentration-dependent manner as shown by MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. The drug also significantly
increased chromatin condensation, which indicates apoptosis, in a concentration-dependent manner
as shown by DAPI (41,6-diamidino-2-phenylindole) staining. Fucoidan increased expression of Bax,
cleaved poly-ADP ribose polymerase and cleaved caspase-9, and decreased of the Bcl-2, p-Akt, p-PI3K,
p-P38, and p-ERK in a concentration-dependent manner. In vivo, fucoidan (at 5 and 10 mg/kg)
significantly decreased tumor volume, and increased apoptosis as assessed by the TUNEL (terminal
deoxynucleotidyl transferase dUTP nick end labeling) assay, confirming the tumor inhibitory effect.
The drug also increased expression of p-Akt and p-ERK as shown by immunohistochemistry staining.
Therefore, fucoidan may be a promising cancer preventive medicine due to its growth inhibitory
effects and induction of apoptosis in human prostate cancer cells.

Keywords: apoptosis; fucoidan; human prostate cancer; phosphoinositide 3-kinase; Akt;
mitogen-activated protein kinases

1. Introduction

Cancer is a life-threatening disease that occurs worldwide; in particular, prostate cancer is the
most common cancer affecting men in America and is the second leading cause of cancer-related
death [1]. Its incidence and mortality in Korea has also increased because of westernized eating
habits and an aging population [2,3]. Prostate cancer is initially androgen-dependent and is limited
to local or regional stages for which androgen-ablative therapy is applied to suppress the cancer,
but in most cases it progresses to androgen-independent disease [4,5]. Complementary and alternative
medicine is used to treat prostate cancer by exploiting various nutritional products, in addition
to drugs and dietary supplements [6]. Fucoidan is extremely sticky and it has a high molecular
weight. Also, it is a sulfated polysaccharide found in the cell wall matrix of brown seaweeds, such
as Undaria pinnatifida, Laminaria angustata, Fucus vesiculosus, and Fucus evanescens [7]. Fucoidan is
water-soluble polysaccharides having sulfuric acid groups and consist of D-galactose, D-mannose,
D-xylose, D-fucose, and sulfate being structurally divided into galacto fucan sulfate. Fucoidan was
reported to induce cell death through apoptosis in colon, breast, and liver cancer cells and also
inhibits cancer cell growth by blocking cell cycle progression [8–12]. Furthermore, fucoidan’s
anti-inflammatory [13], antiviral [14] and anticoagulant [15] effects have received much attention.
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More recent studies indicate that chemotherapies based on naturally available marine seaweeds
suppress the pathways of mitogen-activated protein kinases (MAPK) and phosphoinositide
3-kinase/protein kinase B (PI3K/Akt) [16,17]. According to the previous study, fucoidan induced
apoptosis by the inactivation of p38 MAPK and PI3K/Akt in the PC-3 human prostate cancer cells [18].

MAPK signaling is divided into three subtypes, ERK (extracellular signal-regulated protein
kinase), P38 MAPK, and JNK/SAPK (c-Jun N-terminal kinase/stress-activated protein kinase), and is
known to play a key role in modulating bioactivities such as intracellular responses [19]. ERK, which
comprises two isoenzymes, p44ERK1 and p42ERK2, was the first MAPK to be discovered; when ERKs
receive the signal from Ras present in the plasma membrane, they are translocated from the cytoplasm
to the nucleus and activate c-Fos and c-Jun and induce the activation of cyclin D1, involved in the cell
cycle. Such ERKs are known to be significantly involved in the regulation of various cellular responses,
including cell division, proliferation, differentiation, and survival [20].

Akt, also called protein kinase B, is a serine/threonine kinase that was first discovered as a viral
oncogene (v-Akt) and exists as three types—Akt1 (PKBα), Akt2 (PKBβ), and Akt3 (PKBγ)—that plays
a key role in cell growth and survival [21]. Akt is activated by phosphoinositide 3-kinase (PI3K) and is
involved in many processes of intracellular signal transduction such as cell proliferation, differentiation,
and angiopoiesis through phosphorylation and activation in the cell membrane [22]. A high level of
Akt activation has been found in many cancer cells, including breast and prostate cancer cells, and
mutations in Akt or alterations in the activating mechanism of PI3K drive cancer cell growth and
resistance to apoptosis, thus acting as a key factor that initiates cancer [23]. Experiments both in vitro
and in vivo have validated that the suppression of Akt signaling inhibits proliferation of cancer cells
and induces apoptosis; therefore, blocking the Akt signaling pathway can serve to inhibit the abnormal
proliferation and growth of tumor cells [24].

In this study, in vitro experiments were performed using androgen-independent DU-145 human
prostate carcinoma cells to verify whether fucoidan is effective in inducing apoptosis and has an
effect on MAPK and PI3K/Akt signaling. In addition, in vivo experiments to establish the apoptotic
effect of fucoidan in prostate cancer has not been reported yet, so we performed in vivo experiment to
determine whether fucoidan suppresses tumor growth.

2. Results and Discussion

2.1. Effect of Fucoidan on the Viability of DU-145 Cancer Cells

In this study, the survival rate of cancer cells was measured by the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay to explore the effect of
fucoidan against DU-145 prostate cancer cells lines. When DU-145 cells were treated with 0, 250,
500, 750, or 1000 μg/mL fucoidan for 24 h, the survival rates of the DU-145 cells were 75.1%, 62.2%,
47.7%, and 39.1%, respectively, all significantly reduced compared with the control group (Figure 1).
Boo et al. [18] also reported similar result that after treatment of focoidan, the cell viability of PC-3
prostate cancer cells were significantly reduced in dose dependent manner. Yamasaki et al. [11]
reported that the survival rate of MCF-7 breast cancer cells was 25.0% following 1000 μg/mL fucoidan
treatment for 24 h, while Yang et al. [12] found a similar effect, with 24 h fucoidan treatment decreasing
survival of SMMC-7721 liver cancer cells in a concentration-dependent manner to 40.0% at 500 μg/mL
fucoidan. The present results are in agreement with these, though inhibition of survival was slightly
less at the same concentrations of fucoidan. Thus, fucoidan suppresses the proliferation of DU-145
prostate cancer cells in a concentration-dependent manner.
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Figure 1. Effect of fucoidan on the cell viability of DU-145 cells. DU-145 cells (2 ˆ 104 cells/mL)
were treated with 0, 250, 500, 750, 1000 μg/mL fucoidan in RPMI-1640 medium containing 5% FBS
for 24 h. The growth inhibition was measured by the MTT assay. Data are mean standard deviation
(SD) for three samples. The significance was determined by Student’s t-test (˚ p < 0.05 compared with
untreated control).

2.2. The Morphological Changes of DU-145 Cancer Cells by the Fucoidan

To investigate whether fucoidan’s suppression of DU-145 cells proliferation is attributable to
apoptosis, DU-145 prostate cancer cells were treated with 500 or 1000 μg/mL fucoidan, and then
chromosomal condensation was observed by DAPI (41,6-diamidino-2-phenylindole) staining and
fluorescence microscopy (Figure 2A). Increased apoptosis elicited by the cells was observed in the
fucoidan-treated group, and, consistent with the MTT assay, DAPI staining showed a reduction in the
number of cancer cells in the fucoidan-treated group compared with the control group. Furthermore,
fucoidan increased cytoplasmic shrinkage and apoptotic body formation compared with the control
group by 7.0 ˘ 1.5%, 22.4 ˘ 1.2%, and 36.0 ˘ 1.3% at 0, 500, and 1000 μg/mL fucoidan, respectively
(Figure 2B). These rates were calculated by evaluating of 100 cells by fluorescence microscopy at a
magnification of ˆ200 after selecting five regions randomly. According to the study by Park et al. [23],
apoptosis was observed after AGS gastric cancer cells were treated with 100 μg/mL fucoidan; a higher
concentration of fucoidan yielded a greater apoptosis effect. These results suggest that DU-145 prostate
cancer cells were killed by fucoidan by induction of apoptosis.

2.3. Effect of Fucoidan on the Apoptosis-Related Proteins of DU-145 Cancer Cells

The Bcl-2 family, which comprises proteins that change mitochondrial membrane permeability,
plays a key role in regulating apoptosis [24]. Among the Bcl-2 family proteins, Bcl-2 hinders apoptosis,
whereas Bax promotes it [25]. When these two signals are out of balance, Bax releases cytochrome c by
changing the electric potential of the mitochondrial membrane, which, in turn, triggers the formation
of the apoptosome complex including cytochrome c/Apaf-1/caspase-9 and activates caspase-3 [26].
The activation of the caspase cascade decomposes various types of matrix proteins, as well as poly-ADP
ribose polymerase (PARP), which resides in the nucleus, to induce apoptosis [27]. Therefore, western
blot analysis was performed to detect changes in the expression of Bcl-2 family proteins when
DU-145 prostate cancer cells were treated with 500 or 1000 μg/mL fucoidan. Expression of Bax,
cleaved caspase-9, and cleaved PARP, all pro-apoptotic proteins, was increased, while that of Bcl-2,
an anti-apoptotic protein, was decreased, all in a concentration-dependent manner (Figure 3). A study
by Boo et al. [18] also reported a increase in Bax, cleaved caspase-9, and cleaved PARP expression
when PC-3 prostate cancer cells were treated with fucoidan.
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Figure 2. Effect of fucoidan on the chromatin condensation in DU-145 cells. (A) DU-145 cells were
treated with 0, 500, 1000 μg/mL fucoidan or vehicle in RPMI-1640 medium containing 5% FBS for
24 h, and cell were stained with DAPI. The arrows indicate chromatin condensation in the cancer
cell. (B) DU-145 cells were treated with fucoidan (0, 500, 1000 μg/mL) for 24 h. Apoptosis cells were
counted under a light microscope and expressed as the average of five fields. Each bar represents the
mean ˘ SD calculated from independent experiments. Significance was determined by Dunnett’s t-test
with * p < 0.05 compared as statistically significant compared with non-treated controls.

Figure 3. Effect of fucoidan on the apoptotic pathway in DU-145 cells. DU-145 cells were treated with
fucoidan 0, 500, and 1000 μg/mL for 24 h and cell were harvested to measure protein levels of Bax,
Bcl-2, cspase-9, and PARP by western blotting. The blots were also probed with β-actin antibodies to
confirm equal sample loading.

Park et al. [28] demonstrated that, when T24 colon cancer cells were treated with fucoidan,
the expression of Bax and cleaved PARP when increased, whereas Bcl-2 and pro-caspase-9 were
downregulated. In summary, fucoidan likely induces apoptosis in cancer cells by regulating the
expression of Bax and Bcl-2, inducing cleavage of caspase-9 and PARP.
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2.4. Effect of Fucoidan on PI3K/Akt Pathways in DU-145 Cancer Cells

Akt is a serine/threonine kinase, also called protein kinase B, is activated by PI3K and regulates
many biological responses, including proliferation, differentiation, or the cell cycle-associated survival
of cells. When triggered by PI3K, Akt inhibits apoptosis by hindering the expression of BAD (Bcl-2
associated death promoter) or caspase-9, both of which are pro-apoptotic [29]. To investigate the
effect of fucoidan on PI3K/Akt signaling pathways, western blotting was performed (Figure 4A).
When DU-145 prostate cancer cells were treated with 500 or 1000 μg/mL fucoidan for 24 h, the
phosphorylation of Akt and PI3K was decreased in a concentration-dependent manner. In a similar
experiment confirmed the apoptosis of androgen-independent PC-3 human prostate cancer cells [18]
also reported a decrease in p-Akt dependent on concentration of fucoidan. A study by Lee et al. [29]
also reported a decrease in p-Akt and p-PI3K dependent on time and concentration when A549
lung cancer cells were treated with fucoidan. Together, these studies indicate that fucoidan induces
apoptosis in DU-145 prostate cancer cells by decreasing activation of Akt and PI3K.

Figure 4. Effect of fucoidan on the activation of PI3K/Akt pathway in DU-145 cells. Cells were treated
with fucoidan 0, 500 and 1000 μg/mL for 24 h. Cell lysates were prepared as described in the materials
and methods and analyzed by 12% SDS-PAGE followed by western blotting. (A) The membranes were
incubated with PI3K/AKT pathway antibodies. (B) The membranes were incubated with MAPKs
pathway antibodies. Each bar represents the mean ˘ SD calculated from independent experiments.
Significance was determined by Dunnett’s t-test with * p <0.05 compared as statistically significant
compared with non-treated controls.

2.5. Effect of Fucoidan on MAPK Pathways in DU-145 Cancer Cells

Various kinases in the MAPK pathways are involved in diverse actions depending on cellular
conditions; generally, the ERK signaling pathway is involved in cell proliferation, whereas JNK acts to
antagonize cell proliferation [30]. Thus, we investigated how MAPK signaling is affected by fucoidan in
DU-145 prostate cancer cells. When DU-145 prostate cancer cells were treated with 500 or 1000 μg/mL
fucoidan for 24 h, although there was no change in phosphorylation of JNK, the ERK and p38 was
decreased in a concentration-dependent manner (Figure 4B). Boo et al. [18] demonstrated that, when
PC-3 prostate cancer cells were treated with fucoidan, the expression of p38 was decreased, whereas
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p-ERK was upregulated. A study by Aisa et al. [10] also reported a decrease in p-ERK and p-p38
expression when HCT-15 colon cancer cells were treated with fucoidan. These results demonstrate
that fucoidan inhibits the growth of DU-145 prostate cancer cells and induces apoptosis by inhibiting
the phosphorylation of ERK and p38.

2.6. Effect of Fucoidan on Tumor Growth In Vivo Animal Model

Next, we evaluated the effect of fucoidan on tumors arising from transplantation of DU-145
cells into nude mice. The tumor size was measured twice a week, and fucoidan was diluted with
phosphate-buffered saline and intraperitoneally injected at 5 or 10 mg/kg body weight five times
a week for three weeks. Tumors were smaller in mice given fucoidan compared with the control
group eight days from the commencement of drug administration. At 21 days, compared with the
control group, tumors in the low-concentration (5 mg/kg) group were 52.0% smaller, while those
in the high-concentration (10 mg/kg) group were 80.0% smaller (Figure 5A). In terms of mass, the
mean weight of tumors in mice receiving 5 mg/kg fucoidan was 137 ˘ 19.0 mg and 89 ˘ 33.0 mg
in those receiving 10 mg/kg; there was a marked trend of decreased tumor weight compared with
the control group, in which tumors were 397 ˘ 15.4 mg (Figure 5B). Han et al. [15] reported that
intraperitoneal injection of 5 or 10 mg/kg fucoidan into colon cancer (HT29)-bearing mice led to a
decrease in the tumor weight by 39.0% ˘ 2.6% or 7.5% ˘ 1.2%, respectively. Such results lead to the
reasonable conclusion that fucoidan also inhibits the growth of DU-145 prostate tumors.

Figure 5. Inhibition of DU-145 prostate tumor growth and enhancement of apoptosis in DU-145
prostate tumors by the fucoidan. (A) To identify the effect of fucoidan in DU-145 prostate tumor
growth, nude mice were treated with fucoidan (0, 5, 10 mg/kg) for 21 days (n = 5). (B) The graph
expresses final tumor weight. (C) The graph is nude mice weight. Each value was expressed as
mean ˘ SE of five mice. Significance was determined by Dunnett’s t-test with * p <0.05 compared as
statistically significant compared with non-treated controls.
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2.7. Effect of Fucoidan on the Apoptosis Induction of DU-145 Tumor Tissue

To verify the anticancer effect of fucoidan on DU-145 prostate cancer, the drug was administered to
mice carrying xenograft tumors. Compared with the control group, tumors from mice given 0 mg/kg
or 10 mg/kg fucoidan had more apoptotic cells (4.1% ˘ 1.0% and 18.6% ˘ 4.0% more, respectively
as measured by the TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay
(Figure 6). This result implies that DNA fragmentation observed earlier resulted from apoptosis.
Xue et al. [31] reported similar effects of 5 or 10 mg/kg fucoidan on 4T1 breast cancer xenografts in
mice. Thus, fucoidan likely inhibits the growth of tumors by inducing apoptosis in DU-145 prostate
cancer cells.

Figure 6. Induction of apoptosis by fucoidan in DU-145 cells. Nude mice were treated with fucoidan for
21 days and apoptosis was assessed by terminal deoxynucleotidyltransferase-mediated Dutp nick-ned
labeling (TUNEL) assay. Tumor tissues were observed under a microscope and photographed at a
ˆ200 magnification. The percentage of labeled with TUNEL-positive apoptotic cells was calculated
from 1,000 scored cells. Paraffin-embedded tumors were cut into 5 μm sections. Each bar represents
the mean ˘ SD calculated from independent experiments. Significance was determined by Dunnett’s
t-test with * p <0.05 compared as statistically significant compared with non-treated controls. Scale bar,
10 μm.

2.8. Effect of Fucoidan on Akt and ERK Expression in DU-145 Tumor Tissue

Akt and ERK cooperate to maintain cell viability, and are known to be involved in proliferation
and differentiation of cells and to regulate a wide spectrum of biological activity [32]. Thus, we
employed immunohistochemical assays to measure the activation (phosphorylation) of Akt and ERK
in tumor tissues collected from human tumor-xenografted mice after intraperitoneal injection of 5 or
10 mg/kg fucoidan (Figure 7). We observed that fucoidan at either dose decreased phosphorylation
of Akt and ERK compared with the control group, similar to the results of western blotting in vitro.
Fucoidan thus appears to inhibit the growth and migration of tumors by regulating the activity of Akt
and ERK.

2.9. The Histopathological Changes in DU-145 Tumor Tissues by the Fucoidan

Next, to assess organ toxicity due to fucoidan administration, liver, and kidney tissues from
tumor-xenografted mice were histologically examined by hematoxylin and eosin staining followed
by fluorescence microscopy (original magnification, ˆ200). No histopathological abnormality was
detected, indicating that fucoidan causes no detectable toxic effects (Figure 8).
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Figure 7. Effect of fucoidan on p-Akt and p-ERK expression in DU-145 prostate tumors. Nude mice were
administered fucoidan (0, 5 and 10 mg/kg) for three weeks and assayed by immunohistochemistry using
p-Akt and p-ERK antibodes. Tumor tissues were observed under a microscope and photographed at a
ˆ400 magnification. Paraffin-embedded tumors were sectioned to a thickness of 5 μm. Scale bar, 5 μm.

Figure 8. Histological observation of nude mice treated intraperitoneally with fucoidan. Fucoidan was
administered at a dose of 5 or 10 mg/kg five times per week, for a total 21 injections. On day 21, mice
were sacrificed, and tumors excised and evaluated by hematoxylin & eosin (H & E) staining (ˆ200).
The dose of fucoidan had no detectable toxicological effect on nude mice. Scale bar, 10 μm.

3. Materials and Methods

3.1. Chemicals, Drugs, and Antibodies

Fucoidan (Undaria pinnatifida) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
RPMI-1640 medium, penicillin-streptomycin, trypsin-EDTA and fetal bovine serum (FBS) were
purchased from HyClone Laboratories Inc. (Logan, UT, USA). 3-(4,5-Dimethythiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) and dimethylsulfoxide (DMSO) were obtained from Sigma-Aldrich.
Antibodies against Bax, Bcl-2, β-actin, Akt, phospho-Akt (Ser473), caspase-9, phospho-PARP,
phosphoinositide 3-kinase (PI3K), extracellular signal regulated kinase (ERK) 1/2, c-Jun N-terminal
kinase (JNK), P38 and rabbit lgG were purchased from Cell Signaling Technology (Beverly, MA,
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USA). Cell lysis buffer and 4',6-diamidino-2-phenylindole (DAPI) were purchased from Invitrogen
Life Technologies (Carlsbad, CA, USA). The DeadEnd™ fluorometric terminal deoxyribonucleotide
transferase-mediated dUTP nick end-labeling (TUNEL) assay kit was purchased from Promega
(Madison, WI, USA).

3.2. Cell Lines and Culture

The human prostate carcinoma cell line, DU-145, was purchased from the Korean Cell Line
Bank (Seoul, Korea) and maintained in RPMI-1640 medium supplemented with 5% FBS and 1%
penicillin-streptomycin at 37 ˝C in a humidified 5% CO2 atmosphere. Culture medium was renewed
every 2–3 days. For fucoidan treatment, DU-145 cells were seeded at a density of approximately
3 ˆ 104 cells/cm2 in a 175 cm2 flask and were allowed to adhere overnight.

3.3. Cell Viability Assay

The anticancer effects of fucoidan were assessed by MTT assay. DU-145 cells were seeded in a
96-well plate at a density of 2 ˆ 104 cells/mL and a volume of 200 μL/well. After 24 h of incubation,
the cells were treated with 250, 500, 750, and 1000 μg/mL fucoidan for either 24 h in triplicate.
Following treatment, the medium was discarded, followed by the addition of 40 μL of a 5 mg/mL MTT
solution and incubation for a further 2 h. The medium was then aspirated and the formazan product
generated by viable cells was solubilized with the addition of 100 μL of DMSO. The absorbance of
the solutions at 595 nm was determined using a microplate reader (Bio-Rad, Hercules, CA, USA).
The percentage of viable cells was estimated in comparison to the untreated control cells.

3.4. 41,6-diamidino-2-phenylindole (DAPI) Staining

Apoptotic cell death was determined morphologically using a fluorescent nuclear dye, DAPI.
DAPI staining showed the number of apoptotic cells with chromatin condensation and nuclear
fragmentation. DU-145 cells were incubated with PBS or various concentrations of fucoidan (500 and
1000 μg/mL) for 24 h, then harvested by trypsinization, and fixed in 70% ethanol overnight at 4 ˝C.
The next day, the cells were stained with DAPI, deposited onto the slides, and finally viewed to detect
apoptotic characteristics with a fluorescent microscope.

3.5. Western Blot Analysis

Cells were treated with various concentrations of fucoidan for 24 h, and then protein
concentrations were determined using the Bradford protein assay (Bio-Rad Laboratories, Hercules,
CA). Total proteins in each cell lysate were resolved on various concentrations (6%–14%) of sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS PAGE) gels, and then were electro-transferred
onto nitrocellulose membranes. The membranes were incubated with blocking buffer (5% non-fat
dry milk in Tris-buffered saline with Tween 20 (TBS-T)) for 1 h at room temperature, and then were
further incubated with specific antibodies diluted in blocking solution overnight at 4 ˝C. After washing
with TBS-T, membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies for 1 h at room temperature. After washing, bands were visualized using enhanced
chemiluminescence (ECL) detection reagents (Pierce Biotechnology, Rockford, IL, USA) according to
the manufacturer’s instructions.

3.6. Antitumor Activity In Vivo

Five-week-old male BALB/c nude mice (nu/nu) were purchased from Orient Bio Inc.
(Gyeonggi-do, Korea). Experiments on animals were performed in accordance with the Guidelines
for the Care and Use of Animals of the Kongju National University Animals Care Committee
(Chungcheongnam-do, Korea). Mice were maintained under a 12 h light/dark cycle, and housed under
controlled temperature (23 ˘ 3 ˝C) and humidity (40% ˘ 10%) conditions. Mice were allowed access
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to laboratory pelleted food and water ad libitum. DU-145 cells were maintained in RPMI-1640
supplemented with 10% FBS and 1% penicillin-streptomycin at 37 ˝C in a humidified 5% CO2

atmosphere. DU-145 cells were harvested from cultures by exposure to 0.25% trypsin. Trypsinization
was stopped with a solution containing 10% FBS, and cells were then washed twice and resuspended
in RPMI-1640 medium. A total of 2 ˆ 107 cells in 0.2 mL of medium were injected subcutaneously into
the right flank of donor nude mice. Seven days after the subcutaneous injection, DU-145 cells growing
under the skin of nude mice established tumors. All animal experiments were performed following the
approval of the Institutional Animal Care and Use Committee according to the guidelines of Kongju
National University (KNU_2015-06).

3.7. Histological Examination

The excised livers and kidneys were immediately fixed in 10% neutral-buffered formalin and,
after embedding in paraffin, cut into 5-μm-thick sections. Following hematoxylin and eosin (H & E)
staining, the sections were examined under a light microscope (ˆ200).

3.8. TUNEL Assay

Paraffin-embedded tumor tissues were used for TUNEL staining, which was performed using
the Dead End Colorimetric TUNEL system (Promega). Paraffin-embedded sections (5 μm thick) were
processed according to the manufacturer’s protocol. Briefly, sections were deparaffinized in xylene,
and then treated with a graded series of alcohol (100%, 95%, 85%, 70%, and 50% ethanol (v/v) in
double-distilled H2O) and rehydrated in PBS (pH 7.5). Then the tissues were treated with proteinase K
solution for permeabilization and refixed with 4% paraformaldehyde solution. Slides were treated with
the rTdT reaction mix and incubated at 37 for 1 h; reactions were terminated by immersing the slides
in 2ˆ SSC solution for 15 min at room temperature. After blocking endogenous peroxidase activity
(with 0.3% hydrogen peroxide), slides were washed with PBS, and then incubated with streptavidin
horseradish peroxidase solution for 30 min at room temperature. After washing, slides were incubated
with 3,3-diaminobenzidine (substrate) solution until a light brown background appeared (10 min),
and then rinsed several times in deionized water. After mounting, slides were observed using a
light microscope.

3.9. Immunohistochemistry

To detect p-Akt and p-ERK, 5-μm-thick sections were cut from paraffin-embedded tissue blocks.
The sections were deparaffinized and hydrated by sequential immersion in xylene and graded alcohol
solutions. The endogenous peroxidase activity was quenched by treatment with 3% hydrogen peroxide
for 5 min at room temperature. The sections were incubated with primary antibodies for 1 h at 37 ˝C
and then with the secondary antibody for 30 min at room temperature. Staining was performed using
diaminobenzidine (DAB) and counterstaining was performed using methyl green. For the negative
control, the incubated antibody diluent was used as a substitute for the primary antibody

3.10. Statistical Analysis

The results are expressed as the means ˘ standard deviation (SD). Differences between the mean
values for the groups were assessed by a one-way analysis of variance (ANOVA) and Dunnett’s t-tests.
p < 0.05 was considered to indicate a statistically significant difference.

4. Conclusions

In this study, we confirmed the effects of fucoidan on androgen-independent prostate cancer via
in vitro and in vivo. Fucoidan inhibited the proliferation of and induced apoptosis in DU-145 prostate
cancer cells and modulated protein expression associated with apoptosis through the PI3K/Akt and
MAPK signaling pathways. Administration of 5 or 10 mg/kg fucoidan to DU-145 prostate-bearing
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nude mice significantly reduced tumor volume and tumor weight. TUNEL assay results suggest that
this results from fucoidan’s induction of cancer cell apoptosis. Finally, immunohistochemical analysis
of tumor tissue revealed that fucoidan treatment decreased p-Akt and p-ERK levels, indicating that
apoptosis of DU-145 prostate cancer cells results from regulation of the PI3K/Akt and MAPK signaling
pathways. Thus, the present study provides a molecular basis for the use of fucoidan as a cancer
chemopreventive and chemotherapeutic agent.
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Abstract: Induction of angiogenesis is a potential treatment for chronic ischemia. Low molecular
weight fucoidan (LMWF), the sulfated polysaccharide from brown seaweeds, has been shown to
promote revascularization in a rat limb ischemia, increasing angiogenesis in vivo. We investigated the
potential role of two heparan sulfate (HS) metabolism enzymes, exostosin-2 (EXT2) and heparanase
(HPSE), and of two HS-membrane proteoglycans, syndecan-1 and -4 (SDC-1 and SDC-4), in LMWF
induced angiogenesis. Our results showed that LMWF increases human vascular endothelial cell
(HUVEC) migration and angiogenesis in vitro. We report that the expression and activity of the
HS-degrading HPSE was increased after LMWF treatment. The phenotypic tests of LMWF-treated
and EXT2- or HPSE-siRNA-transfected cells indicated that EXT2 or HPSE expression significantly
affect the proangiogenic potential of LMWF. In addition, LMWF increased SDC-1, but decreased
SDC-4 expressions. The effect of LMWF depends on SDC-4 expression. Silencing EXT2 or HPSE
leads to an increased expression of SDC-4, providing the evidence that EXT2 and HPSE regulate the
SDC-4 expression. Altogether, these data indicate that EXT2, HPSE, and SDC-4 are involved in the
proangiogenic effects of LMWF, suggesting that the HS metabolism changes linked to LMWF-induced
angiogenesis offer the opportunity for new therapeutic strategies of ischemic diseases.

Keywords: fucoidan; angiogenesis; human endothelial cell; glycosaminoglycan;
syndecan; heparanase

1. Introduction

Heparan sulfate proteoglycans (HSPG) are integral components of the cell surface and
extracellular matrix (ECM) of animal cells. These complex molecules consist of sulfated
carbohydrate chains of glycosaminoglycans (GAGs) covalently bound to a protein core. The GAGs
are composed of disaccharide units composed of galactose or glucuronic/iduronic acid and
N-acetyl-glucosamine/-galactosamine. Heparan sulfate (HS) chain compositions are cell-specific
and can evolve during the development or tissue regeneration. All HS chains are synthesized de novo,
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and it is still unclear what determines their structures. The enzymes involved in the biosynthesis of
a carbohydrate chain have been identified. Two main categories have been described: the enzymes
responsible for chain polymerization, mainly exostosin-1 and -2 (EXT1, EXT2), and the enzymes
responsible for chain modifications (N-deacetylase/N-sulfotransferases (NDST), 2-O-sulfotransferases
(2OST), 3-O-sulfotransferases (3OST), 6-O-sulfotransferases (6OST), and heparanase (HPSE). Syndecans
(SDCs) are heparan-sulfate containing transmembrane proteoglycans [1]. They bind various
components of the ECM and are important regulators of cell-cell and cell-ECM interactions. Syndecans
are involved in cell migration and angiogenesis [2,3]. Syndecan-4 (SDC-4) is a component of
the focal contacts and its activation is associated with cell cytoskeletal rearrangement leading to
cell migration [4]. Syndecan-1 (SDC-1) modulates β-integrin- and interleukin-6-dependent breast
cancer cell adhesion and migration, and its overexpression in human fibrosarcoma cells leads to
increased proliferation and migratory ability [5,6]. Low molecular weight fucoidan (LMWF), a sulfated
polysaccharide from brown seaweeds that mimics some biological activities of heparin, has been
shown to promote revascularization in a rat critical hindlimb ischemia [7]. It increases human vascular
endothelial growth factor (VEGF165)-induced endothelial cell migration by enhancing VEGF165 binding
to VEGFR-2 and neuropilin 1 (NRP1) [8]. Furthermore, fucoidan induces the adoption by endothelial
colony-forming cells (ECFC) of an angiogenic phenotype in vitro and greatly increases ECFC-mediated
angiogenesis in vivo [9]. We have previously demonstrated that LMWF, injected in rats, prevented
intimal hyperplasia in the thoracic aorta by increasing human vascular endothelial cell (HUVEC)
migration, but decreasing vascular smooth muscle cell migration through the modulation of matrix
metalloproteinase-2 (MMP-2) expression [10]. Nevertheless, the effects of fucoidan on angiogenesis
are somehow controversial. Indeed, depending on the seaweed origin, the sulfatation level, or the
size, fucoidan may have antiangiogenic effects. Soeda et al. reported that oversulfated fucoidan
(100 kDa) from Fucus vesiculosus significantly inhibited the fibroblast growth factor-2 (FGF-2) induced
HUVEC migration and tube formation by increasing the release of plasminogen activator inhibitor-1
(PAI-1) [11]. In contrast, Kim et al. reported that fucoidan acts synergistically with FGF-2 in promoting
HUVEC proliferation and agiogenesis by AKT and MMP-2 signalling via activation of the p38 and JNK
signalling pathways [12]. In this study, we hypothesized that LMWF (8 kDa) from Fucus vesiculosus can
also modify the amount and the distribution of heparan sulfate (HS) chains exposed at the endothelial
cell surface and of two major heparan sulfate membrane proteoglycans, SDC-1 and SDC-4, causing
modifications of cell properties related to proangiogenic abilities.

2. Results and Discussion

2.1. Effects of LMWF on Endothelial Cell Abilities (Migration and 2D-Angiogenesis)

LMWF at 10 μg/mL, but not high molecular weight fucoidan (HMWF) (600 kDa) increased
HUVEC migration through fibronectin-coated 8 μm-porous membranes by 36% ± 8% (Figure 1A and
data not shown). Confocal microscopy confirmed that LMWF induced the formation of lamellipodia
and ruffles, which characterize a migration phenotype and reorganized actin cytoskeleton (Figure 1B).
Using a 2D-angiogenesis assay, we demonstrated that LMWF induced the formation of capillary
tubes in Matrigel by increasing their length by 4 fold and their area up to 84% ± 8%, as compared to
untreated (UT) control cells (Figure 1C).

2.2. LMWF and Level of Glycosaminoglycan Chains Expressed in HUVECs

We first investigated whether LMWF could modify the GAG chain level expressed by HUVECs.
For that purpose, the level of total GAGs, HS chains, and chondroitin sulfate (CS) chains were
determined by DMMB assays in the lysate of endothelial cells after 24 h of 10 μg/mL LMWF treatment
and compared to UT control cells. There was no significant difference in the level of GAGs, HS, and
CS after LMWF incubation (Figure S1). Following LMWF treatment, the amount of total GAGs in the
conditioned medium of LMWF-treated cells decreased by 28% ± 8% at 24 h, as compared to untreated
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control cells (p < 0.05, n = 3, Figure 2A). Further analysis revealed that HS amounts decreased by
25% ± 5% in the conditioned medium of the LMWF-treated cells, whereas there was no variation of
CS chain amount (Figure 2A). These data suggests that LMWF may modify the HS and HSPG turnover
(HS synthesis or cleavage and HSPG shedding).

 

Figure 1. Effects of Low molecular weight fucoidan (LMWF) on endothelial cell abilities: migration
and 2D-angiogenesis. Human vascular endothelial cells (HUVEC) were incubated with 10 μg/mL
LMWF for 24 h and the migration (A), the lamellipodia formation (B) and the capillary tube formation
(length and area) (C) were determined. (A) Migration chamber assay. HUVECs incubated with or
without 10 μg/mL LMWF, were allowed to migrate through the porous fibronectin-coated membrane.
They were stained with Mayer’s hemalum and counted. The results are expressed as cell number per
field; (B) Lamellipodia formation. LMWF induced the formation of lamellipodia and ruffles (white
arrows indicate lamellipodia/ruffle formation, DAPI-nucleus (blue), Phalloidin-F-actin (red)). Bar = 10
μm; (C) Capillary tube formation (2D-angiogenesis assay) on Matrigel. Left and right panels show the
length (left) and area (right) of endothelial capillaries formed by HUVECs treated with or without 10
μg/mL LMWF. Lower right panel shows a representative image of capillary network, as photographed
with phase contrast microscopy (magnification ×100). * p < 0.05 versus control untreated (UT) cells.
A.U.: arbitrary unit.
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Figure 2. LMWF and glycosaminoglycan chain level in HUVECs. (A) Glycosaminoglycan
quantification. HUVECs were incubated with 10 μg/mL LMWF for 24 h and the amount of total
GAGs, CS and HS chains were determined in the supernatant according to a dimethyl-methylene blue
(DMMB) assay; (B) Exostosin-1 and -2 (EXT1 or EXT2) mRNA levels were determined by real-time
RT-PCR in cells treated with or without 10 μg/mL LMWF. (C) EXT1 or EXT2 protein levels were
determined by western blot in cells treated with or without 10 μg/mL LMWF. Right panel shows a
representative image of the western blot assay. * p < 0.05 versus control untreated (UT) cells. A.U.:
arbitrary unit.

2.3. LMWF and Heparan Sulfate Biosynthesis and Degradation Enzymes in HUVECs

We have first studied the effects of LMWF on enzymes involved in HS biosynthesis (EXT1,
EXT2) or degradation (heparanase). These glycosyltransferases EXT1 and EXT2 are responsible
for the elongation of HS by catalyzing the addition of alternating β-D-glucuronate (GlcA) and
α-D-N-acetylglucosamine (GlcNAc) units to the tetrasaccharide linker of GAGs. We assessed the
glycosaminoglycan polymerization (EXT1 and EXT2) mRNA levels by quantitative RT-PCR. The
mRNA expression level of EXT2 in LMWF-treated cells was decreased by 36% ± 13%, as compared
to untreated cells at 24 h (p < 0.05), whereas the level of mRNA encoding for EXT1 was unaffected
(Figure 2B). The EXT1 and EXT2 protein levels were measured by western blot analysis in HUVEC
lysates. A slightly decreased EXT2 level by 23% ± 5% was observed in the LMWF-treated cells
(p < 0.05). No significant difference was observed for EXT1 (Figure 2C).

The HS-degrading enzyme heparanase (HPSE) is an endo-β-D-glucuronidase, which plays an
important role in remodeling of the basement membrane and extracellular matrix during process
of inflammation [13–15]. HPSE is synthesized as an inactive 65 kDa pro-form enzyme (pro-HPSE),
can be transformed into active heterodimer consisting of 50 and 8 kDa subunits (active HPSE), and
cleaves HS chains attached to proteoglycans, such as syndecans and perlecan [15,16]. HPSE mRNA
expression, as assessed by quantitative RT-PCR, was increased by 2.4 fold in LMWF-treated cells, as
compared to untreated control cells (Figure 3A). Active HPSE form (50 kDa) expression, as assessed
by western blot, was significantly increased up to 2 fold in the supernatant or by 20% ± 5% in the
lysate of the LMWF-treated cells (Figure 4B). HPSE activity was slightly but significantly increased
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up to 20% ± 3% in the lysate of LMWF-treated cells (Figure 3C), whereas it was not detected in the
respective conditioned medium.

Figure 3. LMWF and heparanase in HUVECs. (A) HPSE mRNA levels were determined by real-time
RT-PCR in cells treated with or without 10 μg/mL LMWF; (B) HPSE protein levels were determined
by western blot in the supernatant or in the lysate of cells treated with or without 10 μg/mL LMWF.
Lower panel shows a representative image of the western blot assay. (C) Heparanase activity was
checked in the lysate of LMWF-treated cells. HPSE activity in untreated cells was arbitrary set to 100%.
* p < 0.05, *** p < 0.0005, LMWF-treated cells versus LMWF-untreated cells (UT). A.U.: arbitrary unit.

2.4. Effects of LMWF on the Syndecan Expression

We therefore focused on the effect of LMWF on the expression of the heparan sulfate
transmembrane proteoglycans belonging to the syndecan family, SDC-1 and SDC-4.

In HUVECs, we demonstrated that LMWF increased the level of mRNA encoding for SDC-1 by
48% ± 12% (p < 0.005), whereas it decreased that of SDC-4 by 38% ± 9% (p < 0.05) (Figure 4A). We then
analyzed SDC-1 and SDC-4 levels by western blot. The SDCs contains the core protein (ectodomain,
transmembrane, and cytoplasmic domains) and the GAG, which are attached in the ectodomain part of
SDCs. As shown previously, it is well known that the western blot expression pattern is heterogeneous
(many bands from 20 kDa to 250 kDa) and show many forms of SDC-1 and SDC-4 in the cell lysate [17].
Our results of SDC protein expression showed the presence of 3 different forms for SDC-1 and SDC-4
(Figure 4B,C). Upon LMWF treatment, protein level was significantly increased by 22% ± 2% (33 kDa),
13% ± 5% (75 kDa) and 18% ± 4% (250 kDa) for SDC-1 or decreased by 28% ± 5% (22 kDa), 41% ± 9%
(75 kDa), and 48% ± 5% (150 kDa) for SDC-4, respectively (Figure 4B,C). As assessed by dot blot, the
shedded ectodomain level of SDC-1 in the supernatant of LMWF-treated cells was increased by 2 fold,
as compared to untreated control cells, whereas that of SDC-4 was decreased by 35% ± 8% (p < 0.05)
(Figure 4D).

Taken together, LMWF modulate SDC-1 and SDC-4 gene expression and ectodomain shedding in
HUVEC in vitro culture.
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Figure 4. Effects of LMWF on the SDC expression in HUVECs. SDC-1 and SDC-4 mRNA or protein
levels in endothelial cells treated or not with 10 μg/mL LMWF were analyzed respectively by real time
RT-PCR (A) or western blot (B,C). SDC-1 and SDC-4 ectodomains in the supernatant of cells treated
with or without 10 μg/mL LMWF were analyzed by dot blot (D). * p < 0.05, ** p < 0.005, significantly
different to LMWF-untreated cells (UT). A.U.: arbitrary unit.

In vivo, the influence of LMWF on SDCs expression was assessed in a Sprague Dawley Rat model
of intimal hyperplasia. We have already used this model to show the pro-angiogenic effect of LMWF
treatment [10]. In addition, SDC-1 and SDC-4 have been shown to play an important role in the
pathological response of a balloon-injured wall artery [18]. Briefly, rats were subjected to balloon injury
into the thoracic artery to create local destruction of endothelial layer leading to inflammation and
intimal hyperplasia development. Two weeks after LMWF-intramuscular injection the level of SDC-1
and SDC-4 in the balloon-injured artery was analyzed.

Our results demonstrated that the expression of SDC-1 and SDC-4 was very low in healthy arteries
in the media (M) and adventitia (A) layers, whereas it increased in the neointima (N), media and
adventitia layers in balloon-injured, and NaCl-treated arteries (vehicle), leading to development of
intimal hyperplasia (Figure 5A–E). The LMWF treatment of injured artery increased SDC-1 expression
in the neointima and in the adventitia layers, as compared to vehicle (Figure 5C). Furthermore, upon
LMWF treatment, the SDC-4 expression was decreased in the neointima and media, but largely
increased in the adventitia layer, as compared to vehicle (Figure 5F). These in vivo results were in
concordance with our previously described observation obtained in the HUVECs in vitro culture [10].

All these results suggest that LMWF has an important influence on the proteoglycan distribution
in the endothelial cells and can increase SDC-1 and decrease SDC-4 expression in vitro and in vivo.
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Figure 5. Effects of LMWF on the SDC distribution in rat balloon injured artery. SDC-1 and SDC-4
expressions were assessed using immunohistochemistry in rat model of intimal hyperplasia. (A) SDC-1
or (D) SDC-4 expressions in non injured arteries; (B) SDC-1 or (E) SDC-4 expressions in injured arteries
treated with NaCl; (C) SDC-1 or (F) SDC-4 expressions in injured arteries treated with LMWF. White
arrows indicate SDC expressions in the neointima layer in high power view inserts (red). Green:
autofluorescence of the elastic fibers of the lamina. Magnification ×100, L: lumen, N: neointima, M:
media, A: adventitia.

2.5. Assessment of EXT-, HPSE- or SDC Involvement in Biological Effects of LMWF

To assess the potential role of EXT1/EXT2, HPSE or SDC-1/SDC-4 in the biological effects induced
by LMWF, specific siRNAs were carried out.

Quantitative RT-PCR showed that the expression of the mRNAs and proteins of EXT2 in
EXT2-siRNA- and EXT1 in EXT1-siRNA-transfected cells was reduced up to 72% ± 16% and
71% ± 15%, respectively, as compared to the SNC-siRNA-transfected control cells (Figure 6A). The
flow cytometry assay showed that the binding of 10E4 anti-HS antibodies to EXT2-siRNA- or
EXT1-siRNA-transfected cells was respectively reduced by 75% ± 8% or by 80% ± 9%, as compared to
SNC-siRNA-transfected control cells (Figure 6B).
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Figure 6. Assessment of EXT involvement in biological effects of LMWF in HUVECs. HUVECs
were transfected with EXT1-siRNA or EXT2-siRNA or with SNC-siRNA control. (A) EXT1 or
EXT2 mRNA levels were determined in EXT1-siRNA- or EXT2-siRNA- or SNC-siRNA-transfected
control cell by real-time RT PCR. EXT1- or EXT2 mRNA level normalized to GAPDH mRNA level in
SNC-siRNA-transfected control cells was arbitrarily set to 1; (B) The binding of 10E4 anti-HS antibodies
to EXT2- or EXT1-siRNA transfected cells was compared to that of SNC-siRNA-transfected cells;
(C) Migration was assayed in cells treated with or without 10 μg/mL LMWF; (D) 2D-angiogenesis
was assayed in cells treated with or without 10 μg/mL LMWF. The difference in the capillary
network length between LMWF-treated and untreated cells in each RNA interference condition
(EXT1 or EXT2 silencing) was compared to that in SNC-siRNA-transfected cells. Control LMWF
induction was arbitrary set at 100% for SNC-siRNA-transfected cells. * p < 0.05, *** p < 0.0005 versus
SNC-siRNA-transfected control cells. A.U.: arbitrary unit.

There were no significant difference in cell migration after LMWF treatment in EXT1-siRNA- or
EXT2-siRNA-transfected cells, as compared to SNC-siRNA-transfected cells (Figure 6C). In contrast, the
LMWF induction of 2D-angiogenesis was abolished in LMWF-treated EXT2-siRNA-transfected cells
by 98% ± 5%, or decreased in LMWF-treated EXT1-siRNA-transfected cells by 33% ± 5% (p < 0.05), as
compared to SNC-siRNA-transfected control cells (Figure 6D). These latter data suggest that EXT2 and,
to a lesser extent EXT1, affect the pro-angiogenic effect of LMWF.

HPSE-siRNA-transfected cells were used for 2D-angiogenesis or migration assays.
Quantitative RT-PCR showed that the expression of the mRNAs encoding for heparanase
in HPSE-siRNA-transfected cells was reduced up to 74% ± 8%, as compared to the
SNC-siRNA-transfected control cells (Figure 7A). Under basal conditions (in the absence of
LMWF), HPSE-siRNA transfection decreased endothelial cell migration by 37% ± 5% (p < 0.05), but
had no effect on 2D-angiogenesis (Figure S2A,B). However, upon LMWF stimulation and HPSE-siRNA
transfection, the ability of HUVECs to form capillary network in Matrigel 2D-angiogenesis assay
was altered. The capillary network length induced by LMWF treatment was largely decreased by
51% ± 11% in HPSE-siRNA-transfected cells, as compared to SNC-siRNA-transfected control cells
(Figure 7B). In contrast, the cell migration induced by LMWF was significantly increased by 56% ± 9%
(p < 0.05) in HPSE-siRNA-transfected, as compared to SNC-siRNA-transfected cells (Figure 7C).
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Figure 7. Assessment of HPSE involvement in biological effects of LMWF in HUVECs. HUVECs were
transfected with HPSE-siRNA or SNC-siRNA control. (A) HPSE mRNA levels were determined in
HPSE-siRNA- or SNC-siRNA-transfected cells by real-time RT-PCR. HPSE mRNA level normalized to
GAPDH mRNA level in SNC-siRNA-transfected control cells was arbitrary set to 1; (B) 2D-angiogenesis
was assayed in cells treated with or without 10 μg/mL LMWF. The difference in the capillary network
length between LMWF-treated and untreated cells in HPSE RNA interference condition was compared
to that in SNC-siRNA-transfected cells; (C) Migration was assayed in cells treated with or without 10
μg/mL LMWF. Control LMWF induction was arbitrary set at 100% for SNC-siRNA-transfected cells. *
p < 0.05, ** p < 0.005 versus SNC-siRNA-transfected control cells. A.U.: arbitrary unit.

LMWF biological effects have been checked in SDC-1-siRNA- or SDC-4-siRNA-transfected cells
or in cells treated with specific anti-SDC-1 or anti-SDC-4 antibodies. As described [19,20], quantitative
RT-PCR showed that the expression of the mRNAs encoding for SDC-1 in SDC1-siRNA- or SDC-4 in
SDC4-siRNA-transfected cells was reduced up to 69% ± 14% and 73% ± 17% respectively, as compared
to SNC- siRNA-transfected control cells.

Under basal conditions, the 2D-angiogenenis assays showed a significant decrease in cell capillary
network length by 23% ± 4% in SDC-1- and by 54% ± 7% in SDC-4-siRNA-transfected cells, as
compared to SNC-siRNA-transfected control cells (Figure S3A). Upon LMWF cell treatment, the
LMWF-induction of 2D-angiogenenis was unchanged in SDC-1-siRNA-transfected cells, whereas it
was significantly increased in SDC-4-siRNA-transfected cells by 62% ± 5% (p < 0.005), as compared to
SNC-siRNA-transfected control cells (Figure 8A).

Under basal conditions, endothelial cell migration assayed in modified Boyden chambers
was decreased by 43% ± 5% and by 40% ± 8% in SDC-1-siRNA-transfected and anti-SDC-1
antibody-incubated cells, respectively (Figure S3B). LMWF induction of endothelial cell migration
was decreased in SDC-1-siRNA-transfected cells by 20% ± 5% and in anti-SDC-1 antibody-incubated
cells by 47% ± 3%, as compared to respective control cells (Figure 8B). These data were confirmed by
a wound healing assay (Figure S3C). Regarding RNA silencing experiments, these data suggest that
SDC-1 does not play a crucial role in LMWF-induced effects.

Basal endothelial cell migration was decreased by 68% ± 5% and by 67% ± 9% in
SDC-4-siRNA-transfected and anti-SDC-4 antibody-incubated cells, respectively (Figure S3B).
However, LMWF-induction of endothelial cell migration was largely increased by 87% ± 5% in
SDC-4-siRNA-transfected cells or by 2 fold in anti-SDC-4-antibody incubated cells, as compared to
respective control cells (Figure 8B). These data were confirmed by a wound healing assay (Figure S3C).
These results demonstrated that SDC-4 expression limits the LMWF effect on the cells.

174

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 6588–6608

Altogether, we have demonstrated that on the one hand EXT2 (and EXT1 to a lesser extent) and
HPSE expression, and on the other hand SDC-4, play critical roles in LMWF pro-angiogenic effects. We
have then addressed the question whether silencing of endothelial HPSE or EXT2 could affect SDC-4
level. In HPSE- or EXT2-siRNA-transfected cells, SDC-4 mRNA level was up-regulated respectively
by 64% ± 19% or 35% ± 10%, as compared to SNC-siRNA-transfected control cells (Figure 8C). In
addition, there was no effect on SDC-1 mRNA level in HPSE- or EXT2 silenced cells (Figure 8C).

2.6. Discussion

Fucoidan exhibits various biological effects, among them anti-inflammatory, low anti-coagulant
and anti-thrombotic activities. We have previously shown the therapeutic potential of low molecular
weight fucoidan (LMWF) in reduction of in-stent restenosis in a rabbit model, vascular tissue repair [21],
and in critical hind limb ischemia in a rat model [7].

In this study, we hypothesized that LMWF could modify the amount and the distribution of
heparan sulfate chains expressed in endothelial cells and of syndecan-1 (SDC-1) and syndecan-4
(SDC-4), two major heparan sulfate (HS) membrane proteoglycans.

Figure 8. Assessment of SDC involvement in biological effects of LMWF in HUVECs.
2D-angiogenesis (A) and migration (B) assays were performed in SDC-1-siRNA- or SDC-4-siRNA-
or SNC-siRNA-transfected control cells (B, left panel), or in cells treated with specific anti-SDC-1
or anti-SDC-4 antibodies (B, right panel). Control LMWF induction was arbitrary set at 100% for
SNC-siRNA-transfected cells or isotypes. (C) SDC-1 and SDC-4 mRNA expression was analyzed
in EXT2- or HPSE-siRNA-transfected cells. * p < 0.05 versus SNC-siRNA-transfected control cells or
isotypes. A.U.: arbitrary unit.
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Our results could be summarized as follows: 1/LMWF increased endothelial cell migration
and vascular tube formation; 2/LMWF modified HS- and SDC metabolism (increased heparanase
(HPSE) level and activity, change in SDC-1/-4 expression and shedding); 3/EXT2, HPSE and SDC-4
are involved in LMWF cellular effects since silencing EXT2, HPSE, or SDC-4 affect LMWF-induced
angiogenesis; 4/Our data also evidenced a link between EXT2, HPSE, and SDC-4 level since silencing
EXT2 or HPSE led to increased translational expression of SDC-4.

Fucoidan as a heparin-like molecule can physically interact with several heparin-binding
growth factors and chemokines. Fucoidan may promote or inhibit growth factor effects by trapping
endogenously-released growth factors, or by displacing its ligands from their storage sites, increasing
their bioavailability. Thus, LMWF has been shown to release the glycosaminoglycan-bound stromal
cell-derived factor-1 (SDF-1)/CXCL12, which mobilizes progenitor cells [22]. (SDF-1)/CXCL12 may
participate in angiogenesis together with vascular endothelial growth factor (VEGF) and fibroblast
growth factor (FGF) [23]. In this context, one could suppose that the modification in HS chain
synthesis or degradation would affect LMWF activities. For example, it has been demonstrated that the
overall size of HS chains, as well as the specific features of HS chains, including the sulfated patterns,
can affect FGF signaling activation [24]. Our data suggest that LMWF effects depend on HS, since
LMWF-mediated angiogenesis is decreased either in EXT2 (involved in HS biosynthesis) or HPSE
(involved in HS degradation) silencing conditions. Furthermore, our data also demonstrated that
LMWF increased HPSE expression and activity, and does not really affect EXT1 and EXT2 expression
in endothelial cells. It is of note that LMWF treatment only slightly affects the HS level in our in vitro
condition of HUVEC culture. This could be related to the law sensitivity of the dimethyl-methylene
blue (DMMB) assay.

Interestingly, the inverse relations among HS, EXT1, and HPSE expressions are observed in cancer
cell models. Cancer cells with higher EXT1 expression exhibited lower HPSE expression, whereas
cancer cells with lower EXT1 expression exhibited higher HPSE expression [25]. In addition, the
EXT1 knockdown with siRNA led to up-regulation of HPSE expression and potentiation of metastatic
capacity [25]. Similarly, Huegel et al. recently demonstrated that interfering with HS function, both
with the chemical antagonist Surfen or treatment with bacterial heparitinase, up-regulated endogenous
HPSE gene expression, suggesting a feedback mechanism that would result in further HS reduction
and increased signaling [26]. With our data, it suggests that a coordinated regulation of key features of
HS expression (EXT enzymes and HPSE) does exist even no mechanism has been brought out yet.

Our results also highlight a more important role of EXT2 than EXT1 in LMWF-inducted
angiogenesis. This could be related to the fact that these enzymes can act differently on HS biosynthesis
as demonstrated by Busse et al. [27].

Besides, HPSE overexpression has already been involved in in vivo angiogenesis in mice models.
Homozygous transgenic mice that overexpress HPSE demonstrate both a deep reduction in the size
of HS chains, as well as enhanced neovascularization of mammary ducts [28], some conclusions
that seem consonant with our observations. The overexpression of HPSE by tumors may activate
tumor angiogenesis through various mechanisms in addition to promoting the release of growth
factor-decorated HS fragments. HPSE has been demonstrated to be a mediator of angiogenesis
by different mechanisms [29]. HPSE promotes: 1/endothelial cell migration and degradation of the
subendothelial basal lamina; 2/release of active HS-bound FGF and VEGF; 3/release of HS degradation
fragments that promote FGF receptor binding, dimerization and signaling. In addition, HPSE has
been demonstrated to be related to changes in the distribution of SDC-1, in particular by acting on
SDC-1 ectodomain shedding [30]. We have investigated effects of LMWF on SDC-1 and SDC-4. Both
heparan sulfate proteoglycans are involved in cell migration through cell cytoskeletal rearrangement,
spreading, and 2D-angiogenesis. We have demonstrated that LMWF increases endothelial cell SDC-1
expression and shedding, and has an opposite effect on the same SDC-4 features. In rat injured thoracic
aorta, our recent in vivo results demonstrate that LMWF treatment increased SDC-1 expression in
the neointima layer of the injured artery, but decreased the SDC-4 expression in the neointima and

176

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 6588–6608

media layers, therefore strengthening the in vitro data [10]. SDC-4, but not SDC-1 silencing in HUVECs
increases the LMWF-induced angiogenesis and cell migration, suggesting that SDC-4 expression
partially counteracts LMWF effects.

Furthermore, our data also evidenced an unknown link between EXT2, HPSE, and SDC-4 level
since silencing EXT2 or HPSE led to increased translational expression of SDC-4. In these conditions,
SDC-1 expression remains unchanged. These data suggested that the amount of HS present on SDC-4
core proteins could regulate the rate of SDC-4 core protein synthesis. Similarly, Ramani et al. recently
demonstrated that HS-chains of SDC-1 regulate ectodomain shedding accompanied by a very high
increase in core protein synthesis [31].

Altogether, we hypothesize that LMWF affects SDCs shedding and expression by acting through
both enzymes HPSE and matrix metalloproteinase-2 [10], leading to change in the binding and the
signaling and/or the bioavailability of heparin-binding proteins in the process of angiogenesis.

3. Experimental Section

3.1. Cell Culture

Human umbilical vein endothelial cells (HUVEC, N◦CRL-1730, ATCC) were cultured in
Endothelial Cell Basal Media 2 (PromoCell, Heidelberg, Germany) supplemented with 10% of fetal
calf serum (Lonza, Levallois-Perret, France), and a mix from PromoCell containing EGF (5.0 ng/mL),
Hydrocortisone (0.2 μg/mL), VEGF (0.5 ng/mL), bFGF (10 ng/mL), R3 IGF-1 (20 ng/mL), Ascorbic
Acid (1 μg/mL), Heparin (22.5 μg/mL), 1% Penicillin Streptomycin (PAA Laboratories, Pasching,
Austria). Cells were divided two times per week at a sub cultivation ratio of 1:3.

3.2. Low Molecular Weight Fucoidan

Low molecular weight fucoidan (LMWF) was isolated and hydrolyzed by a radical
depolymerization process [32] from high molecular weight (HMW) extracts from Fucus vesiculosus, a
brown seaweed (Kraeber & Co GmbH, Ellerbek, Germany). The characteristics of LMWF according to
previously reported analytical methods [33] are: weight average molecular mass 8 ± 1 kDa; fucose
content 35% (wt/wt); uronic acid content 3% (wt/wt); and sulfate content 34% (wt/wt). The structural
model of fucoidan prepared from Fucus vesiculosus was determined previously by others [34,35].

3.3. Glycosaminoglycan Extraction

Frozen supernatant from HUVEC cell culture were freeze-dried and suspended in the extraction
buffer (50 mM Tris pH 7.9, 10 mM NaCl, 2 mM MgCl2 and 1% of Triton X-100). Samples were digested
by proteinase K (PK) (50 μg/mL final sample concentration; Merck, Molsheim, France) at 56 ◦C for
24 h. After PK inactivation (90 ◦C, 30 min), samples were treated by DNase (10 U/mL final sample
concentration; Qiagen, Courtaboeuf, France) at 37 ◦C, overnight. Then, samples were centrifuged
(13,000× g, 10 min) through a 0.22 μm filter unit (Pall, Saint-Germain-en-Laye, France). NaCl was
added to a final concentration of 4 M and the filtered samples were vigorously agitated for 30 min.
Proteins were precipitated with TCA (10% final sample concentration; Sigma-Aldrich, Saint-Quentin
Fallavier, France) at 4 ◦C. Pellets were discarded and supernatants were cleared by chloroform washing.
Finally, aqueous phases were immediately dialysis (Spectrum, 3500 MWCO) against buffer (50 mM
Tris pH 7.5, 50 mM CH3COONa, 2 mM CaCl2) and then pure water before freeze-drying. Identities
of the extracted GAGs were analyzed by specific digestion with chondroitinase ABC (Sigma-Aldrich,
Saint-Quentin Fallavier, France), or by nitrous acid treatment as previously described [36].

3.4. Glycosaminoglycan Quantification

Sulfated GAGs were quantified according to the 1–9 dimethyl-methylene blue (DMMB) assay as
previously described [35]. Briefly, an aliquot of each sample was pipetted and completed up to 100 μL
with pure water, 1 mL of DMMB solution was added and then vigorously agitated. Then samples
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were centrifuged (13,000× g, 10 min) to sediment the GAG/DMMB complex and supernatants were
discarded. The pellet was then dissolved in 250 μL of the decomplexating solution by shaking and the
absorbance of the resulting solution was measured at 656 nm. A calibration curve constructed with
known amounts of chondroitin sulfate (CS) A or HS standard was included in each assay.

3.5. Flow Cytometry Analysis

To identify the level of heparan sulfate on HUVEC cell surface, cells were preincubated for 1 h at
4 ◦C with anti-HS Abs (10 μg/mL, Clone 10E4; Seikagaku COGER, Paris, France) or with isotypes.
After washing, cells were labeled for 30 min at 4 ◦C with anti-mouse Ig-FITC (1:50; Becton Dickinson,
Le Pont de-Claix, France). Cells were fixed in 1% paraformaldehyde (PFA) and analyzed with a
FACScan (Becton Dickinson, Le Pont de-Claix, France).

3.6. Real-Time RT-PCR

Real-time RT-PCR were performed using an Applied Step-One device with EXT1
(Hs00609162_m1), EXT2 (Hs00925442_m1), SDC-1 (Hs Hs00896423_m1), SDC-4 (Hs Hs01120909_m1)
and Heparanase (Hs00180737_m1) TaqMan Inventoried Assay and TaqMan Gene Expression Master
Mix kit (Life Technlologies, Saint Aubin, France). The mRNA levels were normalized with GAPDH
housekeeping gene levels as described in the manufacturer’s instructions (Hs02758991_g1, TaqMan
Inventoried Assay; Life Technologies, Saint Aubin, France).

3.7. RNA Interference

EXT1 and EXT2 gene-specific sense and antisense 21-nt single stranded RNAs with symmetric 2
nt 3′(2′-deoxy) thymidine overhangs validated by Life Technologies (s4891 and s4894, Silencer Select
siRNA, Life Thecnologies, Saint Aubin, France). EXT1, EXT2, SDC-1, SDC-4, Heparanase (HPSE) and
scramble SNC silencing were carried out as previously described [18,19]. HUVEC cells were transfected
with 50 nM siRNA in serum-free medium using INTERFERIN transfectant reagent (Polyplus, Ozyme,
Saint Quentin en Yvelines, France) following the manufacturer’s instructions. In each experiment,
a negative siRNA control SNC (Eurogentec, Angers, France) was used as a negative control. Cells
transfected with specific siRNA or SNC-siRNA were used 48 h post transfection for RNA analysis.

3.8. Migration

Cell migration was measured from 6 × 104 HUVECs with Bio-coat cell migration chambers
(Becton-Dickinson, Le Pont de Claix, France) [37]. Briefly, inserts of Bio-coat cell migration chamber
were coated with fibronectin (100 μg/mL; Beckton Dickinson, Le Pont de-Claix, France). 6 × 104

HUVECs treated with SDC-1-, SDC-4-, EXT1-, EXT2-siRNA or SNC-siRNA for 48 h were resuspended
in basal media supplemented or not with 10 μg/mL LMWF. Cells were added in the upper chamber
and complete media was added in the lower chamber. After 24 h, cells migrated through the
porous membrane were stained with Mayer’s hemalum (Sigma-Aldrich, Saint-Quentin Fallavier,
France) and counted manually by two different observers who performed the blind data acquisition.
The cell migration rate was [(D1 − D2)/D1] × 100; D1 was the difference between the number of
migrated SNC-siRNA-transfected cells stimulated by LMWF and that of unstimulated migrated
SNC-siRNA-transfected cells; D2 was the difference between the number of migrated specific
siRNA-transfected cells stimulated with LMWF and that of unstimulated specific siRNA-transfected
cells. Alternatively, 6 × 104 cells were pre-incubated or not for 2 h with the following antibodies:
anti-SDC-1 (Clone DL101, IgG1; Santa Cruz Biotechnology, Heidelberg, Germany), anti-SDC-4 (Clone
5G9, IgG2a; Santa Cruz, Heidelberg, Germany) or their isotype (Becton–Dickinson, Le Pont de-Claix,
France) at 5 μg/mL. The cell migration rate was [(D3 – D4)/D3] × 100; D3 was the difference
between the number of migrated isotype-preincubated cells stimulated with LMWF and that of
migrated unstimulated isotype-preincubated cells. D4 was the difference between the number of

178

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 6588–6608

migrated antibodies-preincubated cells stimulated with LMWF and that of migrated unstimulated
antibodies-preincubated cells.

3.9. Immunocytochemistry

HUVECs were harvested and put into the labtek chamber (10 × 104 per well), than incubated with
10 μg/mL of LMWF for 2 h and lead to spread. Then the cells were permeabilized in 0.05% Triton X-100
(Sigma-Aldrich), stained with Alexa Fluor 546 phalloidin (F-actin, dilution 1/100; Life Technlologies,
Saint Aubin, France) and lamellipodia formation were observed with a confocal microscopy (LSM 510;
Carl Zeiss, Marly le Roi, France).

3.10. In Vitro Angiogenesis Assay

2D-angiogenesis assay (capillary tube formation in Matrigel) was performed with 9 × 104

cells/well seeded on Matrigel-coated 24-well plate (Beckton Dickinson, Le Pont de-Claix, France) and
treated for 24 h with 10 μg/mL LMWF. Endothelial cells were pre-treated with EXT1-, EXT2-siRNA or
SNC-siRNA (control) 48 h before. The capillary tubes were fixed with 4% PFA and stained with 1%
Hematoxylin (Sigma-Aldrich, Saint-Quentin Fallavier, France) and photographed in phase contrast
microscopy (CK40; Olympus, Rungis, France) after 24 h. The average length of vascular capillary
tubes was evaluated using the open source ImageJ Software (Open Source, ImageJ ver 1.47r, National
Institutes of Health, Bethesda, MD, USA).

3.11. Western Blot

HUVECs were incubated with 10 μg/mL of LMWF for 24 h and assayed for western blot as
previously described [38]. The supernatant was collected and cell lysate protein concentration was
determined by bicinchoninic acid (BCA) assay (Pierce Biotechnology, Rockford, IL, USA). Total protein
was probed using anti-SDC-1 and anti-SDC-4 (respectively: mouse monoclonal IgG1, clone DL101
and rabbit polyclonal IgG, H-140, for both dilution 1/500; Santa Cruz Biotechnology, Heidelberg,
Germany), anti-EXT1 and anti-EXT2 (respectively: rabbit polyclonal IgG, H-114 and goat polyclonal
IgG, C-17, for both dilution 1/500; Santa Cruz Biotechnology, Heidelberg, Germany), anti-HPSE (rabbit
polyclonal IgG, H-80, 1/500; Santa Cruz Biotechnology, Heidelberg, Germany), or using their isotypes
(all at 1/200) and revealed with horseradish peroxidase (HRP) conjugated anti-mouse, anti-rabbit,
or anti-goat IgG (dilution 1/2500; Jackson ImmunoResearch, Suffolk, UK). For comparison α- actin
(rabbit polyclonal IgG, I-19-R, dilution 1/500; Santa Cruz Biotechnology, Heidelberg, Germany) was
used as relevant standard house-keeping protein and revealed with horseradish peroxidase (HRP)
conjugated anti-rabbit IgG (dilution 1/2500; Jackson ImmunoResearch, Suffolk, UK). Proteins were
detected using Enhanced chemiluminescence detection reagents (GE Healthcare, Orsay, France). The
statistical analysis was done after the protein bands quantification by Scion Image Software (Scion
Corporation, Frederick, MD, USA).

3.12. Heparanase Activity Assay

HUVEC cell lysate or supernatant was used to determine heparanase activity using Cisbio
Heparanase assay (Cisbio, Codolet, France). HepOne (InSight, Rehovot, Israel) was used for
heparanase standard range. Briefly, cells lysate, supernatant, or HepOne was mixed with HS labeled
with biotin and Eu3+ in reaction buffer (20 mM citrate phosphate buffer pH 5.4, 50 mM NaCl, 1 mM
CaCl2, 0.1% BSA, 0.1% Chaps) for 3 h at 37 ◦C. Then for the detection step we add streptavidin-d2
(300 mM phosphate buffer pH 7, 800 mM potassium fluoride, 0.1% BSA, 2 mg/mL heparin) for 15 min
at ambient temperature. Then the fluorescence was read using the following setup: excitation 337 nm,
emissions 620 nm and 665 nm on M200 Pro reader (Tecan, Lyon, France).

179

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 6588–6608

3.13. Experimental Model of Intimal Hyperplasia

The experimental design was approved by the Bichat University Institutional Animal Care and
use Committee (N◦2011-14/698-0038). Adult male Wistar rats (n = 12, purchased from Janvier, CERJ,
Laval, France), weighing 280 to 300 g and aged 8 weeks, were anesthetized with intraperitoneal
pentobarbital (0.1 mL/kg) (CEVA Santé Animal, Libourne, France). 2F Fogerty balloon catheter (Baxter
Healthcare, Maurepas, France) was inserted through an incision made in the external carotid artery
and advanced along the length of the common carotid artery to the thoracic aorta [39]. The balloon was
then inflated and passed three times along the length of the aortas. The balloon catheter was removed,
the external carotid artery was permanently ligated and the skin wound was repaired. Then, the
animals were divided into two groups: the first one received the LMWF solution (5 mg/kg/day, n = 6)
and the second one received the saline solution (control animals, n = 6) via intramuscularly injection in
the right leg for 14 days. Two weeks after balloon injury, rats were sacrificed by pentobarbital overdose.
The thoracic aortas were harvested and divided into two groups. The first one (n = 6) was fixed in
4% paraformaldehyde (PFA), embedded in paraffin, and cut in 9-μm-thick cross sections for histology
study. The second one (n = 6) was embedded in Tissue-Tek OCT Compound (Tissue-Tek, Hatfield, PA,
USA), frozen in liquid nitrogen and cut in 9-μm-thick cross sections with a cryostat (Leica CM 1900,
Rueil-Malmaison, France) for immunohistochemistry study.

After fixation in 4% PFA, rat aortas were stained with hematoxylin and eosin solution. Digital-slide
were acquired and analyzed with a NanoZoomer (Hamamatsu, Massy, France). At least 3 sections of
each stained samples were used for analysis representing different levels of the arterial segment.

Adjacent 9-μm-thick fresh arterial cross sections were immunostained with mouse anti-human
endothelium CD31 (rat cross-reactive, clone RECA-1, MCA970, dilution 1/20; Abcam, Paris, France)
and mouse anti-human smooth-muscle α-actin (α-SMA) (rat cross-reactive, clone 1A4, M0851, dilution
1/100; Dako, Trappes, France) as previously described [40]. Afterwards, slides were co-incubated
with the appropriate secondary antibodies (5 μg/mL; Life Technologies, Saint Aubin, France).
Negative control sections were incubated only with the secondary antibodies. Representative
immunofluorescence photomicrographs were taken using a Leica DMRXA. Specific software (HistoLab
Software, Microvision Instruments, Evry, France) allowed the tissue analysis.

3.14. Statistical Analysis

For the determination of statistical significance, ANOVA tests were performed with the StatView
software (StatView 4.5 Abacus Concepts, Berkeley, CA, USA). All results are expressed as mean ± SEM
for minimum three independent experiments (n = 3). A p-value of 0.05 was used as the criterion of
statistical significance.
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Abstract: Critical limb ischemia (CLI) induces the secretion of paracrine signals, leading to monocyte
recruitment and thereby contributing to the initiation of angiogenesis and tissue healing. We have
previously demonstrated that fucoidan, an antithrombotic polysaccharide, promotes the formation
of new blood vessels in a mouse model of hindlimb ischemia. We examined the effect of fucoidan
on the capacity of peripheral blood monocytes to adhere and migrate. Monocytes negatively
isolated with magnetic beads from peripheral blood of healthy donors were treated with fucoidan.
Fucoidan induced a 1.5-fold increase in monocyte adhesion to gelatin (p < 0.05) and a five-fold
increase in chemotaxis in Boyden chambers (p < 0.05). Fucoidan also enhanced migration 2.5-fold
in a transmigration assay (p < 0.05). MMP9 activity in monocyte supernatants was significantly
enhanced by fucoidan (p < 0.05). Finally, Western blot analysis of fucoidan-treated monocytes
showed upregulation of ERK/p38 phosphorylation. Inhibition of ERK/p38 phosphorylation
abrogated fucoidan enhancement of migration (p < 0.01). Fucoidan displays striking biological
effects, notably promoting monocyte adhesion and migration. These effects involve the ERK and p38
pathways, and increased MMP9 activity. Fucoidan could improve critical limb ischemia by promoting
monocyte recruitment.

Keywords: fucoidan; monocytes; critical limb ischemia; migration

1. Introduction

Cardiovascular disease is the leading cause of death worldwide. Peripheral arterial disease
(PAD) is linked to a three- to six-fold increase in cardiovascular mortality compared to the general
population [1–3]. With population aging, PAD has become a major public health problem [4].
Revascularization currently relies on bypass surgery or endovascular therapy (balloon angioplasty or
stents) [2,5,6]. Conservative surgery is not always possible, and the affected limb must sometimes be
amputated to avoid necrosis [7]. PAD is initially asymptomatic, and its diagnosis is based mainly on
the ankle brachial pressure index. However, media sclerosis can interfere with this index [8], especially
in older people and patients with diabetes, further delaying diagnosis and treatment in some cases [9].
Current treatments do not always avoid limb amputation or death [10–12]. Great hopes are being
placed in gene and cell therapies. However, a large randomized placebo-controlled phase III trial in
critical limb ischemia, the TAMARIS study, showed no reduction in the amputation rate in patients
treated with a plasmid encoding acidic FGF (fibroblast growth factor) [13], thus failing to confirm
benefits seen in phase II trials [14,15]. Protective effects have been observed with other angiogenic
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growth factors (FGF2 and VEGF) [16–18]. Several studies have shown an improvement in patients’
health status after intramuscular injection of bone marrow- or peripheral blood-derived mononuclear
cells [19–21]. However, none of these trials showed efficient revascularization [22,23]. Endothelial
progenitor cells are mononuclear cells involved in vascular and tissue remodeling. Several studies
have shown the direct beneficial involvement of monocytes in PAD [24,25]. In particular, the early
presence of monocytes at ischemic sites resulted in increased reperfusion in a murine model of lower
limb ischemia [26]. Mobilization and recruitment of circulating monocytes from bone marrow to sites
of active revascularization, where they differentiate into macrophages, is crucial for tissue regeneration
after an ischemic event. The first step of monocyte recruitment involves tethering and rolling along
the vessel endothelium, followed by strong adhesion and tissue entry. Several studies have shown an
important role for monocyte chemoattractant protein-1 (MCP1) and its receptor CCR2 in monocyte
mobilization at ischemic sites. Inhibition of this recruitment negatively affects the angiogenic process,
as demonstrated in the CCR2 knock out mouse model [27,28]. During PAD, increased MCP-1 secretion
leads to monocyte recruitment and is involved in the angiogenic process. Voskuil et al. showed that
MCP-1 injection after femoral artery ligation in pigs stimulated collateral vessel formation [29].

Our laboratory studies a low-molecular-weight (LMW) sulfated polysaccharide extracted from
brown seaweeds. Fucoidan exhibits exceptional enhancement of new blood vessel formation in animal
models [30–33]. LMW fucoidan enhances the proangiogenic properties of endothelial colony-forming
cells (ECFC) in vitro, by modifying both early events (proliferation and migration) and late events
(differentiation into vascular cords) [31]. In a previous study, we showed that fucoidan significantly
improved the beneficial effects of ECFC transplantation in a mouse model of hind limb ischemia,
preventing tissue necrosis [30]. This tissue protection was associated with enhanced neoangiogenesis
and a reduction in rhabdomyolysis. Fucoidan prestimulation enhanced each step of the angiogenic
processes, namely cell recruitment to ischemic tissue via enhanced ECFC adhesion to activated
endothelium, MMP-9 secretion, extravasation, and differentiation into a vascular network. In the
present study, we investigated the mechanism of action of fucoidan on peripheral blood monocyte
cells (PBMC) adhesion to gelatin and migration through an activated endothelium, as well as adhesion
molecule expression and the MMP2/MMP9 secretion. We also explored the signaling pathway
involved in fucoidan-induced monocyte migration.

2. Results and Discussion

2.1. Fucoidan Pretreatment Enhances Monocyte Adhesion, Migration and Transmigration

The first step of monocyte recruitment is their adhesion to the endothelium, followed by migration
and transmigration through the endothelium. We first investigated the effect of fucoidan on monocyte
adhesion to gelatin (Figure 1A). Fucoidan treatment for 24 h enhanced monocyte adhesion by
1.5-fold (Figure 1A,B, p < 0.05). As shown in Figure 1C, fucoidan enhanced PBMC migration in
a concentration-dependent manner (data not shown). Monocytes pretreated with fucoidan were 5-fold
more motile than control cells towards 100 ng/mL MCP-1 (p < 0.05, Figure 1D). As shown in Figure 1E,
pretreatment of PBMC with fucoidan led to a 2.5-fold increase in transmigration across an activated
monolayer of HUVEC (Figure 1F, p < 0.01). These results showed that, ex vivo, fucoidan enhanced all
the major steps of monocyte recruitment to ischemic sites.
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Figure 1. Fucoidan enhances monocyte adhesion to gelatin, and their migration. (A) Representative
results obtained with PBMC after 30 min, with or without 24 h of fucoidan pretreatment; (B) Monocyte
adhesion (in white, control monocytes, in black, monocytes incubated with 10 μg/mL fucoidan;
(C) Representative results for migration of isolated PBMC treated with or without fucoidan (4 h)
towards 100 ng/mL MCP-1; (D) Migratory cell numbers in five independent fields; (E) Representative
monocyte transmigration (18 h) with or without fucoidan pretreatment (30 min); (F) Transmigratory
cell numbers in five independent fields. Three to five independent donors. * p < 0.05; ** p < 0.01.

2.2. Fucoidan Stimulation of Monocyte Adhesion and Migration Is not Due to Modulation of Integrin
Expression or CCR2 Receptor Expression

As fucoidan-treated PBMC showed a striking increase in adhesion and migration, we examined
whether fucoidan modulated the expression of integrins involved in these processes. As engagement of
monocyte integrins αMβ2 (VLA4) and α4β1 (MAC-1) by endothelial ICAM-1 and VCAM, respectively,
is critical for monocyte extravasation, we examined the effect of fucoidan on the expression levels
of these integrins after 30 min or 24 h of fucoidan exposure. As shown in Figure 2, neither exposure
time affected PBMC integrin expression (Figure 2A–D). MCP-1 receptor (CCR2) expression was not
modulated by fucoidan after 20 min of incubation (Figure 2E). Surprisingly, however, CCR2 expression
was downregulated after 24 h, in the presence or absence of fucoidan (Figure 2E), possibly because
CCR2 is involved in the early phase of recruitment of monocytes, whereas CXCR1 takes over during
the second phase [34,35]. Finally, fucoidan did not affect the expression of CD44 or CD87, two receptors
involved in monocyte migration and actin cytoskeleton rearrangement involved in cell motility (data
not shown).
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Figure 2. Impact of fucoidan on adhesion molecule and CCR2 receptor expression: PBMC were
treated for 30 min or 24 h with (black bars) or without fucoidan (white bars). (A) Percentage of
monocytes positive for alpha M expression; (B) Percentage of beta 2-positive cells; (C) Percentage of
alpha 4-positive cells; (D) Percentage of beta 1-positive cells; (E) Percentage of CCR2-positive cells
(4 independent donors).

2.3. Fucoidan Enhances PBMC MMP9 Activity

As fucoidan-treated monocytes showed no change in integrin or CCR2 receptor expression, we
explored the possible role of matrix metalloproteinases in fucoidan-enhanced migration and adhesion.
Extracellular MMPs are involved in monocyte migration: macrophage adhesion to fibronectin via
α5β1 integrin in vitro is associated with increased MMP9 secretion [36]. Furthermore, we have shown
that fucoidan increases MMP9 activity in HUVEC and ECFC cells [30,31]. Here, MMP9 and MMP2
activities were quantified by gelatin zymography (Figure 3A). We observed a significant increase in
MMP9 activity in conditioned media of fucoidan-treated PBMC (Figure 3B, p < 0.05). MMP2 activity
was unaffected (Figure 3C). This effect of fucoidan on MMP9 secretion is unlikely to be sole mechanism
underlying the observed effect of fucoidan on monocyte migration and adhesion.
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Figure 3. Impact of fucoidan on monocyte MMP9 expression (gelatinolytic activity): (A) Representative
gelatin zymography of culture supernatant of monocytes treated with or without fucoidan for 30 min;
(B) MMP9 gelanitolytic activity; (C) MMP2 gelatinolytic activity. Three independent donors; * p < 0.05

2.4. Fucoidan Enhancement of PBMC Migration Is Countered by ERK and p38 Pathway Inhibition

The MAPK ERK and p38 pathways have been shown to be involved in monocyte migration.
We used Western blot to analyze the phosphorylation levels of ERK1/2 and p38 in starved and
re-stimulated monocytes, treated with or without fucoidan, in the presence of specific inhibitors of these
kinases (Figure 4A). Fucoidan-treated monocytes showed a two-fold increase in ERK phosphorylation,
and this increase was inhibited by the ERK inhibitor PD98059 (Figure 4B). Fucoidan treatment also
increased p38 phosphorylation to a lesser extent, an effect also inhibited by the p38-specific inhibitor
SB203580 (Figure 4C). Finally, we explored the role of the ERK and p38 pathways in PBMC migration
towards MCP-1 (Figure 4D). As expected, ERK and p38 inhibition abrogated the ability of fucoidan to
enhance monocyte migration. Although neither pathway seemed to be involved in monocyte migration
nor in control conditions, ERK and p38 inhibition reduced the migration of fucoidan-treated monocytes
by 2.5-fold (Figure 4E), highlighting the prominent role of these pathways in fucoidan-enhanced
monocyte migration.

188

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 4156–4170

Figure 4. ERK and p38 signaling pathway involvement in fucoidan-treated monocyte migration:
(A) Representative Western blot illustrating phosphorylation of ERK1/2 and P38 when PBMC were
treated with or without fucoidan (in the presence or absence of PD98059 or SB203580) for 30 min; (B)
Quantitative analysis of ERK phosphorylation; (C) Quantitative analysis of p38 phosphorylation.
Results are represented relative to the corresponding control, with with independent donors;
(D) Representative fields showing migratory cells treated as in A; (E) Migratory cell numbers in five
independent fields. * p < 0.05; ** p < 0.01; *** p < 0.001 compared to control. Four independent donors.

3. Discussion

We provide new evidence for a major effect on fucoidan on monocyte migration. We found that
fucoidan did not modulate integrin or receptor expression on the monocyte cell membrane. However,
fucoidan enhanced monocyte migration towards MCP-1, an effect associated with ERK and p38
signaling pathway activation and with MMP9 secretion (Figure 5).

189

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 4156–4170

Figure 5. Schematic overview of the effect of fucoidan on monocyte migration. Fucoidan bound
to the cell membrane enhances MCP-1 interaction with its receptor CCR2. This interaction leads to
phosphorylation of ERK1/2 and p38 and activates MM9 secretion. PD98059 and SB203580 inhibit this
phosphorylation, leading to reduced monocyte migration.

In response to diverse pro-inflammatory signals released from damaged tissue, circulating blood
monocytes attach transiently to the activated vascular endothelium and resist shear stress before
crossing the vessel wall [37]. Several studies have highlighted the importance of monocyte recruitment
for tissue and vessel repair [28,38,39]. Here we show that PBMC pretreatment with fucoidan enhanced
their adhesion to gelatin. Elsewhere, fucoidan-treated ECFC have been found to adhere more efficiently
to activated endothelium in flow conditions [30]. We also found that fucoidan enhanced monocyte
migration towards MCP-1 as chemoattractant, and also favored monocyte transmigration on a
monolayer of activated endothelial cells. This increased response of PMBC to MCP-1 may have
therapeutic relevance, as this chemoattractant has been shown to be involved in monocyte recruitment,
particularly during neovessel formation. Vein graft intimal hyperplasia is associated with MCP-1
upregulation, leading to monocyte recruitment. Furthermore, macrophage depletion with liposome
clodronate diminishes MCP-1 and TGF beta 1 expression, an effect associated with reduced vein graft
healing in rats [40]. Schepers and collaborators confirmed these results with anti-MCP-1 in mice, as did
Tatewaki et al. using adenoviral gene transfer to block MCP-1 expression in dogs [41,42]. Our results
indicate that fucoidan promotes the early phase of monocyte recruitment to activated endothelium
and, subsequently, new vessel formation.

The precise mechanism of action of fucoidan on PBMC is not fully understood. We have previously
demonstrated that GAG abrasion on the cell surface hinders ECFC migration, and that fucoidan
treatment restores this migration [30]. Like glycosaminoglycans, fucoidan, by its ionic structure, is
able to bind adhesion proteins [43], growth factors [44] and cytokines [45]. The activity of fucoidan
is due mainly to its sulfatation: desulfated fucoidan loses its proangiogenic properties in vitro and
in vivo, and is unable to recruit hematopoietic stem cells [46]. As fucoidan interacts with adhesion
proteins, we examined whether fucoidan treatment enhanced PBMC expression of integrins involved

190

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 4156–4170

in monocyte migration. Fucoidan had no effect on the expression of integrins or CCR2, the main
MCP-1 receptor. Interestingly, αM/β2 integrin expression was reduced after 24 h of culture, while α4
integrin expression was increased, but these changes occurred irrespective of fucoidan treatment.

Fucoidan treatment increased the phosphorylation of ERK 1/2 and p38, two signaling pathways
involved in monocyte migration and transmigration [47,48]. Surprisingly, we found that these two
signaling pathways were not involved in monocyte chemoattraction ex vivo, as their inhibition did
not inhibit the migration of monocytes not treated with fucoidan. This discrepancy with previous
reports may be explained by the use of different models, as most published studies used monocytic
cell lines such as THP1. Ashida et al. reported that the ERK pathway is involved in monocyte adhesion,
while the p38 pathway would be involved in cell migration [49]. In contrast, and in accordance with
our findings, it has been shown that the ERK and p38 pathways are not involved in the migration of
fresh PBMC [50]. Our results support a direct role of ERK and p38 in fucoidan-enhanced monocyte
migration. Indeed, inhibition of either pathway abolished the effect of fucoidan. Finally, we found
that fucoidan enhancement of ex vivo monocyte migration was associated with MMP9 secretion. It
has been shown that monocyte migration is specifically associated with MMP9 activity, through ERK
activation [48,51]. Fucoidan was also reported to be an antitumor compound inhibiting migration,
invasion and MMP-2/-9 activities in human fibrosarcoma cells (HT1080), human lung cancer cells
(A549) and mouse hepatocarcinoma cells lines (Hca-F) [52–54]. This biological effect varies with species
and fucoidan’s molecular weight [55]. Indeed, fucoidan of over 30 kDa or high concentration of LMWF
may deplete the medium from growth factors and thus interfere with their activities [56,57]. This
sequestration by fucoidan on growth factor could explain the inhibition of MMP-2 and -9 secretions.

Interestingly, in the absence of growth factors, cytokines or serum in the culture medium, fucoidan
had no effect on the activation of the ERK 1/2 or p38 signaling pathways (data not shown). Being
a glycosaminoglycan, fucoidan behaves as a heparin sulfate and binds to the cell surface. Fucoidan
would appear to facilitate the interaction between MCP-1 and its receptor CCR2. We have previously
demonstrated that fucoidan potentiates the activity of specific factors like FGF-2 on blood vessel
formation in vitro [58] and in vivo [30]. Overall, our results help to explain the effects of fucoidan
on monocyte adhesion and migration and support the therapeutic potential of fucoidan in chronic
limb ischemia.

4. Experimental

4.1. Reagents

Fetal bovine serum, PBS −/−, HBSS +/+ and RPMI 1640 culture medium were from Gibco
(Life Technologies, Saint-Aubin, France). Calcein-AM and PD98059 were from Calbiochem (Merck
KGaA, Darmstadt, Germany). Giemsa, bovine serum albumin, gelatin and saponin were from Sigma
Aldrich (Saint-Quentin-en-Yvelines, France). SB203580 was a kind gift from Bachelot-Loza (Inserm
UMR_S 1140, Faculty of Pharmacy, Paris Descartes University, France). pERK was from Cell Signaling
(Ozyme, Saint-Quentin-en-Yvelines, France), pP38 was from Promega (Lyon, France), αM-PE, α4-PE
and CCR2-APC were from BD Biosciences (Le Pont de Claix, France), β1-FITC, ERK and GAPDH were
from Santa Cruz (Heidelberg, Germany), β2 was from Chemicon-Europe (Merck KGaA, Darmstadt,
Germany), and MCP-1 was from R&D systems (Bio Techn Lille, Lilie, France). LMW fucoidan was
obtained by radical depolymerization of high-molecular-weight fucoidan extracted from Ascophylum
nodosum, using procedures adapted from Nardella et al. [59]. The molecular weight average mass was
4 ± 1 kDa and characterized by high-performance steric chromatography (HPSEC) in 0.15 M NaCl,
0.005 M NaH2PO4 at pH 7.0, using two columns connected in series (Licrospher Si300 diol and Hema
Sec Bio 40 columns) (Merck S.A., Molsheim, France) calibrated using narrow cut heparin fractions as
described in Mulloy et al. [60]. The chemical composition was as follows: 34% fucose, 4% galactose,
3% xylose, 3% uronic acid and 32.2% sulfate. The human monocyte isolation kit II was from Miltenyi
Biotec (Paris, France) and Histopaque solution from Sigma (Saint Quentin Fallavier, France).
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4.2. Monocyte and HUVEC Isolation

Monocytes were isolated from healthy donor blood purchased from Etablissement Français du
Sang (EFS, convention number: 13/EFS/064). Mononuclear cells were isolated by density-gradient
centrifugation using 1.077 g/mL Histopaque solution and then negatively purified following the
manufacturer’s procedure. Human umbilical vein endothelial cells (HUVEC) were isolated from cord
blood with the mothers’ consent, as described by Zemani et al. [31].

4.3. Cell Adhesion Assay

Ten thousand monocytes were treated with fucoidan 10 μg/mL for 24 h and seeded on Millicell
EZ slides (from Millipore, Merck KGaA, Darmstadt, Germany) coated with 0.2% gelatin. They were
allowed to adhere for 30 min and then washed with PBS to detach non-adherent cells. Adherent
cells were fixed with paraformaldehyde for 10 min at room temperature, then washed with PBS and
permeabilized with 0.5% saponin. Cell nuclei were stained with TOPRO for 10 min. The slides were
then coverslipped with Ibidi mounting medium and examined with a confocal fluorescence microscope.

4.4. Cell Migration Assay

Boyden chambers were used for migration assays with 8-μm pore-size inserts (BD Biosciences,
Le Pont de Claix, France) in 24-well plates. Six hundred microliters of RPMI 1640 medium-1% FBS with
100 ng/mL MCP-1 was placed in the lower chamber. Seventy-five thousand monocytes treated with
10 μg/mL fucoidan were placed in the upper chamber in RPMI 1640 medium-0.1% BSA. After 4 h of
migration, the inserts were fixed and stained with Giemsa (Sigma-Aldrich, Saint-Quentin-en-Yvelines,
France). Migratory cells were counted in 10 randomly selected fields (200× magnification).

4.5. Transmigration Assay

HUVEC were seeded at 60,000 cells per Transwell chamber coated with 0.5% gelatin for 2 days.
They were then activated for 4 h with 10 ng/mL TNFα, and 75,000 monocytes treated with 10 μg/mL of
fucoidan were stained with 5 M calcein-AM at 37 ◦C for 20 min before being added to HUVEC. After 18
h of transmigration, the upper part of the insert was cotton-swabbed to remove non-migrated cells. The
remaining cells were fixed, then the Transwell inserts were cut out, placed on slides and coverslipped
with Ibidi mounting medium. The lower side of the insert was examined with a confocal fluorescence
microscope. Labeled monocytes were counted in 10 randomly selected fields (200× magnification).

4.6. Western Blot

Total protein was prepared from monocytes treated with lysis buffer (Tris 50 mM, NaCl 150 mM,
1% Triton X100, PMSF 1 mM, Na3VO4 1 mM) supplemented with a protease and phosphatase inhibitor
cocktail (Sigma Aldrich, Saint-Quentin-en-Yvelines, France) for 20 min on ice, then centrifuged for
10 min at 14,000× g. Supernatants were fractionated by SDS-PAGE 4%–12% (NuPAGE® Bis-Tris
Pre-Cast gels, Life Technologies, Saint-Aubin, France), transferred to nitrocellulose membranes, and
incubated with the following primary antibodies: phosphor ERK, phosphor p38 and GAPDH (all at
1/300 in 0.1% milk/TTBS 1×) and then incubated for 10 min with SNAP i.d.® (Millipore, Merck KGaA,
Darmstadt, Germany). Secondary antibodies were either anti-mouse or anti-rabbit Dylight fluor 680 or
800 conjugated antibodies (Thermo Fisher Scientific, Villebon-sur-Yvette, France) (1/3000). Images of
the blots were scanned with the Odyssey Infra-Red Imaging System (Li-Cor Biotechnology Eurobio,
Courtaboeuf, France). Phosporylation was quantified with ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

4.7. Flow Cytometry

Monocytes treated with fucoidan for 30 min or 24 h were collected in HBSS containing 10% FBS.
Cells were then labeled for 30 min at 4 ◦C with the following antibodies: αM-PE, α4-PE, CCR2-APC or
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β1-FITC. For β2 staining, cells were incubated for 30 min with anti-β2 then washed with HBSS–10%
FBS and incubated with FITC-conjugated secondary antibodies for 30 min. Fluorescence was quantified
in a BD Accuri C6 flow cytometer (BD Biosciences, Le Pont de Claix, France).

4.8. Zymography

One hundred five monocytes were seeded in 22.6-mm-diameter culture dishes starved overnight
before being treated with fucoidan for 30 min. The culture supernatant was collected and 20 μL was
analyzed as described by Sarlon et al. [30].

4.9. Statistical Analysis

Data are expressed as mean and S.E.M. Data were analyzed by one-way ANOVA followed by
Turkey’s multiple comparisons test or Student’s t test. A p value < 0.05 was considered to denote
statistical significance. GraphPad Prism software version Prism 5 (GraphPad, Sandiego, CA, USA)
was used for all analyses.
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Abstract: Fucoidan, a heparin-like sulfated polysaccharide, is rich in brown algae. It has a wide
assortment of protective activities against cancer, for example, induction of hepatocellular carcinoma
senescence, induction of human breast and colon carcinoma apoptosis, and impediment of lung cancer
cells migration and invasion. However, the anti-metastatic mechanism that fucoidan exploits remains
elusive. In this report, we explored the effects of fucoidan on cachectic symptoms, tumor development,
lung carcinoma cell spreading and proliferation, as well as expression of metastasis-associated
proteins in the Lewis lung carcinoma (LLC) cells-inoculated mice model. We discovered that
administration of fucoidan has prophylactic effects on mitigation of cachectic body weight loss
and improvement of lung masses in tumor-inoculated mice. These desired effects are attributed
to inhibition of LLC spreading and proliferation in lung tissues. Fucoidan also down-regulates
expression of matrix metalloproteinases (MMPs), nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) and vascular endothelial growth factor (VEGF). Moreover, the tumor-bearing
mice supplemented with fucoidan indeed benefit from an ensemble of the chemo-phylacticity. The
fact is that fucoidan significantly decreases viability, migration, invasion, and MMPs activities of LLC
cells. In summary, fucoidan is suitable to act as a chemo-preventative agent for minimizing cachectic
symptoms as well as inhibiting lung carcinoma metastasis through down-regulating metastatic
factors VEGF and MMPs.

Keywords: fucoidan; sulfated polysaccharide; lung carcinoma; metastasis; cachexia;
chemo-preventative agent
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1. Introduction

The international agency for research on cancer (IARC) estimates in 2012 that >14.1 million people
were diagnosed with cancer and >8.2 million people died of cancer or cancer-related diseases [1]. Lung
cancer accounts for 19.5% of all cancer deaths, the leading cause of cancer death. The non-small-cell
lung cancer (NSCLC) takes up approximately 85% out of all lung cancer cases [2]. The five-year
survival rate for patients receiving surgical resection, radiation ablation or systemic chemotherapy is
as incredibly low as 10%–15%. Recent studies suggested that the primary neoplasm of lung cancer
is prone to invade surrounding tissues and then metastasize to distant organs [3]. Metastasis often
determines the survival time and the life quality of lung cancer patients [4].

Tumor metastasis of primary tumor cells to distant organs is a multistep process that follows
a typical tumor metastatic cascade, such as uncontrolled cell proliferation, tissue remodeling,
angiogenesis and invasion [5]. The colonization of tumor cells in secondary organs generally recruits
specific sets of proteins at a given time point. Matrix metalloproteinases (MMPs) are known to
be closely related to integrity of extracellular matrix (ECM) and basal membrane, of which their
disruption is thus correlated to tumor invasiveness. Husmann et al. reported that an increase of MMPs
in the human osteosarcoma cell model destructs ECM, thus correlating the level of MMPs to tumor
metastasis [6]. In NSCLC, tissue inhibitors of metalloproteinases (TIMPs) reported regulate the NSCLC
tumor invasion and metastasis [7]. Generally, high expression of MMPs in lung tissues signals a bad
prognosis in NSCLC [8].

It has been known that MMPs promote migration of endothelial cells and facilitate formation of
new blood vessels. The density of microvessels of tumorigenesis thus reflects patient’s prognosis. The
vascular endothelial growth factor (VEGF) is one of major proangiogenic factors [9]. VEGF promotes
vascular endothelial growth and mediates vessel permeability, thus facilitating tumor progression
and metastatic spread [10]. Chen et al. reported that over-expression of VEGF in small-cell lung
cancer patients has to do with lymph node metastasis [11]. Liu et al. also reported that the levels of
VEGF-B and MMP9 in the NSCLC metastatic patients are significantly elevated [12]. High expression
of VEGF-A but low expression of both VEGF-B and VEGF-D manifests both poor time to progression
(TTP) and overall survival (OS) in NSCLC [13].

The ocean is a gigantic pool of biologically active substances [14–17]. Fucoidan, a heparin-like
sulfated polysaccharide, is abundant in brown seaweeds. Fucoidan is composed of L-fucose
as well as other sugars, such as D-xylose, D-galactose, D-mannose, and glucuronic acid [18].
Several studies have reported that fucoidan carries many desired biological effects, such as
anticoagulation/antithrombosis [19], anti-inflammation [20], antioxidation [21], anticancer activity [22],
and antiviral activity [23]. Specifically, fucoidan is able to induce senescence against hepatocellular
carcinoma [24], induce apoptosis of human breast and colon carcinoma [25], as well as prevent
migration and invasion of human lung cancer cells [26]. Additionally, fucoidan is able to suppress
tumor growth in NSCLC-bearing nude mice [27], prevent tumor-induced angiogenesis in sarcoma
180-bearing mice [28] and induce apoptosis against 4T1 mouse breast cancer cells [29].

The anticancer mechanism of fucoidan remains far from clear. In this report, we wanted
to evaluate the inhibition effects of fucoidan on cachectic symptoms, tumor development, lung
carcinoma cell spreading/proliferation, as well as expression of metastasis-associated proteins in
an LLC cells-inoculated mice model in order to know whether fucoidan is suitable to serve as a
prophylactic agent in the prevention of cancer-cell invasion and metastasis. We also wanted to explore
the effect of fucoidan on tumor cell viability, wound healing, invasiveness and MMPs activities. Finally,
we summarize that fucoidan is an excellent agent capable of improving cachectic symptoms, inhibiting
colonization of lung metastasis, and decreasing tumor cell viability by inhibition of MMPs activities
and reduction of VEGF expression.
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2. Results

2.1. Fucoidan Mitigates Cachectic Symptoms in LLC-Inoculated C57BL/6 Mice

We set out to establish the prophylactic effect of fucoidan by observing cancer cachectic symptoms
and tumor development/metastasis, for which the body weight, and Lewis lung carcinoma cell
spreading/proliferation were monitored. The alterations of body weight in testing animals are
summarized in Figure 1. The body weights are increased by 16.51% ± 3.05% in control mice, while
the body weights are slightly increased by 3.34% ± 2.75% in tumor bearing control (TB-Con) mice
(Figure 1A), indicating that inoculation of tumor cells results in body weight loss (p < 0.05). In contrast,
the body weights are significantly increased by 19.35% ± 3.12% and 19.47% ± 6.51% in TB-Lfu and
TB-Hfu groups, respectively (p < 0.001, Figure 1A).

Table 1 summarizes hematological and spleen immunological parameters. In the TB-Con group,
the total red cell (RBC) count is low when compared with those of other groups. The total RBC counts
in the mice receiving either a low or high dose of fucoidan are similar to that of control (p < 0.05),
suggesting that fucoidan can keep tumor-induced RBC steady. In terms of total white cell (WCB) count
(including absolute neutrophil, monocyte and lymphocyte), they are all similar. After inoculation
of LLC cells, the cell counts of absolute neutrophils, monocytes and lymphocytes were determined
to be 6.9 ± 0.8, 2.1 ± 0.6, 0.6 ± 0.1, and 4.4 ± 0.7 × 109/L, respectively; significantly lower than
those in control. After administration of fucoidan, the leukopenia effects (including neutropenia and
lymphopenia) were considerably reduced (p < 0.05; Table 1A), indicating that fucoidan alleviates
cachectic leukopenia in tumor-bearing mice. However, the subpopulation distributions of spleenocytes
did not change in the group subject to tumor inoculation and fucoidan administration (Table 1B).

Figure 1. Effects of fucoidan on body weight and lung mass in the LLC xenografted mouse model. At
the 25th day, mice were sacrificed and examined for final gains of body weights (A) and lung masses
(B); (C) The treatment protocol of fucoidan in tumor-bearing mice. Mice were fed orally with water
or low- or high-dose of fucoidan (1 or 3 mg/mice) seven days before tumor implantation. Data are
expressed as means ± SD (n = 6 mice per group; two independent experiments). Asterisk (*) stands for
a significant difference when compared with the control group (p < 0.05).

The changes of lung masses are relatively minor, which are 0.13 ± 0.02 and 0.14 ± 0.02 g for the
control and Con-Hfu mice, respectively, (Figure 1B) as opposed to 0.38 ± 0.12 g for the TB-con mice.
These results indicate that fucoidan does not considerably influence the masses of lungs, but LLCs
significantly increase lung masses. The increase of lung masses is likely as result of LLCs spreading
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and proliferation in lung. The lung masses of the TB-Lfu and TB-Hfu groups are 0.22 ± 0.08 and
0.26 ± 0.08 g, respectively, which are significantly smaller than those of the TB-con group (p < 0.001,
Figure 1B). As a result, the administration of fucoidan does have an effect on reduction of tumor size
(Figure 1B).

Table 1. Effects of fucoidan on hematological and spleen immunological parameters in the Lewis lung
carcinoma (LLC) xenografted mouse model.

Parameter Con Con-Hfu TB-Con TB-Lfu TB-Hfu

(A) Hematology parameter

Total red cell count (1012/L) 9.7 ± 0.2 9.4 ± 0.2 6.5 ± 0.2 9.2 ± 0.4 b 9.1 ± 0.8 b

Total white cell count (109/L) 18.9 ± 1.4 23 ± 1.0 a 6.9 ± 0.8 14.2 ± 2.0 b 14.2 ± 2.2 b

Absolute neutrophil count (109/L) 3.8 ± 0.7 4.9 ± 0.4 a 2.1 ± 0.6 4.1 ± 0.9 b 3.4 ± 0.1 b

Absolute monocyte count (109/L) 1.1 ± 0.2 1.3 ± 0.1 0.6 ± 0.1 0.9 ± 0.3 b 0.9 ± 0.3 b

Absolute lymphocyte count (109/L) 14.1 ± 0.5 16.8 ± 1.3 a 4.4 ± 0.7 10.7 ± 1.7 b 10.6 ± 1.6 b

(B) Spleenocyte parameter

CD3+ (%) 37.6 ± 4.2 35.8 ± 5.6 31.2 ± 2.7 35.5 ± 2.5 b 33.5 ± 1.5
CD4+ (%) 19.4 ± 1.8 15.8 ± 0.8 a 16.28 ± 2.6 15.1 ± 2.0 15.4 ± 1.9
CD8+ (%) 16.8 ± 3.7 17.3 ± 1.5 14.5 ± 1.7 17.1 ± 3.0 15.4 ± 1.4

CD19+ (%) 45.7 ± 5.0 43.4 ± 4.4 47.5 ± 4.4 47.2 ± 3.9 45.4 ± 3.5

Data are expressed as means ± S.E. (n = 6). a p < 0.05 versus the control group; b p < 0.05 versus the LLC
cell-inoculated group.

2.2. Fucoidan Inhibits Lung Metastatic Colonization of LLC Cells in C57BL/6 Mice

Whether fucoidan is able to inhibit lung metastatic colonization of LLC cells was examined. The
LLC cells were injected into C57BL/6 mice via tail vein, and observed tumor formation in lung for
25 days. Pulmonary metastasis of the mice treated with/without fucoidan was assessed by counting
the number of tumor nodules on the surface of lungs and pleura under macroscopic or microscopic
observation at the 25th day (Figure 2A). Multiple metastatic nodules (with a characteristic opaque
tumor spot) appeared in lungs for all TB-Con mice (100%), most of which had tumors across pleural and
bronchus surfaces. Interestingly, addition with a low or high dose of fucoidan reduced both the number
of metastasis in lungs and impeded the dissemination of tumor cells to adjacent areas (Figure 2A).
Histological examination using H&E staining identified LLC colonies in lungs of mice intravenously
inoculated with LLC cells (Figure 2B). It is worth noting that the tumor sections of TB-Con mice
show noticeable increases of metastatic colonies and tumor cells with mitotic nuclei, which agree with
macroscopic observations. The histological analysis confirmed that fucoidan significantly suppresses
cancer metastasis to lungs. The low dose treatment of fucoidan reduced the number of lung metastatic
foci; the high dose treatment had an even stronger effect (Figure 2B), thus concluding that fucoidan
possesses anti-metastatic activity.
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Figure 2. Fucoidan reduces growth of lung tumor in mice. (A) Lung, pleural and bronchus tissues.
3 × 105 LLC cells were injected by tail vein in mice. Mice were sacrificed at the 25th day. The solid
tumors (indicated by arrows) were spotted on multiple sites in mice; (B) Lungs were subjected to
histological analysis (H&E stain) for determining metastasis. Six representative samples are shown.

2.3. Fucoidan Restrains LLCs Metastasis by Suppressing Expression of VEGF and MMPs

To determine the mechanism that fucoidan alleviates lung angiogenesis and metastasis of LLCs,
we examined protein expression of VEGF, NF-kB and MMPs in lungs and/or sera. The expression of
VEGF in sera and lung tissues are summarized in Figures 3 and 4. The level of VEGF in serum was
significantly elevated in the LLCs inoculated mice (Figure 3), which is positively correlated with both
the expression level of VEGF in lung tissues (Figure 4) and the severity of tumor metastasis. As shown
in the immunohistochemical staining, the VEGF immunoreactivity occurs mainly in the cytoplasm of
the lung tissues in TB-Con mice (Figure 4C). Upon the fucoidan treatment (1 mg), the expression of
VEGF reduced in sera and cytoplasmas in lung tissues as compared to those in TB-Con. This effect is
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enhanced when a higher dose (3 mg) of fucoidan was supplemented (Figure 4A,B). MMP-2 and MMP-9
are extracellular metalloproteinases, which play an important role in the degradation of extracellular
matrix, thus facilitating cancer cell invasion and migration. It is not surprising that the protein levels of
MMP-2 and -9 were increased in mice inoculated with LLCs (Figure 4). Administration of a low or high
dose of fucoidan, however, showed declines of MMP-2 and -9. Since the redox-sensitive transcription
factor is in charge of sensing oxidative stresses [30], the level of NF-κB is used to index lung cancer
progression. The expression of NF-κB in lung tissues is shown in Figure 4, where NF-κB increases
significantly upon inoculation with LLCs as compared to that of controls. On receiving either a low or
high dose of fucoidan, the expression of NF-κB decreases when compared to that in TB-Con mice. The
effect of the high dose is higher than that of the low dose (Figure 4A,B). Fucoidan is thus concluded to
carry an anti-metastasis activity.

Figure 3. Expression of metastatic proteins in sera of tumor bearing mice treated with fucoidan.
(A) Western blot analyses of VEGF from representative mice. Expression levels of VEGF normalized to
β-actin (B). Asterisk (*) indicates a significant difference (p value < 0.05) when compared to the con
group. Pound (#) indicates a significant difference (p value < 0.05) when compared to TB-Con.

Figure 4. Cont.
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Figure 4. Expression of metastatic proteins in lung tissues of tumor bearing mice treated with fucoidan.
(A) Western blot analyses of MMP-2, NF-κB and VEGF (from representative samples); (B) Protein
expression levels that are quantified and expressed as a fold-change relative to the control. Asterisk (*)
indicates a significant difference (p value < 0.05) when compared to the con group. Pound (#) indicates a
significant difference (p value < 0.05) when compared to TB-Con; (C) Immunofluorescence analysis for
lung tumors treated and untreated (TB-Con) with fucoidan. Images are shown at 200× magnification.

2.4. Fucoidan Has a Cytotoxic Effect on the LLC Cell Line

Having learned that fucoidan is able to inhibit tumor growth and metastasis in the Lewis lung
carcinoma transplantation model, we were keen to know its molecular/cellular mechanism. For this,
the Vero normal kidney epithelial cells and Lewis lung carcinoma cells were incubated for 24 h in the
presence of various concentrations of fucoidan. The MTS assay showed that fucoidan damages cell
viability of LLCs in a concentration-dependent manner. As shown in Figure 5, the cell viabilities are
92.86% ± 3.97%, 94.57% ± 6.77%, 85.99% ± 7.51% and 82.43% ± 5.08% in the presence of 0.05, 0.1,
0.2 and 0.4 mg/mL fucoidan, respectively. LLCs decline significantly in the presence of 0.4 mg/mL
fucoidan when compared to the one with no added fucoidan (p < 0.05). In contrast, the Vero normal
kidney epithelial cells increase (Figure 5); hence fucoidan sensitizes LLC cancer cells but not Vero
normal cells.
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Figure 5. Effects of fucoidan on cell viability in African green monkey kidney Vero and mouse Lewis
lung carcinoma cells. Cells were incubated in a culture medium containing various concentrations of
fucoidan for 24 h. After the treatment, cell viability was determined by the MTS assay. Values relative to
that of vehicle control were determined, in which the cell viability of control is set as 100%. Data (each
value is an average of at least three independent experiments (six tests)) are presented as mean ± SEM.
Asterisk (*) indicates a significant difference (p value < 0.05) relative to the vehicle-treated cells.

2.5. Fucoidan Prevents Metastasis of Lung Adenocarcinoma Cells

To verify the in vivo inhibitory effect of fucoidan on LLC metastasis, we tested various
concentrations of fucoidan on the migration and invasion of the LLC cells by the wound healing
and chamber assays. In the wound-healing assay, the control cells migrated to a wound area where
the wound edges became undistinguishable, whereas the cells with addition of fucoidan displayed
slower wound closure (Figure 6A). To correlate the cell movement with the quantity of fucoidan, the
migration inhibition was determined to be 24.76% ± 2.04%, 29.97% ± 8.15%, 49.03% ± 7.55% and
68.70% ± 7.94% versus 0.05, 0.1, 0.2 and 0.4 mg/mL fucoidan, respectively (Figure 6B).

In the invasion chamber assay, matrigel-coated membranes were used to investigate the invasive
properties of the cells treated with/without fucoidan. After LLC cells were incubated for 24 h in
a transwell assay system, the number of cells for those that had moved through the membrane of
the chamber declined as 33.50% ± 7.63%, 45.92% ± 9.35%, 59.61% ± 9.44% and 70.83% ± 6.61%
against the number of the control (p < 0.01, Figure 6C,D) for the cells added with 0.05, 0.1, 0.2 and
0.4 mg/mL fucoidan, respectively. Fucoidan is thus concluded able to prevent metastasis of lung
adenocarcinoma cells.
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Figure 6. Suppression of migration and invasion of lung adenocarcinoma cells by fucoidan. (A)
Representative photographs of three independent experiments, showing a dose-dependent inhibition
of migration after treatment of fucoidan (24 h). Images of wound closures (10× magnification); (B) Black
dotted lines indicate the wound edge. The cell-free areas invaded by cells (across the black dotted lines)
were quantified by three random fields as shown in the lower panels; (C) The invasiveness of the LLC
cells were quantified by counting the stained cells that invade into the porous polycarbonate membrane;
(D) Invasiveness of the LLC cells treated with fucoidan. The LLC cells were pretreated with fucoidan for
24 h and then seeded onto the transwell chamber. Photographs were taken by an inverted microscope
with 10× magnification. Data were derived from three independent experiments and presented as
mean ± SEM. * p < 0.05, ** p < 0.001, *** p < 0.0001 when compared to the vehicle-treated cells.

2.6. Effects of Fucoidan on Expression and Activity of MMPs

Whether the reduced invasion/migration upon addition of fucoidan is related to MMP proteins
in LLC cells was examined. As shown in Figure 7A, the enzyme activities of both MMP-2 and MMP-9
declined significantly in the gelatin zymography assays. Namely, the MMP-2 activities dropped to
36.44% ± 14.74%, 22.22% ± 7.30%, 13.07% ± 4.49% and 2.89% ± 2.50% for the samples with 0.05,
0.1, 0.2 and 0.4 mg/mL fucoidan added, respectively (Figure 7B). MMP-9 behaved similarly when
exposed to fucoidan. Likewise, the MMP-9 activities dropped to 6.44% ± 5.68%, 5.04% ± 4.59% and
0.12% ± 0.20% for the samples with 0.05, 0.1 and 0.2 mg/mL fucoidan added, respectively (Figure 7B).
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Interestingly, the MMP-9 activity was not detected when the concentration of fucoidan was raised to
0.4 mg/mL.

Figure 7. Enzymatic activities of MMP-2 and MMP-9 in the LLC cell lines treated with fucoidan.
(A) The activity of MMPs was determined by the gelatinase zymography, in which the bright zones
stand for gelatin digested; (B) The MMPs activity was quantified by measuring the band intensity in the
zymography. Data were derived from three independent experiments and presented as mean ± SEM.
* p < 0.05, ** p < 0.001, *** p < 0.0001 when compared to the vehicle-treated cells.

3. Discussion

Fucoidan was reported with anticancer activity [24–29]. It was also reported that the people that
consume higher fucoidan-containing seaweeds have low incidences of certain tumors. Given that
Lewis lung carcinoma cells (LLCs) specifically invade lungs and that removal of the primary tumor
facilitates tumor metastasis, we herein verified that administration of fucoidan considerably reduces the
metastatic load in a dose-dependent manner. The fact is partially due to that administration of fucoidan
reduces cachectic body weight loss, hematological anemia/leukopenia, and the tumor-induced mass
increase of lungs. In all TB-Con animals multiple metastatic nodules located in lungs, where they
showed as opaque spots invading bilaterally throughout the pleural and bronchus surfaces. When
pretreated with a low or high dose of fucoidan, metastatic nodules declined significantly, strongly
supporting that fucoidan has a high anti-metastatic activity.
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Metastasis impairs quality of life and results in a poor prognosis [4]. Current mainstay treatments,
such as chemotherapy, radiation therapy and target therapy, all come along with severe side-effects.
The prophylactic treatment now emerges as a new way to control or prevent micrometastases.
An effective anti-VEGF agent ideally is able to block formation of new tumor vessels or even to
prune away existing ones. One sad example is that bevacizumab seemed able to wither tumor
vessels and reduce tumor microvascular density by 40%–50% in the phase I trial for rectal cancer
patients [31], while it failed in the phase III trial as result of increased expression of some angiogenic
factors [32]. Prophylactic cranial irradiation has shown a promising outcome, where brain metastases
in NSCLC patients were prevented [33]. In our study, fucoidan was shown to prophylactically inhibit
lung metastasis colonization of LLC cells in C57BL/6 mice. Fucoidan acts likely to down-regulate
the expression of MMPs, NF-κB and VEGF. VEGF was described as a multifunctional angiogenic
regulator that stimulates epithelial cell proliferation, blood vessel formation and endothelial cell
survival [34]. High levels of VEGF were detected in sera and tumor tissues in mice, well correlating
VEGF overexpression with tumor metastasis as well as poor survival rate. Interestingly, fucoidan
can reduce the tumor-induced VEGF expression as well as the expression of MMP-2, MMP-9 and
NF-κB in lung tissues, suggesting fucoidan restrains cancer cells from invasion and metastasis through
suppressing epithelial cell proliferation and blood vessel formation.

To further explore the mechanism underlying fucoidan’s protective effect, we evaluated the
effects of fucoidan on cell viability of normal and cancer cells. LLC mouse lung cancer cells are more
susceptible to fucoidan than Vero kidney normal cells, as fucoidan significantly reduced viability of
LLC cells at the level of 0.4 mg/mL. In contrast, fucoidan does not have cytotoxicity to Vero cells. Our
result agrees with previous studies, where fucoidan inhibited the growth of skin and lung cancer cells
but enhanced normal cell immune activity [35].

The motility factors, such as MMP-2 and MMP-9, which govern metastasis, have been well
documented. On the basis of our results, fucoidan is able to mediate the activities of MMP-2 and
MMP-9, also in line with the report that fucoidan suppressed migration and invasion of A549 lung
cancer cells by suppressing secretion and/or expression of MMP-2 [26]. Although both LLC and A549
cells are highly invasive and metastatic [36,37], the LLC cells are more susceptible to MMPs under the
mediation of fucoidan on the basis of our results.

4. Materials and Method

4.1. Cells and Cell Culture

Lewis lung carcinoma cells (LLC, C57BL/6 strain mice lung cancer cell line, ATCC CRL-1642)
were obtained from the Bioresource Collection and Research Center (Hsinchu, Taiwan). LLC cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum. Cells were cultured at 37 ◦C in a humidified incubator with an atmosphere of 5% CO2.

4.2. Preparation of Fucoidan Extract

Commercially available fucoidan purified from F. vesiculosus (F5631) was purchased from
Sigma-Aldrich, Inc. (St. Louis, MO, USA). Due to a substantial difficulty (the fact is that the structures
of fucoidan polysaccharides have not yet been determined in detail), the purchased fucoidan was
not subjected to further purification. The purchased fucoidan was used to examine its in vitro effects
on anti-migration and -invasion in a simulated gastric fluid (SGF) or intestinal fluid (SIF) system.
The fucoidan powders were dissolved in PBS and the simulated gastric (pH 1.2) and intestinal fluids
(pH 7.5) with continuous mixing at 200 rpm for 3 h. The mixture was then placed in an 80 ◦C water
bath (Julabo, Germany) to denature the enzymes in the gastric and intestinal fluids. It was sterilized
using a 0.45 mm pore filter (Merck KGaA, Darmstadt, Germany) and stored as “fucoidan extract
(20 mg/mL)” at 4 ◦C until use.

207

Bo
ok

s
M
DP
I



Mar. Drugs 2015, 13, 1882–1990

4.3. Ethical Approval and Animals

Male C57BL/6 mice (6–8 weeks) were obtained from the National Laboratory Animal Center
(Taipei, Taiwan, ROC) and housed in a climate controlled room (12:12 dark-light cycle with a constant
room temperature of 21 ± 1 ◦C). Mice underwent at least 4-day adjustment to new environment
and diet before treatments were performed. Food and water were given ad libitum. All methods
were performed with approval from the Animal Care and Use Committee of National Taiwan
Ocean University.

4.4. Experimental Design

To examine the effects of fucoidan on the cancer metastasis, mice were divided into five
weight-matched groups in the preventive model: (1) control receiving water (Con); (2) control
receiving high dose (3 mg/mice) fucoidan (Con-Hfu); (3) tumor-bearing mice receiving water (TB-Con);
(4) tumor-bearing mice receiving low dose (1 mg/mice) fucoidan (TB-Lfu); and (5) tumor-bearing mice
receiving high dose (3 mg/mice) fucoidan (TB-Hfu). Commercially available fucoidan without further
process was used in animal study. One milligram or three milligram fucoidan were diluted in 500 μL
water and feed to mice once a day by intragastric gavage 7 days prior to tumor inoculation. At the 7th
day post oral administration, 3 × 105 live LLC cells in 100 μL PBS were injected into mice through tail
vein. Mice were kept to receive fucoidan or water orally until the due course of the experiment. In all
experiments, animals were anaesthetized by CO2 inhalation method and weighted at the termination
of the experiment on day 25. Following sacrifice, the lung tissues were fixed in 4% paraformaldehyde
and stained with hematoxylin and eosin. Final body weight gain was calculated as the difference
between the carcass and initial weight.

4.5. Blood Sample Analysis

Blood samples (0.5 mL) for measurements of red blood cells (RBC), white blood cells (WBC),
lymphocyte, monocyte and neutrophil counts were determined by a blood cell analyzer (Symex K-1000,
Sysmex American, Mundelein, IL, USA).

4.6. Flow Cytometry

During flow cytometry, at least 5 × 105 spleenocytes were analyzed by Becton–Dickinson FACSan
flow cytometer (Franklin Lakes, NJ, USA) with CellQuest software (Becton–Dickinson, Oxford, UK).
Lymphocytes were gated based on the expression of CD3 and CD4 or CD8. B cells were gated based
on the expression of CD19+.

4.7. Lewis Lung Carcinoma Cells Metastasis Models

For the passive metastasis model, Lewis lung carcinoma cells (3 × 105 cells in 100 μL PBS) were
injected via the tail vein into mice as described previously. At the end of the experiments, the lungs
were harvested and the surface nodules were counted to evaluate the metastatic spread of the tumor.
Tissues with metastases were either photographed for gross morphology or further analyzed by
histology. For pulmonary nodule enumeration, the number of metastatic foci in H&E stained lung
sections was counted in a blinded fashion.

4.8. Western Blot Analysis

Confluent cell lines cultures were washed with buffered salt solution and treated with fucoidan
in the serum-free medium for 24 h. At the end of the experiments, medium was removed and 500 mL
was concentrated using Microcon concentrators (Millipore, Bedford, MA, USA) for 30 min at 25 ◦C.
Concentrated samples with equal amounts of protein (25 mg) were mixed with 2 mL reducing sample
buffer and resolved by SDS/PAGE, transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA,
USA), and the blot was probed with polyclonal goat anti-mice MMP-2, NF-κB, VEGF and β-actin
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antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immunoreactive proteins were visualized
by Immobilon™ Western chemiluminescent HRP Substrate kit (Millipore, Bedford, MA, USA). Images
were captured and the intensities of the protein bands were analyzed using the Lab works® software
(V4.5, UVP Inc., Upland, CA, USA) are expressed as arbitrary optical density unit.

4.9. Histopathological Analysis

Tumor and lung tissues were collected from mice, washed carefully by cold normal saline 3 times,
then fixed in 10% formalin solution, processed, and embedded in a paraffin film. Sections of 5-μm
thick slices of tissues were prepared. The sections were stained with H&E. Microscopic observations
were carried out at 200× magnifications.

4.10. Immunofluorescence Assay

Sections were blocked by blocking buffer for 1 h at room temperature then stained with primary
antibody at 1:200 dilution for 24 h. The primary antibody was washed by phosphate buffered saline
(PBS). Sections were stained with secondary antibody at 1:100 dilution for 24 h at room temperature
then washed with PBS. The primary antibodies that were used are as follows: rabbit anti-mouse
VEGF (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and rabbit anti-mouse MMP-9 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The secondary antibodies were FITC-conjugates goat anti-rabbit
IgG (Sigma, Sanint Louis, MO, USA).

4.11. Cell Viability Assay

(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
(MTS) assay is a colorimetric assay based on the ability of viable cells to change from soluble yellow
tetrazolium salt to blue formazan crystals. LLC cells (0.5 × 104 cells/mL) were first pretreated with
varying concentrations of fucoidan for 24 h. After drugs treatment, cells were washed with incubation
buffer, collected by centrifugation, and then suspended in the incubation buffer, containing 0.5 mg/mL
MTS for 4 h. After MTS treatment, cells were collected by centrifugation, and then suspended in
DMSO for 10 min to thoroughly dissolve the dark blue crystals. The absorbency at a wavelength of
490 nm was measured by spectrophotometer. The cell viability was determined by comparing the
results with the absorbency of the untreated cells.

4.12. Cell Migration and Invasion Assays

LLC cells migration and invasion were determined using the wound healing assays and transwell
plate as previously described. Briefly, for wound healing assays, LLC cells (5 × 105/well) were
seeded and grown overnight to 90%–95% confluence in 12-well plates before wounds of similar
size were introduced into the monolayer by a sterile pipette tip. The monolayers were rinsed with
phosphate buffer saline (PBS) to remove detached cells and then cultured in medium containing
varying concentration of fucoidan. The speed of wound closure was documented 24 h post-wounding
using the Nikon Eclipse TE2000U microscope (Melville, NY, USA).

Cell invasion assays were performed using transwell cell culture inserts (Becton Dickinson,
Franklin Lakes, NJ, USA). As many as 3.5 × 105cells were placed in the top part of the chamber.
The top part of the chamber was filled with DMEM or with medium supplemented with varying
concentration of fucoidan, while DMEM supplemented with 10% FBS was added in the bottom part of
the chamber. Incubation was carried out at 37 ◦C for 24 h. The filters were removed and fixed with
100% methanol for 8–10 min at room temperature. Cells on the upper filter surface were removed with
a cotton swab. The filters were stained with 0.2% w/v crystal violet, washed with PBS (pH 7.4), and
observed under a light microscope operating at 200× magnification. The invasion index was defined
as the ratio of the percent invasion obtained with invaded cells (LLC cells) to the percent invaded
obtained with non-invaded cells.
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4.13. Gelatin Zymography

LLC cell lines were starved for 24 h with medium containing no FBS. Subsequently, the cells
in media containing 0.5% FBS were stimulated with varying concentration of fucoidan for different
time periods, and then the supernatants were collected. The samples were analyzed with gelatin
zymography, (0.1% w/v) gelatin (Sigma, Sanint Louis, MO, USA) as the substrate. Each lane was
loaded with a total protein concentration of 3 μg and subjected to SDS-PAGE electrophoresis at 48 ◦C.
Gels were washed twice in 50 mM Tris (pH 7.4) containing 2.5% (v/v) Triton X-100 for 1 h, followed
by two 10-min rinses in 50 mM Tris (pH 7.4). After SDS removal, the gels were incubated overnight
in 50 mM Tris (pH 7.5) containing 10 mM CaCl2, 0.15 M NaCl, 0.1% (v/v) Triton X-100, and 0.02%
sodium azide at 37 ◦C under constant gentle shaking. After incubation, the gels were stained with
0.25% Coomassie brilliant blue R-250 (Sigma, Sanint Louis, MO, USA) and destained in 7.5% acetic
acid with 20% methanol. The gelatinase bands appeared white on a blue background.

4.14. Statistical Analysis

All experiments were performed at least 3 times, each time in triplicate. Data were analyzed
by multivariate ANOVA test. If a significant difference was found, a least significant differences
(LSD) multiple comparison test was used to identify significant groups. Statistical analyses used The
Statistical Software Package for the Social Sciences, version 12.0.1 for Windows (SPSS Inc., Chicago, IL,
USA). A p value < 0.05 was considered statistically significant.

5. Conclusions

Fucoidan exhibits an anti-metastasis activity, which could ensure traditional therapeutic efficacy.
The beneficial effects of fucoidan are largely attributed to down-regulation of MMPs, NF-κB and VEGF.
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Abstract: Thromboembolic diseases are increasing worldwide and always require anticoagulant
therapy. We still need safer and more secure antithrombotic drugs than those presently available.
Sulfated polysaccharides from marine organisms may constitute a new source for the development
of such drugs. Investigation of these compounds usually attempts to reproduce the therapeutic
effects of heparin. However, we may need to follow different routes, focusing particularly in
the following aspects: (1) defining precisely the specific structures required for interaction of
these sulfated polysaccharides with proteins of the coagulation system; (2) looking for alternative
mechanisms of action, distinct from those of heparin; (3) identifying side effects (mostly pro-coagulant
action and hypotension rather than bleeding) and preparing derivatives that retain the desired
antithrombotic action but are devoid of side effects; (4) considering that sulfated polysaccharides
with low anticoagulant action on in vitro assays may display potent effects on animal models of
experimental thrombosis; and finally (5) investigating the antithrombotic effect of these sulfated
polysaccharides after oral administration or preparing derivatives that may achieve this effect. If
these aspects are successfully addressed, sulfated polysaccharides from marine organisms may
conquer the frontier of antithrombotic therapy and open new avenues for treatment or prevention of
thromboembolic diseases.

Keywords: sulfated fucans; sulfated galactans; anticoagulant drugs; glycosaminoglycan-like
polysaccharides; fucosylated chondroitin sulfate; fucoidan; carrageenans

1. We Need New Antithrombotic Drugs

Cardiovascular diseases are the leading cause of mortality worldwide. Among them are the
thromboembolic events due to the formation of a thrombus or clot inside the circulatory system. Stasis,
changes in blood coagulation, damage of the vascular wall and changes in the concentrations of
leukocytes or platelets cause thrombus formation.

The occurrence of thromboembolic processes necessarily requires anticoagulant therapy.
Dicumarinic (or warfarin) was the first widely used anticoagulant shortly followed by heparin. Heparin
has the highest negative charge density of any known biomolecule described in vertebrate tissues
so far. Just behind insulin, heparin is the second-most used naturally occurring drug in medicine.
Besides being one of the first biopolymers employed as a medicine, and certainly the principal example
of a carbohydrate-based drug, heparin is perhaps one of the oldest natural products still in use [1].
Its clinical use dates back more than 65 years [2]. Although it is primarily destined for treatment
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and prophylaxis of thromboembolic disorders, extracorporeal circulations during cardiovascular
surgeries [3] and hemodialysis [4] also require heparin.

Besides its long-standing and varied clinical applications, heparin long-term therapy causes
a number of side effects, such as bleeding, thrombocytopenia, changes in lipid metabolism and
osteoporosis [5]. Additionally, heparin originates from animal tissues, and therefore is highly
susceptible to contamination by pathogenic particles, such as in the case of spongiform encephalopathy.
Furthermore, there is doubt if animal sources of heparin (mostly porcine or bovine intestine) will
match the increasing demand for this drug. Nowadays, EUA and European countries obtain heparin
exclusively from porcine intestinal mucosa. These countries are now looking for new sources of the
drug [6]. However, heparins extracted from different tissues may possess distinct structures and
activities, requiring separate monographs in the Pharmacopeia. This is the case of heparins obtained
from bovine and porcine intestinal mucosa [7].

Even more serious are the recent reports of contamination of heparin preparations. In late 2007,
the microorganism Serratia marcescens contaminated unopened heparin syringes, which leaded to
a recall in the USA [8]. In early 2008, there were reports of contamination of heparin preparations
with oversulfated chondroitin sulfate. This contaminant has a potent hypotensive effect and induces
anaphylactic reactions. These side effects were associated with the death of ~200 patients in the United
States [9,10]. Another negative example related to the use of mammalian heparin, which took place in
Brazil, was the increase of bleeding when porcine intestinal heparin was replaced by bovine intestinal
heparin [7,11].

These observations indicate we still need to search for new antithrombotic drugs, and marine
organisms may constitute new sources of heparin analogs.

2. A Step Forward in the Study of Sulfated Polysaccharides from Marine Organisms

Marine organisms are a rich source of new substances with potential applications in medicine,
though they are not yet well-explored. In particular, sulfated polysaccharides from marine invertebrates
and algae possess unique structures and specific biological effects when tested in mammalian systems.
The most abundant sulfated polysaccharides found in algae and marine invertebrates are sulfated
fucans (also known as fucoidan when isolated from brown algae) and sulfated galactans (also known
as carrageenans when isolated from red algae) [12–14]. In general, algal polysaccharides have more
complex structures than polymers from marine invertebrates. Figure 1 illustrates this observation by
comparing structures of sulfated galactans and sulfated fucans from red or brown algae (highlighted
in blue) with those from sea urchins (in red).
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Figure 1. Examples of the structures of sulfated galactans from (A) red algae [15–19]; (B) sea urchins [20,
21]; (C) sulfated fucan from brown algae [22–24]; and (D) from sea urchins [25,26]. Structures of the
sulfated polysaccharides from marine algae highlighted in blue and those from sea urchins in red.

Most studies on the effects of anticoagulant sulfated polysaccharides aim at selecting the most
active native or chemically sulfated derivatives of natural polysaccharides in biological assays. Thus,
the anticoagulant activity of the sulfated fucans increases with increasing sulfate content [27,28]. These
studies follow an approach seeking to establish similarities between these molecules and heparin, the
gold standard. The objective is to select active compounds based on general coagulation tests (mostly
clotting assays). Thereafter, the aim is to compare the effects of these polysaccharides with those of
heparin in more specific assays looking for similarities between them.

This approach raises skepticism since it is difficult to believe in the possibility of mimicking
the effects of heparin on the coagulation system using sulfated polysaccharides with very distinct
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structures. The mechanism of the anticoagulant action of heparin constitutes a paradigm of interaction
between carbohydrate and protein that triggers a potent biological effect [29]. A rare pentasaccharide
sequence in the heparin molecule is responsible for the interaction and conformational activation of
antithrombin, which is the major plasma serpin. This is the initial step, which determines the inhibition
of serpin-dependent proteases of the coagulation system, especially thrombin and factor Xa.

Attempts to simulate the effect of heparin using other sulfated polysaccharides led to criticism
that the structures of these compounds cannot simulate the same effect of heparin due to the obvious
absence of the specific pentasaccharide sequence with high antithrombin affinity. The observation that a
sulfated galactan, with high anticoagulant activity, does not induce the same conformational change on
antithrombin as heparin supports this view [30]. The skeptics attributed the anticoagulant activity of the
sulfated polysaccharides from marine organisms to non-specific and low-affinity interactions between
their highly sulfated carbohydrate chains and basic regions in proteins of the coagulation system.

Another event which discouraged the study of sulfated polysaccharides as anticoagulants was
the report that oversulfated chondroitin sulfate has an anticoagulant effect, although with much
less potency than heparin and one that is associated with a strong toxic effect. This polysaccharide
activates factor XII and releases bradykinin with potent hypotensive effect. Contamination of heparin
preparation with oversulfated chondroitin sulfate has been responsible for ~200 deaths in the USA [9,
10]. Sulfated polysaccharides from algae and marine invertebrates may have similar effects, as already
reported for a sea cucumber polysaccharide [31]. These observations further increased the disbelief in
the possibility of simulating the effects of heparin with other sulfated polysaccharides.

However, it is possible to follow different routes to investigate these sulfated polysaccharides
from marine organisms as anticoagulant drugs using a more innovative approach. The essential point
is to look for distinct effects of these sulfated polysaccharides in the coagulation system, different from
those reported for heparin. Sulfated polysaccharides with new mechanisms of action may open new
avenues for therapeutic applications in thromboembolic diseases. This review will focus on some of
these possibilities.

3. The Anticoagulant Effect of Sulfated Galactans and Sulfated Fucans Depends on
Specific Structures

In a study performed in our laboratory, we tested the anticoagulant effects of sulfated galactans
and sulfated fucans obtained from marine invertebrates. More than 20 types of sulfated polysaccharides
with well-defined and repetitive structures were tested. The substantial number of results obtained
allowed us to ensure that the structure of the sulfated polysaccharide correlates with its specific effects
on the coagulation system. Three examples of this type of approach are described below.

Initially we compared the anticoagulant effect of a set of sulfated fucans obtained from sea urchins,
all composed of linear chains of 3-linked α-L-fucopyranosyl (Fucp) units with different patterns of 2-
and 4-sulfation. We observed that the presence of 2,4-disulfated Fucp units is the major requirement
for antithrombin-mediated anticoagulant activity [32].

In another approach we compared the antithrombotic effect of two types of polysaccharides
rich in 2,4-disulfated α-L-Fucp units. One of them was a fucosylated chondroitin sulfate
isoLated from the sea cucumber. This polysaccharide has a backbone like that of
vertebrate chondroitin sulfate: [4-β-D-glucuronic acid (GlcA)-1→3-β-D-N-acetylgalactosamine
(GalNAc)-1]n but substituted at the 3-position of the β-D-GlcA with branches of
2,4-disulfated α-L-Fucp [33]. Another polysaccharide was a sulfated fucan isolated from
the same invertebrate but containing 2,4-disulfated α-Fucp units as part of a linear chain:
[α-L-Fucp-2,4(OSO3

−)-1→3-α-L-Fucp-1→3-α-L-Fucp-2(OSO3
−)-1→3-α-L-Fucp-2(OSO3

−)]n [34]
(Figure 2, Panels A and B). The result shown in Figure 2, Panel C, illustrates the effect of these two
sulfated polysaccharides in an experimental model of arterial thrombosis. Clearly, occurrence of
2,4-disulfated α-Fucp as branched residues (as in fucosylated chondroitin sulfate) ensures a more
potent antithrombotic effect compared to the linear polymer containing the same type of residue [35].
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Figure 2. Structures (A,B) and antithrombotic effect (C) of sulfated polysaccharides
rich in 2,4-disulfated α-L-Fucp units. (A) The sulfated fucan is composed of
[3-α-L-Fucp-2,4(OSO3

−)-1→3-α-L-Fucp-1→3-α-L-Fucp-2(OSO3
−)-1→3-α-L-Fucp-2(OSO3

−)]n

repeating units; (B) Fucosylated chondroitin sulfate has a chondroitin sulfate-like backbone,
but contains branches of 2,4-disulfated α-L-Fucp units linked to the β-D-GlcA residues on the
polysaccharide core. The 2,4-disulfated α-L-Fucp units in these two polysaccharides are highlighted
in green or blue; (C) Antithrombotic effect of sulfated fucan (•), fucosylated chondroitin sulfate (•),
unfractionated heparin (�), low-molecular-weight heparin (�) and vertebrate chondroitin 6-sulfate (�)
on an arterial thrombosis model induced in carotid artery of rats by laser irradiation. See Ref. [35] for
further details.

Another example of the stereospecificity of the anticoagulant effect of sulfated polysaccharides
arises from comparison between a α-L-fucan and a α-L-galactan, both 2-sulfated and 3-linked (Figure 3,
Panels A and B). The sulfated α-galactan is significantly more active than the sulfated α-fucan as an
antithrombin-mediated thrombin inhibitor (Figure 3, Panel C) [36].

 

Figure 3. Structures and anticoagulant effect of a sulfated galactan and a sulfated fucan. (A,B)
Structures of the sulfated α-L-galactan from the sea urchin E. lucunter (in blue, Panel A) and sulfated
α-L-fucan from S. franciscanus (in red, Panel B). Both polysaccharides are 3-linked with a regular
sulfation at the 2-position, but differ in their constituent monosaccharides; (C) Thrombin inhibition
mediated by antithrombin vs. concentrations of the sulfated galactan (•), sulfated fucan () and heparin
(�). See Ref. [36] for further details.
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In conclusion, pattern of sulfation, position of the residue, either internal or non-reducing unit,
and type of constituent sugar [α-L-galactopyranosyl (Galp) or α-L-Fucp unit] ensure the anticoagulant
and antithrombotic effects. The anticoagulant activity of the polysaccharide is not only a consequence
of negative charge density, but of precise structural constituents.

These studies were possible using the sulfated polysaccharides from marine invertebrates that
possess well-defined structures. However, these polysaccharides occur in low concentrations, or some
of the invertebrate species are scarce. In several cases, we can obtain these polysaccharides only in
small amounts, which limits their practical use. A practical alternative to develop antithrombotic
drug is to employ sulfated polysaccharides from marine algae, which are abundant. Nevertheless, the
invertebrate polymers are model molecules and may reveal a specific structural sequence we need to
look for in the algal polysaccharides.

4. Serpin-Independent Anticoagulant Effect

Serpins (as antithrombin and heparin cofactor II) mediate the anticoagulant activity of
heparin, resulting in the inhibition of the coagulation proteases. Consequently, the effect of that
glycosaminoglycan disappears on serpins-depleted plasmas. Sulfated polysaccharides from marine
organisms have a similar serpin-mediated activity, demonstrated on assays using purified reagents
(proteases and serpins) [16,32,33,36]. It intrigued us when it was observed that the anticoagulant effect
of a fucosylated chondroitin sulfate from the sea cucumber [37] and of a sulfated galactan from red
algae [38] remains unchanged when tested in serpin-depleted plasma. This observation is even more
striking when tests of thrombin or factor Xa generation in serpin-depleted plasma was employed.
Clearly, the inhibitory effect of the blood coagulation proteases disappears in tests using heparin, but
persists with fucosylated chondroitin sulfate or sulfated galactan [37,38].

Further examination revealed that fucosylated chondroitin sulfate and sulfated galactan inhibit
the intrinsic tenase and prothrombinase complexes that are critical for the generation of factor Xa
and thrombin. Assays using purified proteins of the coagulation system assure this conclusion. The
sulfated polysaccharides inhibit the interaction between factor Va and factor X [38]. These results
reveal an anticoagulant effect with a distinct mechanism of action compared with heparin or any
other known antithrombotic drug. Figure 4 summarizes the preponderant target sites for the sulfated
polysaccharides from marine organisms on the coagulation system. Blue arrows at right of the Figure
indicate the anticoagulant effects.
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Figure 4. Major target sites for the sulfated polysaccharides from marine organisms on the coagulation
system. Blue and red arrows indicate anticoagulant and pro-coagulant effects, respectively. + indicates
activation and − indicates inhibitory effects. Anticoagulant effect: sulfated galactans (SG) from marine
red algae and fucosylated chondroitin sulfates (FCS) from sea cucumbers inhibit the intrinsic tenase and
prothrombinase complexes [37,38]. It is still unclear if sulfated fucans (SF) have similar effects. These
polysaccharides also potentiate the inhibitory effect of antithrombin (AT) and/or heparin cofactor II
(HCII) on thrombin [16,32,33,36]. Their effects on factor Xa are very modest. The serpin-independent
action preponderates on the plasma system. Pro-coagulant effect: SG and FCS activate factor XII [31,39].
This effect may result in severe hypotension (due to bradykinin release) and pro-coagulant (and
pro-thrombotic) action. It is unclear if SF activates factor XII. SF inhibits Tissue Factor Protease Inhibitor
(TFPI), a specific inhibitor of the extrinsic tenase complex. Consequently, SF has a pro-coagulant
effect [40,41].

Of course, further studies are necessary to investigate whether this distinct mechanism of action
may confer favorable effects to the marine polysaccharides for the prevention and treatment of
thromboembolic events. In particular, it is necessary to clarify which one of the two mechanisms
(serpin-dependent or serpin-independent) is more favorable for an antithrombotic therapy.

5. Sulfated Polysaccharides with Low Anticoagulant Activity May Have Potent
Antithrombotic Effects

Screening for new anticoagulant polysaccharides usually requires an initial assessment with
general coagulation tests. The compound, which is most active, moves to a more detailed stage of
evaluation using animal testing. Following this methodological guideline, our laboratory carried out
a study of sulfated polysaccharides from 50 species of marine algae. The work leaded to a sulfated
galactan from the red alga Botryocladia occidentalis with very high anticoagulant activity [16]. This
polysaccharide has a relatively simple structure as compared with that of similar compounds obtained
from seaweeds. The presence of 2,3-disulfated α-Galp units was associated with the high anticoagulant
activity of the sulfated polysaccharide.

However, we can proceed in a different way, looking for sulfated polysaccharides with low
anticoagulant activity. We can propose, conceptually, that a polysaccharide with low activity in
coagulation tests using in vitro assays may exhibit a potent antithrombotic effect when tested in animal
models of thrombosis.

We followed this approach and ended up with a sulfated galactan from the red alga Acanthophora
muscoides with low anticoagulant activity. Despite this data, we continued to go deeper with the
coagulation study. The polysaccharide presented a very complex structure. Its backbone consists
of alternating units of α- and β-Galp units, as is the characteristic of seaweed galactans. However,
we observed a wide variety of structural modifications, such as sulfation in different positions, the
presence of methyl ether, and anhydrous sugars. Another unique feature of this sulfated galactan
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is its low molecular weight (~20 kDa) [19]. Most seaweed-sulfated galactans have extremely high
molecular weights.

We reduced the molecular weight of the sulfated galactan from B. occidentalis using mild
acid hydrolysis and obtained a derivative with the same molecular weight as that of the native
polysaccharide from A. muscoides. The clotting assay using these two sulfated galactans, with similar
molecular weights, revealed that the compound from B. occidentalis was more active (Figure 5, Pane A,
closed circles in blue vs. closed diamond in red). However, more importantly, it turns out that these
two sulfated galactans, with low molecular weights, are practically inactive in coagulation assays
using purified coagulation proteases and serpins [19]. That is, its anticoagulant effect, albeit modest as
compared to heparin, is independent of serpins. The clotting assays using serpin-depleted plasma
confirmed this proposition (Figure 5, Panels B and D, compare closed vs. open symbols).

The next step was to test these sulfated galactans, with low anticoagulant activity and serpin-free
effects, in animal models of experimental thrombosis. Figure 5, Panel C, shows the test using an
experimental model of arterial thrombosis. Surprisingly, the sulfated galactan from A. muscoides is
very active, whereas that obtained from B. occidentalis is completely inactive (closed circles in blue vs.
closed diamond in red).

These results are very important because they reveal a sulfated polysaccharide, with only modest
anticoagulant action on in vitro assay but potent arterial antithrombotic effect in the experimental
animal model. We attribute this effect to the inhibition of the tenase and prothrombinase complexes
that generate the coagulation proteases. This approach consolidates the molecular basis of a new
antithrombotic mechanism by a sulfated polysaccharide, involving inhibition of factor Xa and thrombin
generations by the tenase and prothrombinase systems.

Figure 5. Effect of sulfated galactans on anticoagulant assays (A,C,D) and on arterial experimental
thrombosis in rats (B). Different concentrations or doses of heparin (�,�), native sulfated galactan
from B. occidentalis (,Δ) or from A. muscoides (,♦) or the sulfated galactan from B. occidentalis with
reduced molecular weight (•,) were tested. In Panels C and D closed and open symbols refer to assays
performed using normal or serpin-depleted plasma, respectively. Data from Ref. [19].
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6. Balance between Pro- and Anticoagulant Effects

Sulfated galactans have no bleeding tendency [19,39,42], which is the major side effect of heparin and
other antithrombotic drugs. Instead, the major side effect of these polysaccharides is activation of factor
XII. This action results in the release of bradykinin, leading to severe hypotension [9,10,31]. Conceptually,
we expect that activation of factor XII should trigger coagulation, resulting in pro-thrombotic action. In
the case of the sulfated galactan from the red alga B. occidentalis we observed a dual effect, as a potent
anticoagulant and as an activator of factor XII [39]. This observation is very clear with the use of a
recalcification time assay, without the addition of phospholipids (Figure 6, Panel A). Heparin has a potent
anticoagulant action (open squares), while the sulfated galactan has a dual effect: up to ~8 μg·mL−1, an
anticoagulant effect, and above 8 μg·mL−1, a pro-coagulant effect (closed triangles in Figure 6, Panel A).
A 14 kDa fragment shows the same effect as the native polysaccharide but at different concentrations
(open circles). Decrease of the molecular weight to ~5 kDa eliminates this dual effect (closed circles).

Figure 6. Anticoagulant activity based on recalcification time (A) and antithrombotic effect on a
stasis thrombosis model in vena cava of rats (B,C). Different concentrations (A) or doses (B,C) of
unfractionated heparin (�), low-molecular-weight heparin (�), native sulfated galactan (�), ~14 kDa
(O) and ~5 kDa ( ) fragments were tested. In Panel A the anticoagulant activity was expressed as T1/T0,
which is the ratio between the clotting time in the presence or absence of sulfated polysaccharide. The
broken line (T1/T0 = 1) indicates no effect from the polysaccharide on coagulation. Data from Ref. [39].

Because of the dual effect on coagulation, this sulfated galactan has two distinct effects in the
experimental thrombosis model. At lower doses, up to approximately 0.25 mg·kg−1 body weight, it is
a potent antithrombotic, similar to heparin; at higher doses, above 0.25 mg·kg−1 body weight, this
effect disappears and is replaced by a pro-coagulant effect (Figure 6, Panel B), due to activation of
factor XII.

In order to develop an antithrombotic drug for practical use, it is essential to dissociate the
anticoagulant action from the undesirable pro-coagulant effect. We achieved this goal by means
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of partial acid hydrolysis of the polysaccharide. The sulfated galactan with low molecular weight
(~ 5 kDa) proved to be a promising antithrombotic, devoid of pro-coagulant action (Figure 6, Panel C,
closed circles) [39].

Curiously, even fucoidan presents the concomitant anti- and pro-coagulant effects [40,41]. Selected
modified derivatives from this polysaccharide, devoid of anticoagulant activity, have been used as a
therapeutic option in bleeding disorders, such as hemophilia. The pro-coagulant effect of fucoidan is
distinct from the activation of factor XII proposed for the sulfated galactans. It involves a blockade of
the extrinsic pathway down-regulator, the tissue factor pathway inhibitor, by the non-anticoagulant
fucoidan derivatives. Red arrows at left of Figure 4 indicate the pro-coagulant effects of the sulfated
polysaccharides from marine organisms.

Protamine neutralizes the effects of sulfated polysaccharides from marine organisms on the
coagulation system, as occurs with heparin. It decreases the pro-coagulant effect of a sulfated galactan
from red alga [42] and the anticoagulant action of fucosylated chondroitin sulfate from sea cucumber.
These observations are relevant to ensure we can antagonize the effects of the polysaccharides if severe
side effects occur. Induction of thrombocytopenia with the sulfated polysaccharides from marine
organisms is another important aspect that requires future investigation.

7. Sulfated Polysaccharide with Oral Antithrombotic Effects

The use of sulfated polysaccharides as antithrombotic drug requires intravascular or subcutaneous
administration, which limits their use. The new oral antithrombotic agents, which directly inhibit
thrombin or factor Xa, have overcome this limitation although they may cause bleeding and have
unpredicted responses [43,44].

Sulfated polysaccharides are not promising for oral administration due to their high molecular
weight. Even attempts to administer heparin orally were also unsuccessful. Possibly, degradation of
heparin by bacteria of the intestinal flora or by enzymes produced by the vertebrate also reduced its
absorption after oral administration. However, the different chemical nature of the sulfated galactans
and sulfated fucans from marine organisms makes them resistant to degradation by most enzymes
that normally act on vertebrate glycosaminoglycans.

A number of studies indicate biological effects after oral ingestion of sulfated fucans from brown
algae (fucoidan) [45]. Early work on digestion of these polysaccharides suggested that they were not
changed by human bacterial flora and were wholly excreted [46,47]. Following oral administration to
rats, we observed that fucosylated chondroitin sulfate has anticoagulant and antithrombotic effects,
with low hemorrhagic action [48]. This finding allowed us to overcome the main limitation to the
development of new antithrombotics based on sulfated polysaccharides. Of course, we need to extend
this kind of study to other types of sulfated polysaccharides from marine organisms, especially sulfated
galactans and sulfated fucans.

The observation that a sulfated polysaccharide has antithrombotic effect after oral administration
raises a challenging question: how extensive is the gastrointestinal absorption of this polysaccharide?
Answering this question requires a careful investigation of the metabolism of sulfated polysaccharides
from marine organisms after administration to mammals, including their route of absorption and
pharmacokinetics. Studies about the intestinal absorption of fucoidan have been reported recently [49].

8. Conclusions

In this review, we discussed possible ways to proceed in order to develop new antithrombotic
drugs based on sulfated polysaccharides from marine organisms. These compounds occur in high
amounts in marine algae. However, their therapeutic use in humans faces several challenges. We need
to look for alternative approaches in order to establish a new paradigm, instead of continuing to look
at them as “heparin-like molecules.” Possibly, we need to consider the following points:

(1) Precisely define the specific structures required for the interaction of sulfated polysaccharides
with the proteins and complexes of the coagulation system.
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(2) Look for alternative mechanisms of action distinct from those of heparin, including
serpin-independent effects. Clarification of the precise target molecules of these sulfated
polysaccharides will help to establish new drugs on a more rational basis.

(3) Identify major side effects in order to design the preparation of derivatives that retain the
desirable antithrombotic action but are devoid of toxic ones. Pro-coagulant effect and hypotension,
both due to activation of factor XII, instead of bleeding, may be the major obstacle for the therapeutic
use of sulfated polysaccharides from marine organisms.

(4) Consider that sulfated polysaccharides with low activity on in vitro coagulation tests may
exhibit potent activity on animal models of experimental thrombosis.

(5) Investigate the effect of these sulfated polysaccharides after oral administration. If unsuccessful,
we may attempt to prepare derivatives that achieve this effect. The discovery of new oral anticoagulants
derived from the sulfated polysaccharides of marine organisms will put these compounds on the
frontier of antithrombotic therapeutics.
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Abstract: The therapeutic potential of natural bioactive compounds such as polysaccharides,
especially glycosaminoglycans, is now well documented, and this activity combined with natural
biodiversity will allow the development of a new generation of therapeutics. Advances in our
understanding of the biosynthesis, structure and function of complex glycans from mammalian
origin have shown the crucial role of this class of molecules to modulate disease processes and
the importance of a deeper knowledge of structure-activity relationships. Marine environment
offers a tremendous biodiversity and original polysaccharides have been discovered presenting a
great chemical diversity that is largely species specific. The study of the biological properties of the
polysaccharides from marine eukaryotes and marine prokaryotes revealed that the polysaccharides
from the marine environment could provide a valid alternative to traditional polysaccharides such
as glycosaminoglycans. Marine polysaccharides present a real potential for natural product drug
discovery and for the delivery of new marine derived products for therapeutic applications.

Keywords: marine bacteria; marine algae; exopolysaccharides; sulfated polysaccharides; structure;
chemical modification; biological activity; blue biotechnology; cell therapy; tissue engineering

1. Introduction

Sulfated polysaccharides have diverse functions in the tissues from which they originate. They
are capable of binding with proteins at several levels of specificity and are involved mainly in the
development, cell differentiation, cell adhesion, cell signaling and cell matrix interactions. These
bioactive molecules present a great potential for medical, pharmaceutical and biotechnological
applications such as wound dressings, biomaterials, tissue regeneration and 3D culture scaffolds and
even drugs. The most studied for their biological properties are mammalian sulfated polysaccharides
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or glycoconjugates constituted by glycosaminoglycans (GAGs) composed of negatively charged osidic
chains, most of them covalently linked to proteins. The discovery of the biological importance of
the mammalian glycoconjugates has been the beginning of a new modern research field focusing on
the carbohydrate based recognition phenomena, glycobiology [1,2]. It has been demonstrated that
these particular biological properties were due to the chemical diversity of the osidic chains in which
the patterns of sulfate substitution can give specific biological functions. It was also noted that the
chemical diversity of the sulfated polysaccharides was largely species specific [3].

Marine polysaccharides present an enormous variety of structures; they are still under-exploited
and they should therefore be considered as an extraordinary source of chemical diversity for drug
discovery [4]. Sulfated polysaccharides, possessing GAG-like biological properties, can be found
either in marine eukaryotes or in marine prokaryotes. This marine origin should offer potentially
safer compounds than mammalian polysaccharides for drug discovery. In this review, we will
present first the biological properties of GAGs from mammalian origin in relation to cell therapy
and tissue engineering. Then we will describe different studies made on marine polysaccharides,
showing that these polysaccharides could advantageously replace mammalian GAGs in some
therapeutic applications.

2. Glycosaminoglycans: Structural Features, Biological Properties and Limitations for
Therapeutic Use

Glycosaminoglycans (GAGs) are present in all animals; some of them such as heparin and
dermatan-sulfate are extracted from mammalian mucosa for therapeutical uses. GAGs can be
located in the extracellular matrix, on the cell surface or within the intracellular compartment.
These polysaccharides are composed of disaccharide repeating units including one uronic acid (or
neutral sugar for one of them) and one amino sugar. GAGs can be sulfated (chondroitin-sulfate,
dermatan-sulfate, heparin/heparan-sulfate, keratan-sulfate) or not (hyaluronic acid). Furthermore,
sulfated glycosaminoglycans can be covalently bound to a protein to form proteoglycans. Hyaluronic
acid (HA) is very peculiar because it is neither sulfated, nor covalently linked to a protein to form
proteoglycan. Moreover this polysaccharide has a very high molecular weight (up to 8 × 106 g/mol in
tissue) in contrast to sulfated GAGs (from 10 to 100 × 103 g/mol) [5,6]. GAGs interact with a wide
range of proteins involved in physiological and pathological processes. They display many biological
activities which can influence tissue repair as well as inflammatory response [1,7,9].

For example, heparan-sulfate chains borne by the cell surface proteoglycans are required to
mediate signals of heparin-binding growth factors such as fibroblast growth factors (FGFs), heparin
binding-epidermal growth factor (HB-EGF) or vascular endothelial growth factor (VEGF) (Figure 1) [10,12].
Furthermore in extracellular matrix, sulfated glycosaminoglycans are specifically involved in growth factor
bioavailability and protection against proteinase degradation [13,14]. Their ability to structure matrix
macromolecules has been described on collagens as well as on matrix glycoproteins or elastic fibers [15,17].
Other studies demonstrated that heparin and chondroitin-sulfate directly inhibit serine-proteinase activity
and modulate matrix metalloproteinase activity in cell culture [18,19]. Due to specific interactions with
chemokines and selectins, heparan-sulfates found on endothelial cell surface are also major actors in
leukocyte rolling and chemo-attraction [20,21].
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Figure 1. Cell surface GAGs and cell behavior. (a) GAGs and cell adhesion; (b) GAGs and growth
factor promotion.

The HA, a non-sulfated GAG, is also a major actor in tissue structuring and remodeling. The
hallmark of this polysaccharide is its ability to form hydrogels allowing joint lubrication and space
creation to cell migration during wound healing and embryonic morphogenesis [22]. During cutaneous
wound healing, HA prevents fibrosis [23]. Thus, during fetal skin repair, which is characterized by
scarless wound healing, high amounts of HA are produced whereas a dramatic downregulation of
this GAG synthesis is observed in the keloids [24]. HA stimulates endothelial cell proliferation,
migration and differentiation following activation of specific cell receptors (CD44 receptor and
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hyaluronan-mediated motility receptor or RHAMM). HA is also involved in inflammatory response
after injury by stimulation of macrophage cytokine secretion through CD44 signaling pathway [21].

Thus, these polysaccharides could be advantageously proposed as pharmacological agents or
biomaterials for tissue repair and engineering. Unfortunately, the strong anti-coagulant activity of some
of them (heparin, heparan-sulfate), their animal origin increasing the risk for the presence of infectious
agents such as viruses or prions, and an unreliable availability (cost, volume) restrict their use in
Human. Marine organisms such as macroalgae, microalgae, bacteria, cyanobacteria, invertebrates and
chordata offer a rich source of carbohydrates with original structures largely species specific.

3. GAG-Like Polysaccharides from Marine Eukaryotes

3.1. GAGs

Hyaluronic acid, chondroitin sulfate, dermatan sulfate and heparan sulfate can be found in marine
invertebrates; they have been isolated from marine mollusks or echinoderms such as sea urchins or
sea cucumbers (ascidians). GAGs can be extracted from marine mollusk such as Amussium pleuronectus
(Linne). The structural characterization showed that they are sulfated like heparin and contain
equivalent amount of uronic acid and hexosamine. They could be an alternative source of heparin [25].
The dermatan sulfates isolated from sea urchin and chondroitin sulfates from ascidians have the same
backbone structures as the mammalian GAGs but possess different sulfation patterns [26,27]. In animal
models, the fucosylated chondroitin sulfate obtained from sea cucumber was a promising molecule
with possible beneficial effects in pathological conditions such as thrombosis and ischemia [27].
Chondroitin/dermatan sulfate hybrid chains extracted from shark skin showed a high affinity for
growth factors and neurotrophic factors [28].

3.2. Alginate

Marine alginate is found in all brown seaweeds (Phaeophyceae) in a proportion of 18 to 40% of the
total plant. Alginate is both a biopolymer and a polyelectrolyte and is considered to be biocompatible,
non-toxic, non-immmunogenic and biodegradable. Alginate is a high-molecular weight (in the range
200–500 × 103 g/mol) polyuronic acid composed of two types of uronic acid distributed as blocks of
guluronic acid (GulA or “G”) or mannuronic acid (ManA or “M”) as well as heteropolymeric mixed
sequences (GulA-ManA, usually alternating). Often commercial alginate is characterized by its “M:G”
ratio. The alginate is known to form a physical gel by hydrogen bonding at low pH (acid gel) and by
ionic interactions with divalent or trivalent ions, which act as crosslinkers between adjacent polymer
chains. The alginate and alginate with chemical modifications on carboxyl or hydroxyl groups, present
real promise for obtaining new biomaterials useful in cell immobilization, controlled drug delivery
and tissue engineering [29,30]. Tailored alginate hydrogels have been studied to transplant cells such
as chondrocytes and osteoblasts and improve neo-cartilage or neo-bone formation. The beneficial
use of these modified alginate gels as biomaterials has been demonstrated in a number of in vitro and
in vivo studies [31].

3.3. Fucoidans

3.3.1. From Marine Echinoderms

Biological properties of sulfated fucoidans (or fucans) extracted from marine invertebrates such
as sea urchins or sea cucumbers have been extensively studied. These polymers of L-fucose are
homogeneous and unbranched and bear no substituent other than sulfate. As described for mammalian
GAGs, they present anticoagulant and antithrombotic activities. They can act as a ligand for either
L- or P-selectins like heparin or heparan sulfate. They also are active on cell growth, migration and
adhesion [3].
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3.3.2. From Seaweeds

Fucoidans can also be isolated from Phaeophyceae cell wall; algal sulfated fucoidans are more
complex than fucoidans found in marine invertebrates. Algal fucoidans are composed of fucosyl
disaccharide repeating units substituted by sulfates or uronic acids; they present other substituents
such as O-acetyl, and branches adding considerably to their heterogeneity (Figure 2) [32,34].
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Figure 2. Structure of sulfated oligofucoidan constitutive of algal fucoidan from Ascophyllum
nodosum [32].

After depolymerization (by acidic hydrolysis or free radical process), low-molecular-weight
fractions of fucoidans (LMW fucans, <30 kDa) have been obtained and shown to exhibit some
heparin-like properties, with less side effects. Heparin is a sulfated polysaccharide from porcine
origin used as an antithrombotic drug; however, its antithrombotic efficacy is limited by its strong
anticoagulant properties correlated with a high hemorrhagic risk. The venous antithrombotic activity
of LMW fucans (LMWF) has been compared with a low-molecular-weight heparin in the Wessler
rabbit model and exhibited a better ratio antithrombotic effect/hemorrhagic risk [35,37]. Moreover
LMWF exhibited arterial antithrombotic activity in vivo as well. Indeed, LMWF injections improved
residual muscle blood flow and increased vessel formation in acute hind limb ischemia model in rat;
they prevented arterial thrombosis induced by apoptosis in rabbit with no increase of bleeding risk
(Figure 3) [38,39]. This antithrombotic activity may, in part, be explained by the decrease of tissue factor
expression in the media of denuded arteries and the significant increase of plasma TFPI (inhibitor of
the extrinsic coagulation pathway) released from endothelial cell by fucoidan as previously shown
in vitro [39,40].
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(a) (b) 

Figure 3. Angiographies of hind limbs from rabbits, 3 days after apoptosis induction. (a) Rabbit
receiving LMWF; (b) Rabbit receiving placebo.

These results led us to further study sulfated polysaccharide-endothelial cell interaction. Owing to
their ionic structure, LMWF, like heparin, can bind and modulate the activity of proangiogenic growth
factors such as fibroblast growth factors (FGF) [41,42]. Fucoidan enhanced in vitro tube formation by
mature endothelial cells in the presence of FGF-2 [43]. This effect correlated with a decrease of PAI-1
(plasminogen activator inhibitor) release, and an upregulation of the cell-surface α6 integrin subunit,
which could explain the proangiogenic activity [42,44].

Until recently, vessel formation was claimed to be related to in situ mature endothelial
cell proliferation, migration and differentiation. In 1997, Asahara and Isner demonstrated the
presence of endothelial progenitor cells (EPCs) in circulating blood, which play a major role
in vasculogenesis in physiological and pathological situations when organ vascularization, and
regeneration, is required [45]. Autologous infusion of EPCs would potentially be a promising therapy
for revascularizing ischemic tissues. Unfortunately these EPCs are very rare in blood. Moreover
further evidence indicates that not only the cell number but also functional properties of transplanted
EPCs determine the outcome of autologous stem cell transplantation. The poor graft efficiency seems
to be related to unfavorable functional changes during the expansion procedure. We demonstrated
that fucoidan induced EPCs to adopt a proangiogenic phenotype. It enhanced their proliferation,
migration and differentiation into capillary-like structures on Matrigel [46]. LMWF could act through
SDF-1, which when stimulated during EPCs expansion increased their therapeutic potential after cell
transplantation in a model of hind limb ischemia [47,48].

LMWF has demonstrated some anti-inflammatory properties such as anti-complementary
activities with both inhibition of leukocyte margination and connective tissue proteolysis. LMWF
could be used for treating some inflammatory diseases in which uncontrolled extracellular matrix
degradation takes place [49]. As described above, LMWF can also promote tissue rebuilding parameters
such as signaling by heparin-binding growth factors (FGF-2, VEGF) and collagen processing in
fibroblasts, smooth muscle cells or endothelial cells in culture. Recently, a study showed that LMWF
can bind fibrillar collagens and provide protection and signal promotion of heparin binding growth
factors to improve biocompatibility of purified cancellous bone substitute. Indeed, it was demonstrated
that LMWF mimicks and restores the properties of bone non collagenous matrix (proteoglycans,
glycoproteins) that were eliminated by drastic purification process during design of the biomaterial, to
regulate soluble factors bioavailability [50].
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4. GAG-Like Polysaccharides from Marine Prokaryotes

4.1. Extracellular Polymeric Substances (EPS)-Producing Cyanobacteria

Cyanobacteria (blue-green algae) are Gram-negative photosynthetic prokaryotes considered as a
rich source of novel molecules of a great importance from a biotechnological and industrial point of
view. Many cyanobacteria produce extracellular polymeric substances (EPS) mainly of polysaccharidic
nature. These EPS can remain associated to the cell surface as sheaths, capsules and/or slimes, or be
liberated into the surrounding environment as released polysaccharides [51].

4.2. Spirulina (Arthrospira)

Spirulina is a microalga which offers a broad range of applications such as a nutritive or
pharmaceutical additive with no risk to health. Clinical studies suggest that compounds in the
microalgae have therapeutic functions and especially polysaccharides with antiflammatory effects [52].
Spirulan, existing as a ionic form (calcium or sodium), is a sulfated polysaccharide isolated from
Arthrospira platensis (formely Spirulina platensis) and consisting of two types of disaccharide repeating
units, [→3)-α-L-Rha(1→2)-α-L-Aco-(1→] where Aco (acofriose) is 3-O-methyl-Rha with sulfate
groups and O-hexuronosyl-rhamnose. It also contains trace amounts of xylose, glucuronic acid
and galacturonic acid. Its molecular weight is about 200 × 103 g/mol and it bears from 5 to 20% sulfate
depending on the source [53]. Spirulan is reported to inhibit pulmonary metastasis in humans and to
prevent the adhesion and proliferation of tumor cells. Highly porous scaffolds have been constructed
by electrospining biomass of Spirulina. In these conditions, well defined nanofibers were produced to
be used as extracellular matrices for stem cell culture and future treatment of spinal cord injury [54].

Other EPS-Producing Cyanobacteria

Cyanobacteria of the genera Aphanocapsa, Cyanothece, Gloeothece, Synechocystis, Phormidium,
Anabaena and Nostoc are able to produce sulfated polysaccharides containing uronic acids. Applications
of cyanobacterial polysaccharides have been poorly investigated in the biomedical field except as
antiviral agents. Moreover, the overall negative charge of cyanobacterial EPS may be essential for
sequestering metal cations that are essential for cell growth but present at low concentrations in their
surroundings, and/or preventing the direct contact between the cells and toxic heavy metals dispersed
in the environment [55].

4.3. Bacterial Exopolysaccharides (EPS)

Marine biosphere offers wealthy flora and fauna living in different unusual ecosystems
embracing diverse microbial communities: deep-sea hydrothermal vents, Arctic and Antartic sea-ice,
Mediterranean shallow vents, microbial mats located in some polynesian atolls [56,63].

Deep-sea microorganisms, bacteria and archaea, or the processes they mediate in situ, and the
promise of their primary and secondary products present a great interest to biotechnology and a
potential for pharmaceutical applications [64,66]. From different oceanographic cruises organised to
explore deep-sea hydrothermal vent environments (East Pacific Rise, North Fiji, Guaymas basin and
Mid Atlantic Ridge), several polysaccharide-producing bacteria have been discovered. Screenings
have been performed mainly on mesophilic bacteria rather than on psychrophilic, thermophilic or
hyperthermophilic strains. Up to date, three main genera of polysaccharide-producing bacteria
have been identified: Pseudoalteromonas sp., Alteromonas sp. and Vibrio sp. By fermentation, each
bacterium can liberate into the culture medium (an aerobic carbohydrate-based medium) one
specific polysaccharide with an original structure and with an interesting yield, from 0.5 g to 4 g
of polysaccharide/liter of culture broth [59].
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4.3.1. HE 800 EPS from Vibrio diabolicus

The Vibrio diabolicus bacterium was isolated from a Pompei worm tube (polychaete Alvinella
pompejana); the EPS it secreted was characterized by equal amounts of glucuronic acid and hexosamine
(N-acetyl glucosamine and N-acetyl galactosamine). It is a hyaluronic acid-like polymer (Figure 4) [67,
68] and its commercial name is Hyalurift®.
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Figure 4. Repeating unit of the marine bacterial polysaccharide (HE800 EPS) produced by Vibrio
diabolicus [68].

The efficiency of this high-molecular-weight (>106 g/mol) linear polysaccharide was evaluated
on the restoration of bone integrity for critical size defects (CSD) performed on the calvaria of Wistar
male rats. Collagen was used as a control. Briefly, bacterially produced polysaccharide or collagen (as
control) was put into a hole made in the right parietal bone while another hole made in the left parietal
bone was kept free of any compound. In the presence of EPS secreted by Vibrio diabolicus, bone healing
was almost complete after 15 days; the anatomy of the defect with trabecular and cortical structure was
totally restored. Neovascularization was also observed along with an organized trabecular bone. No
abnormal bone growth or conjunctival abnormalities were noticed. Conversely, the collagen-treated
animals did not demonstrate significant healing [69].

These results could be explained by the HE800 EPS effects observed subsequently in in vitro
models of tissue remodeling. Indeed, it was demonstrated that HE800 EPS enhanced collagen
structuring in engineering connective tissue model and promoted fibroblast settled in extracellular
matrix. Using the capability of acido-soluble collagen I to auto-associate into fibrils after pH
neutralizing, a reconstructed extracellular matrix containing human fibroblasts was produced and
studied by electron microscopy and classical histology. By electron microscopy, it was observed that
addition of HE800 EPS, during collagenous matrix building, increased and accelerated collagen fibrils
formation with 67 nm periodic striations.

Study on fibroblasts distribution in different parts of reconstructed connective tissues
demonstrated the ability of HE800 EPS to modulate signals mediated by cell-matrix interactions.
In this in vitro model, proliferating cells were preferentially located at the tissue surface. In order
to distinguish between fibroblasts colonizing the extracellular matrix and fibroblasts living and
proliferating at the surface of the reconstructed tissue, stained histological sections were studied
by image analysis. Observations showed that in reconstructed tissue containing HE800 EPS, cells at
the periphery proliferated and massively migrated in the extracellular matrix. We could conclude that
this EPS specifically improved cytocompatibility of the engineered tissue. Therefore, the use of HE800
EPS to design collagenic engineered tissue for skin or cartilage grafting can be suggested [70]. These
efforts to design innovative medical devices or tissue engineering products demonstrate that HE800
EPS in native form could find application in the future as a new biomaterial for tissue therapy.

With the purpose of preparing a GAG-like compound, this high-molecular-weight EPS was
first depolymerized by a free-radical reaction. Then the newly depolymerized EPS was chemically
sulfated with pyridine-sulfur trioxyde in dimethylformamide. These chemical modifications can
yield a low molecular weight (<20 kDa) and sulfated polysaccharide with new properties. In fact,
depolymerization, N-deacetylation and sulfation produced a HE800 EPS derivative, referred to as
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DRS HE800, which is structurally close to heparan-sulfate. It was also demonstrated that other EPS
having no GAG structural features could be modified in order to acquire heparan sulfate properties.
The effect of this HE800 EPS derivative was tested in proliferation assays. Thus, in two-dimensional
culture this derivative was capable of stimulating the proliferation of dermal and gingival fibroblasts.
And moreover, this derivative could inhibit the secretion of matrix metalloproteinases (MMPs) such as
gelatinase A (MMP-2) and stromelysin 1 (MMP-3) by fibroblasts after IL-1β induction [71].

Vascularization in tissue engineering is a challenge; indeed tissue repair is possible only in the
presence of new vessels contributing to tissue growth. New vessels, contributing to vascular and
tissue repair, are formed by two different processes. The first involves proliferation and migration of in
situ mature endothelial cells. In the second process, the new vessels of proliferating, migrating, and
differentiating endothelial progenitor cells (EPCs) from the bone marrow, are incorporated under the
influence of proangiogenic factors such as VEGF. In vitro studies showed that DRS HE800 exhibited no
proangiogenic properties (proliferation, migration, differentiation tested by vascular tube formation
on Matrigel) either on mature endothelial cells such as HUVEC (human umbilical vein endothelial
cells), or on EPCs [72] (Figure 5).

 
(a) (b) (c) 

Figure 5. Effect of the DRS HE800 derivative on vascular tube formation on Matrigel from endothelial
progenitor cells (EPCs). Photographs show vascular tube formation by EPCs previously treated (a)
with 5% of fetal calf serum (control); (b) with proangiogenic factor VEGF (40 ng/mL); and (c) with
proangiogenic factor VEGF (40 ng/mL) and DRS HE800 derivative (10 μg/mL).

4.3.2. EPS GY 785 from Alteromonas infernus

A bacterium named Alteromonas infernus was isolated from a sample of fluid collected
among a dense population of Riftia pachyptila. The EPS it secretes is a highly branched acidic
heteropolysaccharide with a high molecular weight (>1.5 × 106 g/mol) and a low sulfate content
(≤10%). Its nonasaccharide repeating unit is composed of uronic acid (galacturonic and glucuronic acid)
and neutral sugars (galactose and glucose) and substituted with one sulfate group (Figure 6) [73,74].
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Figure 6. Repeating unit of marine bacterial polysaccharide (GY785 EPS) produced by
Alteromonas infernus [74,75].
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A very recent study demonstrated that the high molecular weight GY785 EPS associated with
an injectable silylated hydroxypropylmethylcellulose-based hydrogel (Si-HPMC) could significantly
improve the mechanical properties of this new hydrogel construct. The attachment of chondrocytes
and osteoblasts was induced when the cells were cultivated in two-dimensional culture on the top
of the hydrogel containing 0.67% of GY785 EPS. In three-dimensional culture, GY785 EPS increased
viability and proliferation of the chondrocytes. The hydrogel supplemented with 0.67% GY785 EPS
presented an interesting feature for cartilage tissue engineering applications [76].

As described above, with the aim of promoting biological activities, preparations of GY785
derivatives have been undertaken to obtain oversulfated low molecular weight polysaccharides. These
derivatives demonstrated a weak anticoagulant activity compared to heparin (10 times less). Two
types of derivatives (SDR and DRS) were obtained according to the process used. A process with a
first step of sulfation (S) and a subsequent second step of free radical depolymerization (DR) gave the
SDR derivatives. A process with a first step of free-radical depolymerization (DR) and a subsequent
second step of sulfation (S) resulted in DRS derivatives. Surprisingly, the two types of derivatives did
not present the same biological properties. The addition of SDR derivative in the culture medium
containing FGF-2 increased the proliferation of mature endothelial cells, whereas the DRS derivative
had no effect. In the in vitro angiogenesis assay, performed to observe the differentiation of mature
endothelial cells into vascular tubes on Matrigel, pre-treatment of cells with SDR derivative increased
significantly the formation of vascular tubes, whereas DRS derivatives did not have the same effect.
In conclusion SDR GY785 EPS derivative has pro-angiogenic effect contrary to DRS GY785 EPS
derivative [77]. However, in the same experimental conditions, SDR GY785 EPS derivative had no
effect on proliferation, migration and vascular tube formation on Matrigel from endothelial progenitor
cells [72]. In summary, SDR GY785 EPS derivative exhibits pro-angiogenic effect contrary to DRS
GY785 EPS derivative, but only in the presence of mature endothelial cells.

In other models of study, it was demonstrated that DRS GY785 EPS stimulated some human
mesenchymal cells: dermal fibroblasts, gingival fibroblasts, stromal medullar cells. In two-dimensional
cultures, this EPS derivative promoted FGF-2 signaling, and thus cell proliferation. This effect was also
observed when cells were associated with extracellular collagenous matrix. Furthermore, DRS GY785
EPS derivatives were able to inhibit some processes involved in tissue breakdown and inflammation
such as complement cascade, and induction of MMPs by inflammatory cytokines such as IL-1β and
TNF-α [71]. Recently, the effect of this derivative on osteogenesis was investigated because it was
previously described that the growth and differentiation of bone cells is controlled by several factors,
which can be modulated by heparan sulfates [78]. It was shown that this DRS GY785 EPS derivative
inhibited osteoclastogenesis. In addition, the DRS GY785 EPS derivative reduced proliferation and
accelerated osteoblastic differentiation, leading to strong inhibition of mineralised nodule formation,
which would be in favor of an increase of bone resorption. Taken together, these data show different
levels of bone resorption regulation by the DRS GY785 EPS derivative, leading to proresorptive
effects [79].

5. Conclusions

Marine organisms offer a great diversity of polysaccharides showing interesting biological
properties mimicking those described for the mammalian GAGs. Among the different sources of
polysaccharides, algal polysaccharides such as fucoidans and especially their LMW derivatives could
play an important role in future development of cell therapy and regenerative medicine. Bacterial
polysaccharides present also a real potential in cell therapy and tissue engineering with an advantage
over the polysaccharides from eukaryotes, since they can be produced totally under controlled
conditions in bioreactors. As described for other polysaccharides, some derivatives can be obtained by
chemical modifications, to optimize the biological properties and design drugs with improved benefit
and low risk for the patient.
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Abstract: Exopolysaccharide from Crypthecodinium cohnii (EPCP1-2) is a marine exopolysaccharide
that evidences a variety of biological activities. We isolated a neutral polysaccharide from
the fermentation liquid of Crypthecodinium cohnii (CP). In this study, a polysaccharide that is
derived from Crypthecodinium cohnii were analyzed and its anti-inflammatory effect was evaluated
on protein expression of toll-like receptor 4 and nuclear factor κB pathways in macrophages.
The structural characteristics of EPCP1-2 were characterized by GC (gas chromatography) and
GC-MS (gas Chromatography-Mass Spectrometer) analyses. The molecular weight was about
82.5 kDa. The main chain of EPCP1-2 consisted of (1→6)-linked mannopyranosyl, (1→6)-linked
glucopyranosyl, branched-chain consisted of (1→3,6)-linked galactopyranosyl and terminal consisted
of t-L-Rhapyranosyl. The in vitro anti-inflammatory activity was representated through assay of
proliferation rate, pro-inflammatory factor (NO) and expressions of proteins on RAW 264.7, the
macrophage cell line. The results revealed that EPCP1-2 exhibited significant anti-inflammatory
activity by regulating the expression of toll-like receptor 4, mitogen-activated protein kinases, and
Nuclear Factor-κB protein.

Keywords: Crypthecodinium cohnii; exo-polysaccharide; anti-inflammatory; TLR4-MAPKs/NF-κB pathways

1. Introduction

Inflammatory response is the process of the human body that attempts to counteract potential
injurious agents, including invading viruses, bacteria, and other pathogens [1–3]. Inflammation can
also have harmful effects on the host, which is caused by multistage biochemistry, pharmacology,
and molecular control of various cells and various soluble medium, including cytokines [4,5].
Pro-inflammatory factor (NO) has been identified as a molecular that involved in the regulation
process in nerves and immune system [6]. NO that is generated by activated macrophages can mediate
host defense functions, such as antimicrobial and anti-tumor activities, but excess NO production
induces tissue damage associated with acute and chronic inflammation. NO secreted by activated
macrophages has shown antibacterial and antitumor activities, but the overproduction NO induces
acute and chronic inflammation, which causes tissue damage [7]. NO is enzymatically catalyzed by
nitric oxide synthases (NOSs) and formed by iNOS in macrophages. In the inflammatory response,
NO plays a role by stimulating a variety of proteins of inflammatory reactions pathway, including
the NF-κB and MAPKs pathways [8]. Furthermore, such specific anti-inflammatory properties are
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associated with certain characteristic structures, such as a main backbone of (1→6)-linked Manp and
(1→6)-linked Glcp residues [9].

Naturally occurring polysaccharides are usually found in marine microorganism, marine
invertebrates, such as sea cucumbers and some seaweed [10,11]. Polysaccharide structure and
composition of the nature of different marine vary from species to species, but they mainly consist
of fucose and sulfate with various monosaccharide and uronic acids [12–15]. Crypthecodinium cohnii is
oleaginous heterotrophic marine dinoflagellate, in which DHA can account for more than 30% of the total
fatty acids (TFA) [16,17]. It is an ideal candidate for DHA production [18]. EPA (Eicosapentaenoic acid)
and DHA (Docosahexaenoic Acid) from Crypthecodinium cohnii have been extensively studied because
of their diverse biological activities, such as antitumor, anti-inflammatory, and immunomodulatory [19].
However, the effects of immunomodulatory activity of water-soluble exopolysaccharides from
Crypthecodinium cohnii on RAW 264.7 cell line have not been reported. The polysaccharides extracted
from plants, fungi, and terrestrial microorganisms have recently attracted to researchers and consumers,
due to their bioactivities and relatively low toxicity. Therefore, the detection and evaluation of
polysaccharides with antitumor, anti-inflammatory, and immunostimulating bioactivities has become
one of the important researches in the field of chemistry and biology [20]. This study was designed
to assess the in vitro anti-inflammatory effect of exopolysaccharides extracted from Crypthecodinium
cohnii on lipopolysaccharide-stimulated RAW 264.7 cell line.

2. Materials and Methods

2.1. Materials and Reagents

Crypthecodinium cohnii was supply by Third Insititude Oceanography, State Oceanic Administration.
L-rhamnose, D-glucuronic, D-arabinose, dxylose, D-fructose, D-galactose, and D-mannose were purchased
from Solarbio Co. (Beijing, China), while HiTrap Capto Q (16/25) and Superose 6B (10/300) were
purchased from GE Co. (Fairfield, CT, USA). T-series dextrans (T-10, T-40, T-70, T-500, T-2000) as
standard samples with different molecular weights were purchased from Solarbio Co. (Beijing,
China). Methyl iodide (CH3I) was purchased from Sigma Co., Ltd. (Shanghai, China). Trifluoroacetic
acid (TFA) and sodium periodate (NaIO4) were purchased from BLOT Co., Ltd. (Tianjin, China).
3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide, dimethylsulphoxide (DMSO) was
purchased from Sigma Co., Ltd. (Shanghai, China). RPMI-1640 medium and fetal bovine serum
(FBS) was purchased from Gibco Invitrogen Co. (New York, NY, USA). Primary antibodies were
purchased from CST Co. (Cell Signaling Technology, Danvers, MA, USA), secondary antibodies
(HRP-IgG) were purchased from Beyotime Co. (Zhengzhou, China). NC (nitrocellulose) membrane for
transfering was purchased from PALL Co. (New York, NY, USA). Other chemicals and reagents were
of analytical grade.

2.2. Preparation, Extraction and Purification of Polysaccrides

The fermentation procedures of Crypthecodinium cohnii (CP) were based on previous work with
some modifications [21]. Crude exopolysaccharide isolated from Crypthecodinium cohnii (EPCP)
fermentation broth, according to a previous method in reported work [22]. Briefly, fermentation
broth of Crypthecodinium cohnii was centrifuged (10,000× g, 20 min), and then the supernatant was
filtered with 0.22 μm Millipore membrane. After being filtered, the deproteinization of supernatant
according to Sevage method [23]. The resulting aqueous fractions without organic solvent were
extensively dialyzed by distilled water for two days. The polysaccharides were precipitated by the
addition of ethanol to a final concentration of 75% (v/v), after centrifugation (4000× g, 10 min) the
precipitates were collected, the precipitates were solubilized in deionized water, and were lyophilized
for 48 h. The yield of crude polysaccharides was 58.06%.

The crude polysaccharides were (10 mg) dissolved in 1 mL distilled water, centrifuged (10,000× g,
10 min), and then the supernatant was loaded with a column of Superose 6B (10/300) chromatography
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and the fraction (EPCP1) was collected. Then, the fraction (EPCP1) was purified by a column HiTrap
Capto Q (16/25) [15]. After loading with EPCP1 1 mL, the column was eluted with distilled water,
followed by stepwise elution with increased concentration of NaCl (0.1, 0.5, 1.0, and 1.5 M), respectively,
at 1 mL/min/tube. The polysaccharide fractions were collected, dialyzed by distilled water for two
days, and finally lyophilized to get the polysaccharide fraction named EPCP1-1, EPCP1-2, EPCP1-3,
and EPCP1-4. The resulting elute was collected automatically and the soluble sugar content of
polysaccharides were detected at 490 nm by the phenol–sulfuric acid method [24]. Finally, the fractions
EPCP1-2 were lyophilized for further investigation.

2.3. Characterizations Analysis of EPCP1-2

The carbohydrate content was measured according to phenol-sulfuric acid colorimetric method,
using glucose as a standard [24]. Protein content was measured by Bradford’s method, using bovine
serum albumin (BSA) as the standard [25]. Sulfate group and the uronic acid content were determined
according to the reported methods [26,27].

Gas chromatography (GC) is an efficient method to determine polysaccharides. Monosaccharide
composition was analyzed based on previous researches [9,28]. For monosaccharide analysis, 5 mg
EPCP1-2 was hydrolyzed with 5 mL TFA (2 M) in polytetrafluoroethylene reactor with protection of
nitrogen at 110 ◦C for 3 h. Mole ratio calculation method was as the formula follows:

Relative molar number = CB/AD, (1)

(A = Peak area of standard, B = quality of standard, C = Peak area of sample, D = Mw (molecular weight)).
The molecular weight of EPCP1-2 was determined by using a SHIMADZU High Performance

Liquid Chromatography (HPLC) analysis system (Tokyo, Japan) with a Shodex SB-804 column (L × D:
8.0 mm × 300 mm, Showa Denko K.K, Tokyo, Japan), according to our previous method [9]. Briefly,
NaNO3 solution (0.1 mol/L) was used as the eluent at 0.8 mL·min−1 for 30 ◦C. The molecular
weight was calibrated with T-series dextran standard (T-10, T-40, T-70, T-500, T-2000). The injection
concentration was 2 mg/mL and volume was 15 μL.

To determine glycosyl linkages, 10–15 mg EPCP1-2 was methylated for seven times according to
Needs’ method [29]. Briefly, EPCP1-2 was methylated with CH3I (1 mL) in distilled NaOH/DMSO.
After reaction, the mixture was extracted with CCl4, and the organic phase was washed by distilled
water. Complete methylation was confirmed by FTIR spectrum analysis, in which the disappearance
or significantly decreased of the –OH band (3200–3700 cm−1). The per-methylated EPCP1-2 was
hydrolyzed, reduced, and acetylated, as described above.

2.4. Cell Culture and Cell Viability Assay

Macrophage cell line, RAW 264.7 cells were maintained and cultured in RPMI 1640 (Gibco
Invitrogen Co., Grand Island, NY, USA), supplemented with 10% fetal bovine serum (FBS) at
37 ◦C under 5% CO2 atmosphere. The cells were seeded into 96-well plates with the density of
5 × 104 cells/well, cultured for 12 h. After being treated with EPCP (100, 200, 400, 800 μg/mL) in the
presence or absence of LPS (1 μg/mL) for 36 h, MTT solution (5 mg/mL) was added to each well and
incubated for another 4 h. After incubation, culture medium was removed and DMSO was added to
dissolve purple precipitates. Then, plates were read at 570 nm using a Microplate spectrophotometer
(Thermo Fisher, Co., Waltham, MA, USA).

2.5. NO Assay

Cells were plated at 5 × 104 cell/well in 96-well plates, then it were incubated with or without LPS
(1 μg/mL) in the presence or absence of various concentrations EPCP1-2 (50, 100, 200, 400, 800 μg/mL)
for 36 h. In brief, 50 μL of cell culture medium was mixed with 50 μL of Griess reagent, the mixture
was incubated at room temperature for 15 min, the absorbance at 540 nm was measured in a microplate
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reader. Fresh culture media were used as blanks for all of the experiments. Nitrite levels in samples
were calculated with a standard sodium nitrite curve.

2.6. ELISA Assay of Cytokines

Cells were plated at 5 × 104 cell/well in 96-well plates and then incubated with or without LPS
(1 μg/mL) in the presence various concentrations EPCP1-2 (0, 50, 100, 200, 400, 800 μg/mL) of sample
for 36 h. In brief, culture medium was collected for detection according to the specification in ELISA
kit (Jiancheng, Nanjing, China), the absorbance was measured in a microplate reader. Fresh culture
media was used as blanks for all of the experiments. Cytokines levels in samples were calculated with
standard curves (Supplement Data S2).

2.7. Protein Extraction and Western Blotting

Cells were plated at 5 × 104 cells/well in T-25 culture flask and then incubated with or without
LPS (1 μg/mL) in the presence of various concentrations EPCP1-2 (0, 100, 200, 400, 800 μg/mL).
After incubation, the cells were collected by centrifugation and washed twice with cold PBS. The cells
were lysed in RIPA buffer with 1 mM PMSF (phenylmethylsulfonyl fluoride) on ice for 15 min. The cell
lysates were determined as the previous research reported [29]. Finally, the immune-active proteins
were separated by Western blot.

2.8. Statistical Analysis

All data were expressed as means ± S.D. n = 6. Significant differences among the groups were
determined using the unpaired t-test. A value of * p < 0.05 and ** p < 0.01 were considered to be
statistically significant.

3. Result

The EPCP were purified by Superose 6B (10/300) chromatography and HiTrap Capto Q (16/25).
Four major fractions were isolated with 0.1 mol/L, 0.5 mol/L, 1.0 mol/L, 1.5 mol/L NaCl. All of these
fractions possess anti-inflammatory properties in a range of tests, but one of these fractions possesses
the most potent.

3.1. Purification of Hydrolysates of Exopolysaccharide of Crypthecodinium Cohnii (EPCP)

EPCP was firstly separated through a gel chromatography of Superose 6B (10/300) column and
anion-exchange column of HiTrap Capto Q (16/25). Two fractions were clearly separated, coded
as EPCP1, EPCP2. The proportion of EPCP1 was 98%. EPCP1 was eluted consecutively by 0.1,
0.5, 1.0 and 1.5 mol/L NaCl, coded as EPCP1-1, EPCP1-2, EPCP1-3 and EPCP1-4, respectively.
As shown in the profile of gel filtration chromatograms (Figure 1a), two fractions were clearly
separated. The anion-exchange chromatogram of the four fractions is shown in (Figure 1b). As
Figure 2 showed, only EPCP1-2 had strong activity of anti-inflammatory. In order to explore the
cytotoxicity of EPCP1-2 on RAW 264.7 cell line, MTT assay was conducted to test the cell proliferation.
As shown by Figure 3, EPCP1-2 promoted proliferation of RAW 264.7 at low concentrations (50, 100,
200 μg/mL). With increase of EPCP1-2 concentration the proliferation showed decrease gradually.
But generally, when compared with the control group (0 μg/mL EPCP1-2), the treatment group with
EPCP1-2 (400, 800 μg/mL) showed no significant decrease. The results indicated EPCP1-2 exhibited
anti-inflammatory effect without cytotoxicity on RAW 264.7 cell line.
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Figure 1. (a) Stepwise elution curve of crude Crypthecodinium cohnii (EPCP) on size-exclusion
chromatography column of Superose 6B (10/300) and (b) elution curve of polysaccharide fractions
from Superose 6B on anion-exchange chromatography column of HiTrap Capto Q (16/25).
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Figure 2. Anti-inflammatory effect of EPCP1 (EPCP1-1, EPCP1-2, EPCP1-3, EPCP1-4) on RAW 264.7
induced by LPS. (Results are expressed as the mean ± S.D. of three separate experiments). Statistical
significance was tested using a Student’s t-test. EPCP group ** p < 0.01.

244

Bo
ok

s
M
DP
I



Mar. Drugs 2017, 15, 376

CON 50 100 200 400 800
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5

A 
57

0

EPCP1-2 concentration (μg/mL)

 24H
 36H
 48H

Figure 3. Cytotoxicity assay of EPCP1-2 (50, 100, 200, 400, 800 μg/mL) on RAW 264.7. (Results are
expressed as the mean ± S.D. of three separate experiments). Statistical significance was tested using a
Student’s t-test.

3.2. Basic Properties of EPCP1-2

The ratio of the peak area was 99.5% (Figure 4). The extraction process had a relatively high
reproducibility, thus the EPCP1-2 molecular weight was estimated to be 82.5 kDa (Mw = 82.52,
Mn = 74.86), which was calibrated by the dextran calibration curve (T-series dextran). (Mw:
weight-average molecular weight, Mn: number average molecular weight).

 

Figure 4. High Performance Liquid Chromatography (HPLC) analysis of EPCP1-2.

No absorption at 280 nm and 260 nm was detected indicated the EPCP1-2 did not contain proteins
or nucleic acids. EPCP1-2 was free of proteins, which was detected by Lowry assay. No uronic acid was
detected using the m-hydroxydiphenol method with D-glucuronic acid as the standard. The phenol
sulfuric acid assay suggests that total sugar content of EPCP1-2 is 92%. These results demonstrate that
EPCP1-2 is a neutral polysaccharide.
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From monosaccharide and absolute configuration analyses, EPCP1-2 was hydrolyzed, reduced,
and acetylated. GC spectrum indicated that EPCP1-2 was composed of rhamnose, mannose, glucose,
and galactose with a molar ratio of 1, 17.13, 3.45 and 7.43 (Supplement Data S1).

Methylation analysis by GC-MS was used to investigate the glycosyl linkages of EPCP1-2. Figure 5
and Table 1 showed the three types of linkages, were, namely, 2,4-Me2-Galap, 2,3,4-Me3-Manp,
2,3,4-Me3-Glcp, 2,3,4,6-Me3-Rha, at a percentage of 23.21%, 60.56%, 11.11%, 3.02%. The molar ratio of
monosaccharide agrees with the percentages of methylated sugar residues in EPCP1-2. These findings
indicated that the repeating unit of EPCP1-2 consists of 1,6-linked-Mannose, 1,3,6-linked-Galactose,
1,6-linked-glucose, and t-L-Rhap.

Figure 5. Total ion gas chromatogram of methylation patterns of EPCP1-2 using GC-MS. Note: signals
a–d represent 2,4-Me2-Galap, 2,3,4-Me3-Manp, 2,3,4-Me3-Glcp, respectively. The x-axis represents
retention time in minutes; the y-axis represents signal intensity by counts.

Table 1. Gas chromatography (GC)/MS data on methylated sugar residues in EPCP1-2.

Peak No. Methylated Sugar Residue Retention Time (min) Linkage Type

a 2,4-Me2-Gala 17.085 1,3-6-D-Galacp
b 2,3,4-Me3-Man 19.175 1,6-D-Manp
c 2,3,4-Me3-Glc 21.294 1,6-D-Glcp
d 2,3,4,6-Me3-Rha 21.911 t-L-Rhap

3.3. Effect of EPCP1-2 on LPS Induced NO Production from RAW 264.7

In order to identify the anti-inflammatory effects of EPCP1-2, we investigated the inhibitory
effects of EPCP1-2 on NO production. As Figure 6 showed, when RAW 264.7 cells were stimulated
with LPS, nitrite was produced as a biomarker of NO. Various concentration of EPCP1-2 (50, 100, 200,
400, 800 μg/mL) were tested on RAW 264.7 cells with or without stimulation of LPS. Treatment with
EPCP1-2 and without LPS stimulation had a mild inhibitory effect on NO production, the inhibition
only happened at the highest concentration (800 μg/mL). EPCP1-2 reduced NO production in a
concentration-dependent manner after treated for 36 h (Figure 6), with a maximum effects of 64%
NO reduction with 800 μg/mL of EPCP1-2, and exhibited the strong inhibitory properties and the
lack of any cytotoxic effects. In addition, there was no significant difference between the negative
control group and the control group, so the treatment of 800 μg/mL dose EPCP1-2 did not inhibited
NO reduction of the cells.
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Figure 6. Effects of EPCP1-2 on pro-inflammatory factor (NO) production in RAW 264.7. (Results are
expressed as the mean ± S.D. of three separate experiments). Statistical significance was tested using a
Student’s t-test. EPCP1-2 group ** p < 0.01; LPS group (positive control) ## p < 0.01.

3.4. Effect of EPCP1-2 on LPS Induced Cytokines Production from RAW 264.7

IL-1β is produced by activated monocytes and macrophages, which can promote the proliferation
and secretion of B lymphocytes in the immune response. Tumor necrosis factor (TNF-α) is produced by
monocytes, macrophages, and T lymphocytes, playing an important role in the immune defense and
immune stability of the body. The physiological function of IFN-γ is macrophage activation, immune
response, and host defensive immunity, is an important factor that mediates cellular immunity and
humoral immunity. In order to investigate the effect of EPCP1-2 on the secretion of inflammatory
cytokines in RAW 264.7, the level of cytokines in the cell culture medium was measured by ELISA
assay. As Table 2 showed, a certain concentration (200, 400, 800 μg/mL) of EPCP1-2 could inhibit the
secretion of inflammatory cytokines and showed a certain dose-dependent. In addition, there was no
significant difference between the negative control group and the control group, so that the treatment
of 800 μg/mL dose EPCP1-2 did not cause excitation or inhibition to the cells.

Table 2. Effect of EPCP1-2 on the protein expression of cytokines (IL-1β, IFN-γ, TNF-α) in RAW
264.7 cells. (Results are expressed as the mean ± S.D. of three separate experiments). Statistical
significance was tested using a Student’s t-test. EPCP1-2 group ** p < 0.01, LPS group (positive control)
## p < 0.01.

Group EPCP1-2 (μg/mL) LPS (μg/mL) IL-1β (ng/L) IFN-γ (ng/L) TNF-α (ng/L)

Control - - 175.5 ± 5.8 200.3 ± 5.1 187.8 ± 3.5
Positive control - 5 365.3 ± 9.1 ## 445.6 ± 3.5 ## 315.3 ± 6.4 ##

Treatment group
200 5 320.3 ± 5.3 ** 395.4 ± 5.6 ** 300.5 ± 9.2 **
400 5 284.7 ± 6.2 ** 318.6 ± 8.1 ** 281.3 ± 7.4 **
800 5 214.1 ± 4.4 245.4 ± 6.7 226.4 ± 7.3

Negative control 800 - 180.5 ± 7.5 204.9 ± 4.3 195.2 ± 6.3

3.5. Effect of EPCP1-2 on Expression of Phosphorylation and Total TLR4

TLRs are recognized as a wide variety of pathogen-associated molecular patterns (PAMP) in
viruses, bacteria, fungi, and cell, they play an important role in immune-regulatory functions [30].
Previous research reported that TLRs are related to NF-κB, JNK, and p38 MAPK. Their downstream
signaling pathways are related to induction and secretion of cytokines, chemokines, and other
inflammatory mediators [31]. RAW 264.7 culture were treated with different concentrations of
EPCP1-2 (200, 400, 800 μg/mL) and stimulated with 5 μg/mL of LPS for 6 h. Western blotting
showed that 5 μg/mL LPS induced strong activation of TLR4, and treated with EPCP1-2 (200, 400,
800 μg/mL) showed a reduced of TLR4 expression with dose dependent. Moreover, we investigated
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the effect of EPCP1-2 (200, 400, 800 μg/mL) on the interaction of TLR4 with adapter molecule TAK1 in
LPS-induced RAW 264.7. As shown in Figure 7A, LPS stimulation of RAW 264.7 caused an increase
in TAK1 expression, which was significantly inhibited by EPCP1-2. In a conclusion, the formation
of TLR4/TAK1 complex significantly increased after LPS stimulation. Cells that were treated with
different concentrations EPCP1-2 showed a reduction in the expression of the TAK1 protein.
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Figure 7. Inhibitory effect of EPCP1-2 isolated from Crypthecodinium cohnii on the NF-κB protein
activation in LPS-induced RAW 264.7 cells. Cells were stimulated by LPS (5 μg/mL) for 1 h with or
without the presence of EPCP1-2 (200, 400, 800 μg/mL). The protein levels of IκB-α and NF-κB were
determined using ECL (electrochemiluminescence) immunoblotting method. (a) TLR4 protein and
TAK1 protein expression were examined by Western blotting analysis. (b) Densitometric analysis
showed the effects of EPCP1-2 on LPS-induced expressions of TLR4 and TAK1 proteins. (c) NF-κB
p65 signal relative proteins expression was examined by Western blotting analysis. (d) Densitometric
analysis showed the effects of EPCP1-2 on LPS-induced expressions of NF-κB p65 signal relative
proteins. (e) Densitometric analysis showed the effects of EPCP1-2 on LPS-induced expressions of
IKKα/β, IκB-α and NF-κB proteins. (f) Densitometric analysis showed the effects of EPCP1-2 on
LPS-induced expressions of ERK1/2, JNK/SAPK, p38 MAPK proteins. (Results are expressed as the
mean ± S.D. of three separate experiments). Statistical significance was tested using a Student’s t-test.
EPCP1-2 group ** p < 0.01; LPS group (positive control) ## p < 0.01.
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3.6. Effect of EPCP1-2 on Expression of Phosphorylation and Total NF-κB

To further examine the effects of EPCP1-2 on the up-stream regulators of immune signaling,
the effects were determined on IκB-α phosphorylation by Western blot. As shown in Figure 7c, LPS
induced the phosphorylation of IκB-α, which was inhibited by the treatment of EPCP1-2. These results
were consistent with the anti-inflammatory effect of EPCP1-2 that is mediated by the inhibition of
IκB-α phosphorylation. Therefore, there was dose-dependent effect found. NF-κB is an important
transcription factor complex that controls the expression of pro-inflammatory mediators, such as
iNOS and NO [32]. To investigate the molecular mechanism underlying the mediated inhibition of
iNOS and NO expression, western blot analysis was performed to quantify the presence of NF-κB
in its phosphorylated states as an indirect measure for NF-κB transcriptional activity. As shown in
Figure 7c, treatment with LPS increased the phosphorylation of NF-κB p65, and EPCP1-2 inhibited
these LPS-induced phosphorylations.

3.7. Effect of EPCP1-2 on Expression of MAPKS Phosphoorylation and JNK/SAPK Phosphoorylation Induced
by LPS

LPS induction of cytokine expression occurs via activation of MAPK and ERK phosphorylation
following binding to TLR4 [33]. The MAPK signaling pathways have been shown to modulate the
synthesis and release of pro-inflammatory mediators and cytokines in macrophages that are stimulated
by LPS [34]. To understand whether the anti-inflammatory activities of EPCP1-2 are mediated through
the MAPK pathway, the effects of EPCP1-2 on LPS-induced phosphorylations of p38 MAPK and
ERK1/2 were examined by Western blot. The effect of EPCP1-2 on the activation of MAPK pathways
was examined by quantitating MAPK in the phosphorylated form using specific antibodies. RAW
264.7 cells were treated with different concentrations of EPCP1-2 and stimulated with 1 μg/mL of
LPS for 6 h. As shown in Figure 7e, the activation of MAPK (p38 MAPKand ERK1/2) and JNK
signaling did occur in RAW 264.7 cells compared with the control group. LPS induced p38 ERK and
JNK phosphorylation was attenuated by EPCP1-2. Co-treatment with increasing concentrations of
EPCP1-2 suppressed LPS-induced phosphorylation of p38, ERK 1/2, and JNK in dose-dependent
manner. The amounts of non-phosphorylated p38 ERK 1/2 and JNK were treated with or without
LPS and EPCP1-2. As the results shown in Figure 7e, the anti-inflammatory activity of EPCP1-2 was
mediated by inhibition of the phosphorylation of p38, ERK1/2, JNK induced by LPS.

4. Discussion

Macrophages play a key role in inflammation and immune responses by secreting chemokines
and cytokines, recognizing and phagocytizing pathogens, processing antigens, and repairing tissue
damage [35]. LPS can activate macrophages and initiate inflammatory and immune responses,
which induces the production of inflammatory cytokines, including TNF-α and IL-8 [36,37]. During
inflammation, LPS induces the production of pro-inflammatory mediators, such as NO and PGE2
by modulating iNOS and COX-2 expression, respectively [38]. NO is a key inflammatory mediator,
and excessive NO production occurs in both chronic and acute inflammation [39]. Furthermore, NO
and iNOS production levels significantly correlate with the degree of inflammation [40]. To further
investigate the mechanisms that are underlying EPCP1-2 activity, the expression levels of TLR4, TAK1,
and NF-κB were examined by Western Blot. Our present studies showed that EPCP1-2 exerted potent
inhibition effects of NF-κB pathway via mediating TLR4-TAK1 complex signaling pathway.

Toll like receptors (TLRs) have been generally considered as therapeutic targets of autoimmune
diseases [41]. TLR4 is involved in inflammation and injury of renal. As previous research showed,
TLR4-deficient lupus prone mice demonstrated a more global decrease in immune responses, cytokine
production, autoantibody production, and attenuation in renal damage [42,43]. In this research, we
identified the potent pro-inflammatory effects on LPS-induced RAW 264.7, confirming the correlation
to the inflammation of LPS induced in previous findings RAW 264.7. According to our research, the
protein expression of TLR4 was upregulated with LPS induction, treatment with EPCP1-2 showed
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inhibiting effect on expression of TLR4 in LPS-induced RAW 264.7. Moreover, treatment with
EPCP1-2 showed inhibiting effect on TLR4 expression with a dose-dependent manner. EPCP1-2
may competitive suppress the binding of LPS and receptor protein TLR4, which might be a mechanism
of anti-inflammatory activity of EPCP1-2 on LPS-induced RAW 264.7. In this research, TLR4 has been
identified as the cellular receptor that transduces LPS signaling. The binding of LPS and receptor
protein TLR4 triggers intracellular signaling, including the NF-κB pathway. NF-κB was involved
in initiating the transcription of genes that are involved in mediating the fibrotic and inflammatory
process in RAW 264.7 [44,45]. The results in our study indicated that EPCP1-2 inhibited LPS-activated
NF-κB pathway through downregulating IκB expression and NF-κB-P65 nuclear translocation, as
shown in Figure 8. These results (Figure 7c,d) showed that EPCP1-2 suppresses LPS-stimulated NF-κB
activation by preventing the degradation of IκB-α.

 

Figure 8. Schematic diagram of the propose target for the anti-inflammatory effects of EPCP1-2 in
the RAW 264.7 cells stimulated by LPS, potentially leading to the inhibition of the pro-inflammatory
cytokines and related mediators.

The results in our research suggested that EPCP1-2 contains a long main backbone of (1→6)-linked
Manp and (1→6)-linked Galp residues and (1,3→6)-linked Manp as the branch, which inhibited the
activation of RAW 264.7 through the IκB-NF-κB signal transduction pathway, thus elucidating the
relationship between its chain conformation and anti-inflammation activity. The EPCP1-2 fractions with
molecular weights about 82.5 kDa showed significant immunomodulatory effects, which agreed with
the previous research, in which the water-soluble polysaccharide fraction showed immunomodulatory
effects with molecular weight was ≈100 kDa [46]. The bioactivity of EPCP1-2 may depend on the
composition of main backbone (1→6)-linked Manp, which serves as the main backbone of a neutral
heteropolysaccharide extracted from Auricularia polytricha [47].
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5. Conclusions

EPCP1-2 was an extracellular polysaccharide extracted from Crypthecodinium cohnii which
contained a long main backbone of (1→6)-linked Manp and (1→6)-linked Galp residues and
(1,3→6)-linked Manp as the branch. EPCP1-2 had a high capacity to inhibit macrophage proliferation,
downregulation of the expression of TRL4, TAK1, MAPKs, and NF-κB protein, and acted as an
anti-inflammatory agent through macrophage suppression. In conclusion, our findings demonstrated
that the EPCP1-2 extracted from Crypthecodinium cohnii against inflammation was considered to be a
potent regulatory element in TLR4-TAK1 complex mediated MAPK and NF-κB signaling pathways, as
Figure 8 showed.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/12/376/s1,
Supplement Data S1: GC spectrum of monosaccharide composition of EPCP1-2; Supplement Data S2: Standard
curve of cytokines protein expression by Elisa (a) IL-1β (b) IFN-γ (c) TNF-α.
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Abstract: Marine microorganisms have evolved for millions of years to survive in the environments
characterized by one or more extreme physical or chemical parameters, e.g., high pressure, low
temperature or high salinity. Marine bacteria have the ability to produce a range of biologically
active molecules, such as antibiotics, toxins and antitoxins, antitumor and antimicrobial agents, and
as a result, they have been a topic of research interest for many years. Among these biologically
active molecules, the carbohydrate antigens, lipopolysaccharides (LPSs, O-antigens) found in cell
walls of Gram-negative marine bacteria, show great potential as candidates in the development of
drugs to prevent septic shock due to their low virulence. The structural diversity of LPSs is thought
to be a reflection of the ability for these bacteria to adapt to an array of habitats, protecting the
cell from being compromised by exposure to harsh environmental stress factors. Over the last few
years, the variety of structures of core oligosaccharides and O-specific polysaccharides from LPSs of
marine microrganisms has been discovered. In this review, we discuss the most recently encountered
structures that have been identified from bacteria belonging to the genera Aeromonas, Alteromonas,
Idiomarina, Microbulbifer, Pseudoalteromonas, Plesiomonas and Shewanella of the Gammaproteobacteria
phylum; Sulfitobacter and Loktanella of the Alphaproteobactera phylum and to the genera Arenibacter,
Cellulophaga, Chryseobacterium, Flavobacterium, Flexibacter of the Cytophaga-Flavobacterium-Bacteroides
phylum. Particular attention is paid to the particular chemical features of the LPSs, such as the
monosaccharide type, non-sugar substituents and phosphate groups, together with some of the
typifying traits of LPSs obtained from marine bacteria. A possible correlation is then made between
such features and the environmental adaptations undertaken by marine bacteria.

Keywords: carbohydrate antigens; O-specific polysaccharides; marine microorganisms

1. Introduction

Gram-negative bacteria are ubiquitous in marine environments. As with other microorganisms
present in sea habitats, they represent an interesting taxonomic lineage, and are a valuable source of
natural biologically active substances [1,4]. These substances comprise a wide range of antibiotics,
toxins and antitoxins, antitumor and antimicrobial agents and enzymes with a wide activity spectrum.
Recently, the peculiar metabolic pathways of marine bacteria have been the subject of intensive research
due to their possible employment in the biological decontamination of polluted sites. Head et al. [1]
reviewed the processes underlying the degradation of hydrocarbons by marine microorganisms in light
of current bioremediation strategies. For example, several species belonging to the genus Shewanella
have been considered for their great biotechnological potential, due to their capabilty of dissimilatory
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reduction of a wide range of electron acceptors, including metal oxides (e.g., those of Fe(III) and
Mn(IV)) and organic pollutants [2].

The lipopolysaccharides (LPSs) from non-pathogenic bacteria have also been the focus of intensive
medical and veterinary research because in many cases bacteria that were not previously considered
to be human pathogens were found in infected, immuno-compromised patients. In other cases,
bacteria that were pathogenic for other mammals, became pathogens for humans, whether they were
immuno-compromised or not, and vice versa [3]. At present, considerable attention is being given to
the elucidation of the chemical structures of LPSs of Gram-negative marine bacteria.

The most complete form of LPS (S-type) has a tripartite structure, in which the O-antigenic
side-chain (normally consisting of polymerized oligosaccharide units) is attached to the hydrophobic
anchor, lipid A, via a connecting (core) oligosaccharide, the inner region of which is typically
constructed from 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) and L-glycero-D-manno-heptose (L,D-Hep).
In classical LPS, the backbone of lipid A is a β-1′,6-linked disaccharide of 2-amino-2-deoxy-D-glucose
(D-glucosamine, D-GlcN) to which fatty acids, typically 3-hydroxyalkanoic acids, are attached by
ester or amide linkages. Both the inner core region and lipid A are commonly carried ionizing
groups. Anionic functions are contributed by Kdo, phosphate and, sometimes, hexuronic or other acid
residues. The phosphate groups often serve as bridges to an amino alcohol (ethanolamine, Et3N) or
4-amino-4-deoxy-L-arabinose (L-Ara4N), while glycosidically-linked amino sugar residues sometimes
have a free amino group. It seems clear that the charged groups in LPS, like the polar head groups
of phospholipids, are important to the molecular organization and functions of the bacterial outer
membrane [4].

All regions of LPS display heterogeneity. For example, products described as S-type LPS normally
consist of the populations of molecular species with different degrees of polymerization of the
O-specific side chain, including species with few and/or single repeating unit (also called as semi-rough
antigen, SR-type), and also contain the species without a side chain, R-type) and perhaps even species
with an incomplete core oligosaccharide (core-defective R-types). In many bacteria, the O-specific side
chains of the LPS vary widely in structure and composition, giving biological identity to individual
strains (serotypes or serovars).

In non-encapsulated Gram-negative bacteria producing S-type LPS, the side chains are the
dominant, heat-stable surface antigen. Biological specificity is achieved through chemical diversity,
by means of the variations in composition and structure for which carbohydrates are pre-eminently
suited. In addition to the enormous potential for complexity and diversity already being available,
even with common hexoses, the scope of variation in O-antigens is often further enhanced by the
utilization of less common enantiomers and other stereoisomers, monosaccharides of different chain
length (C5 to C10), ketoses as well as aldoses, structural modifications (e.g., positional and cumulative
permutations of deoxy, amino and carboxyl functions; esterification, etherification and amidation),
branched monosaccharides and non-carbohydrate residues (e.g., polyols, carboxylic and amino
acids) [5].

Bacterial O-specific heteropolysaccharides are generally composed of oligosaccharide repeating
units. In the biosynthesis of polysaccharides, the so-called “biological” repeating unit is first assembled
and then polymerised. In most structural studies, only the “chemical” repeating unit has been
determined, whereas the “biological” repeating unit may be any cyclic permutation (rearrangement) of
that structure. A number of reviews have dealt with the structures of bacterial carbohydrate antigens
e.g., those by Kenne and Lindberg [6], Knirel and Kochetkov [7], Jansson [8], Knirel [9].

The O-specific polysaccharides (OPSs) obtained from marine bacteria are often anionic in
nature. This has been related to their process of adaptation to the marine environment, since the
availability of negatively charged sites on the polysaccharide chains creates a suitable site for the
formation of ionic interactions mediated by divalent cations. These bridges strengthen the overall
packing of the membrane, thus providing further stability towards external stressors as high pressure.
Polysaccharides obtained from marine bacteria have been previously reviewed [10,12].
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The OPS is covalently attached to the core oligosaccharide. This region of the LPS shows
lower intra-species variability, and is characterized by the presence, in the inner region, of typical
monosaccharides, namely 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) and L-glycero-D-manno-heptose
(L,D-Hep) [13]. In the outer core region, neutral or acidic monosaccharides, as well as
2-deoxy-2-aminosugars, are typically encountered. In marine bacteria, archetypal chemical features of
the core region have also been encountered, such as the replacement of Kdo by its 8-deoxy-8-amino
analogue (Kdo8N) in Shewanella [14,16], the occurrence of the D-glycero-D-manno-heptose (D,D-Hep) [15,
16], and the occurrence of monosaccharides connected via phosphodiester bonds to the linear backbone
of the oligosaccharide, as observed in the core region of the LPS from Arenibacter certesii [17] and
Alteromonas addita [18]. Furthermore, as for the OPSs, core oligosaccharides from marine bacteria often
show a remarkable negative charge density, inferred by the presence of a great number of phosphate
substituents and/or acidic monosaccharides.

The methods leading to the structural characterization of LPSs and lipooligosaccharides
(LOSs) include a complex series of extraction, purification and degradation steps. These are
obviously supported by an extensive succession of chemical analyses, mainly based on chemical
derivatization and gas chromatography-mass spectrometry (GC-MS) analyses, in order to achieve
the complete definition of the monosaccharide and lipid content, and completed by matrix-assisted
laser desorption/ionization mass spectrometry (MALDI-MS) and high resolution nuclear magnetic
resonance spectroscopy (NMR), both of which allow the full structural description of the sub-domains
composing the LPS structure.

The chemical structures are determined using mainly sugar and methylation analyses, 1H and 13C
NMR spectroscopy, including 2D NMR experiments, homo- and heteronuclear correlation spectroscopy
such as homonuclear 1H,1H correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY),
heteronuclear H-detected multuquantum and multi bond correlation (1H,13C HMQC and HMBC),
nuclear Overhauser effect (NOE) spectroscopy (one- and two-dimensional 1D NOE, 2D nuclear
Overhauser effect spectroscopy NOESY and rotational Overhauser effect spectroscopy ROESY), and
by the attached proton test (APT).

In this review, we consider the chemical composition and structure of O-antigens, as well as LPS
core oligosaccharides that are integral components of the cell wall surfaces of some Gram-negative
marine bacteria. These bacteria are abundant in the marine environment inhabiting coastal, deep-sea
and high sea areas, hydrothermal vents and bottom sediments, marine invertebrates and animals.

2. Structure of Carbohydrate Antigens of Gammaproteobacteria

2.1. Genus Alteromonas

This genus belongs to Alteromonadaceae family and comprises 13 validly described species [19,20].
To date, the structural investigation of the LPS of three species of the genus Alteromonas have
been completed. Two structures of the R-LPSs from Alteromonas addita KMM 3600T, Alteromonas
macleodii ATCC 27126T have been reviewed by Leone et al. [12], and were found to be an
extremely short oligosaccharide chain with a high negative charge density due to the occurrence
of 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) and phosphate groups.

The O-specific polysaccharide from the S-type LPS of Alteromonas addita KMM 3600T [21,22] is
comprised of trisaccharide repeating units containing L-rhamnose, D-glucose, and D-galactose residues.
It was established that the O-specific polysaccharide consists of linear trisaccharide repeating units
having the following structure (1) [23]:

→ 3)-α-D-Galp-(1 → 3)-α-L-Rhap-(1 → 3)-α-D-Glcp-(1 → (1)

The structure of the highly acidic extracellular polysaccharide produced by the mesophilic species,
“Alteromonas infernus” [24], found in deep-sea hydrothermal vents and grown under laboratory
conditions, has been investigated using partial depolymerization, methylation analysis, mass

256

Bo
ok

s
M
DP
I



Mar. Drugs 2011, 9, 1914–1954

spectrometry and NMR spectroscopy. The repeating unit of this polysaccharide is a nonasaccharide
with the following structure (2) [25]:

 (2)

2.2. Genus Microbulbifer

The genus Microbulbifer was proposed by González et al. (1997) to accommodate a novel
rod-shaped and strictly aerobic marine bacterium belonging to the Gammaproteobacteria. Isolates
belonging to this genus have been isolated from a marine enrichment community growing on pulp-mill
effluent, and the original inoculum was obtained from a salt marsh on the coast of Georgia, USA [26].
At present the genus consists of 14 validly described species isolated from various marine sources [19].
The composition and structure of carbohydrate-containing biopolymers from the cell membrane of
this genus species have not been studied.

The capsular polysaccharide (CPS) containing D-galactosamine uronic acid and D-alanine residues
were isolated from the culture of Microbulbifer sp. KMM 6242 [27]. The combined chemical and NMR
analyses showed that the CPS is a homopolymer of 2-acetamido-2-deoxy-N-(D-galacturonyl)-D-alanine
of the following structure (3):

→ 4)-β-D-GalpNAcA6(D-Ala)-(1 → (3)

Such an amide of D-galactosamine uronic acid was found in bacterial exopolysaccharides for the
first time.

An O-specific polysaccharide containing D-ribose and D-galactose residues was isolated from the
cell-membrane lipopolysaccharide. On the basis of sugar analysis and NMR spectroscopy data the
following structure of the disaccharide repeating unit of the polysaccharide was established (4):

→ 3)-β-D-Rib f -(1 → 4)-β-D-Galp-(1 → (4)

2.3. Genus Pseudoalteromonas

Gram-negative bacteria of the genus Pseudoalteromonas are aerobic non-fermentative prokaryotes.
They are widespread obligatory marine microorganisms and require seawater based culture media for
their growth. The bacteria produce a wide range of biologically active compounds, such as antibiotics,
toxins and antitoxins, antitumor and antimicrobial agents, as well as enzymes with a wide spectrum
of action.

Common features of most polysaccharides of the genus Pseudoalteromonas are their acidic character
and the presence of unusual sugars and non-sugar substituents with the absence of any structural
similarity of the repeating units. For example, L-iduronic acid [28], 2-acetamido-2-deoxyhexuronic
acids with the D-galacto [29,30], L-galacto [29,31] and L-gulo [32] configurations, 3-deoxy-D-mannooct-
2-ulosonic acid [33,34], 5-acetamido-3,5,7,9-tetradeoxy-7-formamido-L-glycero-L-manno-non-2- ulosonic
acid [30], 2,3-diacetamido-2,3-dideoxy-D-mannuronoyl-L-alanine [35], R-lactic acid [36], sulfate [37,38]
and glycerophosphate [39] have been found among uncommon acidic components of the polysaccharides
of Pseudoalteromonas.
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The typical components include various N-acyl derivatives of 6-deoxyamino sugars, such as
N-acetylated 2-amino-2,6-dideoxy-D-glucose (D-quinovosamine) [30], L-galactose (L-fucosamine) [33]
and L-talose [33], 3-(N-acetyl-D-alanyl)amino-3,6-dideoxy-D-glucose [29], 4-(N-acetyl-D-alanyl)
amino-4,6-dideoxy-D-glucose [31] and 3,6-dideoxy-3-(4-hydroxybutyramido)-D-galactose [32], as
well as N-acetyl and N-[(S)-3-hydroxybutyryl] derivatives of 2,4-diamino-2,4,6-trideoxy-D-glucose
(bacillosamine) [28,29,33,35]. In cases where polysaccharides other than O-antigens were isolated from
encapsulated bacteria, there was no direct evidence that they were constituents of the capsule.

The structure of O-specific polysaccharide from lipopolysaccharide of Pseudoalteromonas
marinoglutinosa KMM 232 (S-form) that consists of disaccharide repeating units containing a sulphate
group has been described earlier [37]. An unusual structure of acidic O-specific polysaccharide was
found in one of the recently described species, Pseudoalteromonas agarivorans [40], distinct by their
stable colony dissociation into R- and S-form. A distinctive feature of the agarolytic strain KMM 232
is that it forms R-type (rough) colonies together with S-type (smooth) colonies during its cultivation
on solid media. The R-form of KMM 232 has traits that are typical characteristics of R-bacteria,
including R-colony formation, loss of flagella, and high sensitivity to antibiotics. The dissociation of
R- and S-forms was observed to be stable for the strain KMM 232 and in other strains of the species
P. agarivorans. This was the first time R- and S-form dissociation was described for bacteria of the genus
Pseudoalteromonas [40].

An acidic O-specific polysaccharide containing L-rhamnose, 2-acetamido-2-deoxy-D-galactose,
2,6-dideoxy-2-(N-acetyl-L-threonine)amino-D-galactose, and 2-acetamido-2-deoxy-D-mannuronic
acid was obtained by mild acid degradation of the lipopolysaccharide of the marine bacterium
Pseudoalteromonas agarivorans KMM 232 (R-form) followed by gel-permeation chromatography.
The polysaccharide was subjected to Smith degradation to give a modified polysaccharide with
trisaccharide repeating unit containing L-threonine. The initial and modified polysaccharides were
studied by sugar analysis and 1H- and 13C NMR spectroscopy, including COSY, TOCSY, ROESY,
and HSQC experiments, and the structure of the branched tetrasaccharide repeating unit of the
polysaccharide was established as follows (2.3) [41]:

 (5)

It is noteworthy that one of the polysaccharide components, namely
2,6-dideoxy-2-(N-acetyl-Lthreonine) amino-D-galactose, has not been found earlier in nature.
It is known that R-forms of terrestrial bacteria, unlike S-forms lose O-specific chains of the
lipopolysaccharides and thus attain other properties. A feature of the marine bacterium P. agarivorans
KMM 232 is that its S- and R-forms also synthesize lipopolysaccharides, in which O-specific
polysaccharides have various structures. In the given strain the loss of O-specific polysaccharides in
the R-form was not observed and it was suggested that such variability probably reflects the readiness
of the bacterium to adapt to environmental changes. Moreover, it can be shown that Gram-negative
marine bacteria substantially differ from terrestrial bacteria in their structural organization and the
mechanism by which the cell wall functions [41].

A group of pigmented Pseudoalteromonas species [42] is known for their ability to synthesize
a variety of pigments (prodigiosin-like, carotenoids and some others) and inhibitory (including
antifungal) compounds [43]. Among those red-pigmented bacteria, Pseudoalteromonas rubra with
the type strain NCMB 1890T (=ATCC 29570T were originally isolated from the Mediterranean
water off Nice in 1976 by M. Gauthier [44]. The type strain of P. rubra has been found to produce
an extracellular polyanionic antibiotic that modifies bacterial respiration [45] and cell-bound
fatty acids and phospholipids with surface activity [46]. These findings provide evidence of
ecophysiological diversification of pseudoalteromonads and on particular remarkable metabolic
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capacity of Pseudoalteromonas rubra, which may play an important role in coexistence and survival of
numerous bacterial taxa in marine environments [47].

The structure of the O-specific polysaccharide from P. rubra type ATCC 29570T has
been elucidated using 1H and 13C NMR spectroscopy, including 2D COSY, TOCSY, gradient
pulse phase sensitive (gNOESY), ROESY, 1H, 13C gradient pulse (gHMQC) and gradient
pulse (gHMBC) experiments. It was found that the polysaccharide consisted in 4-keto hexose,
2-acetamido-2,6-dideoxy-D-xylo-hexos-4-ulose (Sug, residue B) and two di-N-acyl derivatives
of uronic acids: 2-acetamidino-3-acetamido-2,3-dideoxy-L-galacturonic acid (residue A) and
2-acetamido-3-(N-malyl)amino-2,3-dideoxy-D-glucuronic acid (residue C). The O-polysaccharide of
Pseudoalteromonas rubra ATCC 29570T has the structure shown below (Figure 1) [48]. It contains two
rarely occurring components, malic acid and 2-acetamido-2,6-dideoxy-D-xylo-hexos-4-ulose (Sug). To
the best of our knowledge, D-malic acid has been hitherto identified only once in a polysaccharide
from Shewanella algae BrY [49].

 

Figure 1. Pseudoalteromonas rubra ATCC 29570T [48]. Reprinted with permission from Elsevier.
M—malic acid residue.

The same keto sugar has been found earlier as a component of capsular polysaccharides from
Streptococcus pneumonia type 5 [50] and Vibrio ordalii O:2 [51] and an O-polysaccharides of Flavobacterium
columnare ATCC 43622 [52] and Vibrio vulnificus clinical isolate YJ016 (6, 7) [53].

→ 4)-α-L-GalpAc-(1 → 3)-α-D-Sugp-(1 → 4)-β-L-GlcpNmalylA(→ (6)

where Sug is 2-acetamido-2,6-dideoxy-D-xylo-hexos-4-ulose, Am is acetimidoyl and malic acid residue
(M) is O-acetylated in ~70% of the units (7).

→ 4)-β-D-GlcpNAc3NAcylAN-(1 → 4)-α-L-GalpNAmA-(1 → 3)-α-D-QuipNAc-(1 → (7)

where QuiNAc stands for 2-acetamido-2,6-dideoxyglucose, GalNAmA for 2-acetimidoylamino-2-
deoxygalacturonic acid, GlcNAc3NAcylAN for 2-acetamido-3-acylamino-2,3-dideoxyglucuronamide
and acyl for 4-D-malyl (~30%) or 2-O-acetyl-4-D-malyl (~70%). The structure of the polysaccharide
studied highly resembles that of a marine bacterium Pseudoalteromonas rubra ATCC 29570T

reinvestigated in this work. The latter differs in: (i) the absolute configuration of malic acid
(L vs. D); (ii) 3-O-acetylation of GalNAmA; and (iii) replacement of QuiNAc with its 4-keto
biosynthetic precursor.
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The polysaccharides of Pseudoalteromonas rubra ATCC 29570T and V. vulnificus
CECT 5198 and S3-I2-36 are remarkably similar in structure too [54]. It was found that
2,3-diamino-2,3-dideoxy-Dglucuronic acid (GlcN3NA) exists as an amide and the malic acid
is in the L form. Therefore, the polysaccharide of P. rubra ATCC 29570T has the structure shown in
Figure 1, which differs from the polysaccharide structure of V. vulnificus CECT 5198 and S3-I2-36
in: (i) the absolute configuration of malic acid (L vs. D); (ii) 3-O-acetylation of GalNAmA; and (iii)
replacement of QuiNAc with its biosynthetic precursor, 2-acetamido-2,6-dideoxy-D-xylo-hexos-4-ulose.
It can be suggested that both bacteria had originally the same sugar synthesis pathway and glycosyl
transferase genes but in Pseudoalteromonas rubra the gene for reductase that converts the 4-keto sugar
into QuiNAc, has been inactivated by a mutation. Surprisingly, in all these polysaccharides, as in
the O-polysaccharide of Pseudoalteromonas rubra, the mentioned above 4-keto sugar is (1→4)-linked
to a β-D-gluco-configurated monosaccharides and glycosylated at position 3 by a monosaccharide
having the α-L-configuration. When obtained from non-bacterial sources, such keto sugar residues
were found to be a component of some saponins from starfish [55,57].

2.4. Genus Plesiomonas

The genus Plesiomonas belongs to Enterobacteriaceae family and consists of only one
species—Plesiomonas shigelloides. Bacteria of this species (previously Aeromonas shigelloides) is a
ubiquitous, facultatively anaerobic, flagellated, Gram-negative, rod-shaped bacterium which has
been isolated from a variety of sources such as freshwater, surface water and many wild and domestic
animals, and is particularly common in tropical and subtropical habitats [58].

DNA-DNA hybridization tests showed that all Plesiomonas shigelloides strains are closely related to
each other thus constituting a separate well defined genus within the family Vibrionaceae. P. shigelloides
shares biochemical and antigenic properties with Enterobacteriaceae and Vibrionaceae; however,
genetically it shows only 8% and 7% similarity, respectively [58]. Infections with P. shigelloides have
been strongly associated with drinking untreated water [59,60], eating uncooked shellfish or with travel
to developing countries [61,62]. Recent studies have suggested that P. shigelloides is an opportunistic
pathogen in immunocompromized hosts [63] especially neonates [64]. It has been associated with
diarrhoeal illness [65] and other diseases in normal hosts as well. Plesiomonas shigelloides has been
isolated from a variety of clinical specimens including cerebrospinal fluid, wounds and the respiratory
tract. Reported cases of meningitis and bacteraemia [64] caused by P. shigelloides are of special interest
because of their seriousness. P. shigelloides causes both localized infections originating from infected
wounds and gastrointestinal infections, which can disseminate to other parts of the body [66].

The serotyping scheme of Plesiomonas shigelloides proposed by Shimada and Sakazaki [67] and
Aldova et al. [68] includes 102 O-serotypes, some O-antigens showing cross-reactivity with antisera
directed against lipopolysaccharides (LPS) of Shigella sonnei, Shigella dysenteriae strains 1, 7 and 8,
Shigella boydi strains 2, 9 and 13, and Shigella flexneri strain 6 [68,69]. Two P. shigelloides strains were
found to share the structure of O-antigens with those of S. flexneri and S. dysenteriae [70].

Although the antigenic schemes of P. shigelloides have been extensively studied with the serological
methods mentioned above, the unique structures of O-specific polysaccharides are known only for a
few strains [70].

Sugar and methylation analyses of native polysaccharides together with one-dimensional 1H
and 13C NMR spectroscopy revealed that the two polysaccharides from strains 22074 and 12254 of P.
shigelloides are identical. The structure of the polysaccharide from strain 22074 was deduced from uronic
acid degradation and by NMR spectroscopy where heteronuclear multiple bond connectivity and
two-dimensional nuclear Overhauser effect spectroscopy experiments established the pentasaccharide
repeating unit as (8):

→ 4)-α-D-GalpA-(1 → 3)-α-D-GlcpNAc-α-L-Rhap-(1 → 2)-α-L-Rhap-(1 → 2)-α-L-Rhap-(1 → (8)
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The comparison O-PS structure from strains 22074 and 12254 of Plesiomonas shigelloides showed the
both strains contains a mixture of antigens specific for S. flexneri 6 and the common group antigen of S.
flexneri species and S. dysenteriae 1 (see below). This explains the basis of cross-reactivity. Moreover, P.
shigelloides strains exhibit moderate invasion of Hep-2 cells [69] which suggest that they may cause
limited invasion of intestinal epithelial cells, and this is a desirable attribute of a vaccine strain against
Shigella infection [69]. Since they also share antigens with two major species of Shigella, these strains
have the potential to give broad protection against shigellosis if used as vaccine strains (9); Structures
of the O-antigens from Shigella, cross-reacting with strains 22074 and 12254 of Plesiomonas shigelloides.

→ 2)-α-L-Rhap-(1 → 2)-α-L-Rhap-(1 → 3)-α-L-Rhap-(1 → 3)-β-D-GlcpNAc-(1 →
Shigella flexneri Y

→ 2)-α-L-Rhap-(1 → 2)-α-L-Rhap-(1 → 4)-β-D-GalpA-(1 → 3)-β-D-GalpNAc-(1 →
Shigella flexneri 6

→ 3)-α-L-Rhap-(1 → 3)-α-L-Rhap-(1 → 2)-α-D-Galp-(1 → 3)-α-D-GlcpNAc-(1 →
Shigella dysenteriae 1

(9)

The structure of the O-specific side chain of the lipopolysaccharide (LPS) of P. shigelloides
O54, strain CNCTC 113/92 has been investigated by NMR spectroscopy, matrix-assisted laser
desorption/ionization time of flight mass spectrometry and sugar and methylation analysis. It was
concluded that the polysaccharide is composed of a hexasaccharide repeating unit as follows (2.4) [71]:

 (10)

where β-D,D-Hepp is β-D-glycero-D-manno-heptopyranose and 6d-β-D-Hepp is
6-deoxy-β-D-mannoheptopyranose. This structure represents a novel hexasaccharide repeating unit of
bacterial O-antigen that is characteristic and unique to the P. shigelloides strain.

The lipopolysaccharide of Plesiomonas shigelloides serotype O74:H5 (strain CNCTC 144/92)
was obtained with the hot phenol/water method, but unlike most of the S-type enterobacterial
lipopolysaccharides, the O-antigens were preferentially extracted into the phenol phase. The poly-
and oligosaccharides released by mild acidic hydrolysis of the lipopolysaccharide from both phenol
and water phases were separated and investigated by 1H and 13C NMR spectroscopy, matrix-assisted
laser-desorption/ionization time-offlight MS (MALDI-TOF) mass spectrometry, and sugar and
methylation analysis. The O-specific polysaccharide and oligosaccharides consisting of the core, the
core with one repeating unit, and the core with two repeating units were isolated. It was concluded that
the O-specific polysaccharide is composed of a trisaccharide repeating unit with the structure (11) [72]:

→ 2)-β-D-Quip3NAcyl-(1 → 3)-α-L-Rhap2OAc-(1 → 3)-α-D-FucpNAc-(1 → (11)

in which D-Qui3NAcyl is 3-amino-3,6-dideoxy-D-glucose acylated with 3-hydroxy-2,3-dimethyl-5-
oxopyrrolidine-2-carboxylic acid. The major oligosaccharide consisted of a single repeating unit and
a core oligosaccharide. This undecasaccharide contains information about the biological repeating
unit and the type and position of the linkage between the O-specific chain and core. The presence of
a terminal [β-D-Quip3NAcyl-(1→] residue and the [→3)-β-D-FucpNAc-(1→4)-α-D-GalpA] element
showed the structure of the biological repeating unit of the O-antigen and the substitution position to
the core. The [→3)-β-D-FucpNAc-(1→] residue has the anomeric configuration inverted compared to
the same residue in the repeating unit. The core oligosaccharide was composed of a nonphosphorylated

261

Bo
ok

s
M
DP
I



Mar. Drugs 2011, 9, 1914–1954

octasaccharide, which represents a novel core type of P. shigelloides LPS characteristic of serotype
O74. The similarity between the isolated O-specific polysaccharide and that found on intact
bacterial cells and lipopolysaccharide was confirmed by high resolution-magic angle spin (HR-MAS)
NMR experiments.

The structure of the O-chain of the lipopolysaccharide (LPS) from P. shigelloides strain 302-73
(serotype O1) was determined by chemical analysis, 1D and 2D NMR spectroscopy and MALDI-TOF
mass spectrometry. The polysaccharide was constituted by an inear pentasaccharidic repeating unit as
follows (12) [73]:

→ 3)-α-L-PneNAc4OAc-(1 → 4)-α-L-FucpNAc-(1 → 4)-α-L-FucpNAc-(1 → 4)-α-L-FucpNAc-(1 →
D-QuiNAc4Nb-(1 →

(12)
(PneNAc = 2-acetamido-2,6-dideoxy-talose, Hb = S-3-hydroxybutanoyl. PneNAc O-acetylation was
not stoichiometric and was found to be about 75%. The position of the O-acetyl group and the amount
of acetylation were deduced by NMR spectroscopic analysis. All the monosaccharides included in the
repeating unit were deoxyamino sugars, which most probably, together with the presence of O-acetyl
groups, were responsible for the recovery of the LPS in the phenol layer of the phenol/water extract of
dried bacteria cells.

P. shigelloides strain CNCTC 110/92 (O51) was identified as a new example of plesiomonads
synthesizing lipopolysaccharides (LPSs) that show preference for a non-aqueous surrounding
during phenol/water extraction. Chemical analyses combined with 1H and 13C NMR spectroscopy,
MALDI-TOF and ESI mass spectrometry showed that the repeating units of the O-specific
polysaccharides isolated from phenol and water phase LPSs of P. shigelloides O51 have the same
structure (13) [74]:

→ 4)-β-D-Glcp-NAc3NRA-(1 → 4)-α-L-FucpAm3OAc-(1 → 3)-α-D-QuipNAc-(1 → (13)

containing the rare sugar constituent 2,3-diamino-2,3-dideoxyglucuronic acid (GlcpNAc3NRA), and
substituents such as D-3-hydroxybutyric acid (R) and acetamidino group (Am). The HR-MAS NMR
spectra obtained for the isolated LPSs and directly on bacteria indicated that the O-acetylation pattern
was consistent throughout the entire preparation. The 1H chemical shift values of the structure reporter
groups identified in the isolated O-antigens matched those present in bacteria. It was found that the
O-antigens recovered from the phenol phase showed a higher degree of polymerization than those
isolated from the water phase. A similar behavior of LPS molecules was previously reported for other
strains whose LPS was isolated from both phenol and water phases [75]. Therefore the composition
of the O-repeating units does not seem to be the only factor influencing the physicochemical
properties of such LPSs and suggested that the main solubility factor might be conformational rather
than compositional.

The lack of structural data concerning a suitable number of O-antigen structures prevented
us from deducing anything about the structure–activity relationship. However, it is tempting to
speculate that the occurrence of deoxy sugars with hydrophobic substituents in all of the O-chain
structures so far characterized could suggest a method adopted by P. shigelloides to adhere to host
cells in aqueous environment. Structure determination is the first step into the understanding of the
unusual physicochemical properties of LPSs. The possible role of the LPSs associated with an increased
hydrophobicity in the pathogenicity of P. shigelloides has not been investigated so far. The data herein
presented could be used in the future to study the role of such structures for the type of aggregates
formed in an aqueous environment and the biological activity of P. shigelloides endotoxin.

The core oligosaccha ride is an important contributor in determining the biological and physical
properties of the overall lipopolysaccharide and plays a significant role in interactions with the host.
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The core oligosaccharide is relatively conserved in its structure and composition compared to
the O-chain and can be divided into inner and outer subdomains. The inner core includes unique
residues, such as 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) and L-glycero-D-manno-heptose (Hep)
that are characteristic to the LPS. The Kdo residue is located at the reducing end of the oligosaccharide
chain and has proven to be critical to the LPS biological activity [76]. At the O-4 position of Kdo there
may be one or two Kdo glycosyl residues.

Mass spectrometric studies are now playing a leading role in the elucidation of lipopolysaccharide
(LPS) structures through the characterization of antigenic polysaccharides, core oligosaccharides
and lipid A components including LPS genetic modifications. The conventional MS and MS/MS
analyses together with collision induced dissociation (CID) fragmentation provide additional structural
information complementary to the previous analytical experiments, and thus contribute to an
integrated strategy for the simultaneous characterization and correct sequencing of the carbohydrate
moiety [77].

The structure of the core oligosaccharide moiety of the lipopolysaccharide (LPS) of Plesiomonas
shigelloides O54 (strain CNCTC 113/92) has been investigated by 1H and 13C NMR, fast atom
bombardment mass spectrometry (FAB-MS), MALDI-TOF, monosaccharide and methylation analysis,
and immunological methods. It was concluded that the main core oligosaccharide of this strain is
composed of a decasaccharide (??) [78]:

 (14)

in which α-L,D-Hepp is α-L-glycero-D-manno-heptopyranose. The nonasaccharide variant of the
core oligosaccharide (~10%), devoid of β-D-Glcp substituting the α-D-GlcpN at position 6, was also
identified. The core oligosaccharide substituted at position 4 of the outer core β-D-Glcp residue with the
single O-polysaccharide repeating unit was also isolated yielding a hexadecasaccharide structure. The
determination of the monosaccharides involved in the linkage between the O-specific polysaccharide
part and the core, as well as the presence of [→3)-β-D,D-Hepp-(1→instead of →3,4)-β-D,D-Hepp-(1→]
in the repeating unit, revealed the structure of the biological repeating unit of the O-antigen. The core
oligosaccharides are not substituted by phosphate residues and represent novel core type of bacterial
LPS that is characteristic for the P. shigelloides serotype O54. Serological screening of 69 different
O-serotypes of P. shigelloides suggests that epitopes similar to the core oligosaccharide of serotype O54
(strain CNCTC 113/92) might also be present in the core region of the serotypes O24 (strain CNCTC
92/89), O37 (strain CNCTC 39/89) and O96 (strain CNCTC 5133) LPS.

The first complete structure of a Plesiomonas shigelloides core oligosaccharide has been identified,
together with the structure of the biological repeating unit of the O-antigen, and the linkage between
them. Opinions differ regarding the classification of the genus Plesiomonas, because it has some
characteristics in common with both Enterobacteriaceae and Vibrionaceae families. A comparison of
the 5 S rRNA sequences of a number of Enterobacteriaceae and Vibrionaceae shows that P. shigelloides
is more related to Proteus mirabilis and Proteus vulgaris than to any other member of Vibrionaceae
tested [79].

The core oligosaccharide of P. shigelloides contains the following (2.4) structural element:
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 (15)

which is present in the majority of characterized enterobacterial and non-enterobacterial
core structures.

The LPS of Plesiomonas shigelloides serotype O17 is of particular interest since its O-antigen structure
is identical to that of Shigella sonnei, a cause of endemic and epidemic diarrhea and/or dysentery
worldwide [80].

The O-antigen gene cluster of both S. sonnei and Plesiomonas shigelloides O17 is located on the
plasmid Pinv, apparently acquired by S. sonnei from P. shigelloides [81,82]. This invasion plasmid is
essential for penetration of host epithelial cells and is therefore an important virulence factor [83].
Because of the structural identity of the LPS O-specific polysaccharides (O-PS) of S. sonnei and
Plesiomonas shigelloides O17, the latter can be used as an immunogenic component of a vaccine against
S. sonnei [84]. Interpretation of the immunological data and selection of the optimal conjugation
conditions require the knowledge of the structure of the LPS core part, which is always present in the
O–PS preparations.

Plesiomonas shigelloides O17 LPS contains the same O-antigenic polysaccharide chain as a causative
agent of dysentery, Shigella sonnei. This polysaccharide can be used as a component of a vaccine
against dysentery. Core part of the Plesiomonas shigelloides O17 LPS was studied using NMR and mass
spectrometry and the following structure was proposed (2.4) [85]:

(16)

where Hep is L-glycero-D-manno-heptose and all sugars, except AltNAcA has the D-configuration.
Overall, the structure of the Plesiomonas shigelloides O17 core was similar to that of serotype

O54 [78]. The difference being the presence of the additional α-GalN-4-α-GalA fragment on O-7
of Hep and the absence of the side chain β-Gal at O-4 of GlcN. Attachment of the O-chain in
serotype O17 was through O-4 of β-GlcNAc, whereas in the serotype O54 it was through O-4 of
β-Glc replacing β-GlcNAc.

The characterization of the core structure from the LPS of the strain 302-73 (serotype O1) was
carried out. The LPS obtained after usual PCP (phenol–chloroform–light petroleum) extraction
contained a small number of O-chain repeating units. The product obtained by hydrazinolysis
was analysed by FTICR-ESIMS LPS was hydrolyzed under mild acid conditions and a fraction that
contained one O-chain repeating unit linked to a Kdo residue was isolated and characterized by
FTICR-ESIMS and NMR spectroscopy. Moreover, after an alkaline reductive hydrolysis, a disaccharide
α-Kdo-(2→6)-GlcNol was isolated and characterized. The data obtained proved the presence of an
α-Kdo in the outer core and allowed the identification of the O-antigen biological repeating unit as
well as its linkage with the core oligosaccharide (2.4) [86,87].

The LPS was hydrolyzed under both alkaline and mildly acidic conditions. In both
cases, a mixture of oligosaccharides was obtained, which was purified by gel filtration and
HPAEC. The oligosaccharides were characterized by chemical analysis, 2D NMR spectroscopy and
MALDI-TOF mass spectrometry. A new core structure was found for P. shigelloides. In particular,
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from the analysis of the acid hydrolysed product it was possible to reveal the presence of a
of D-glycero-D-talo-2-octulopyranosonic acid (Ko) residue, which substitutes in part the terminal
3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) unit. The Ko residue is not frequently found in
core structures.

(17)

This structure is similar to that of serotype O54 [78] and O17, [85] even if some new features are
present in both the inner and outer core. A glucosamine residue was nonstoichiometrically linked
to the branching galacturonic acid, and more interestingly, a Ko unit substitutes in part the terminal
Kdo residue. The presence of the Ko residue is not frequent in core structures, and to date it has
been described as a substitute for Kdo in the LPS of Yersinia [88], Burkholderia [89], Acinetobacter [90],
Serratia [91]. Finally, this new core oligosaccharide confirmed the lack of a uniform core structure for
the unique species of the Plesiomonas genus.

2.5. Genus Shewanella

Bacteria that are currently classified under the generic name Shewanella have been the subject of
many scientific studies over at least the last 70 years. To date, this rapidly growing genus contains
more than 50 validly described species including both free-living and symbiotic forms. Members of
this genus have been isolated from various marine sources, including water, sediments, fish, algae,
marine animals and others. Because of their metabolic versatility and wide distribution in a variety
of aquatic habitats, Shewanella and Shewanella-like organisms play a significant role in the cycling of
organic carbon and other bionutrients.

The most of the structures of the carbohydrate antigens from these bacteria were reviewed
earlier [10,12]. Below is a brief outline of the described structures.

Shewanella oneidensis is a Gram-negative bacterium associated with aquatic and subsurface
environments [92]. It can attach to amorphous iron oxides and, in so doing, utilizes the Fe(II)/Fe(III)
couple as a terminal electron acceptor during dissimilatory iron reduction.

Capsular polysaccharides (CPS) were extracted from Shewanella oneidensis strain MR-4, grown on
two different culture media. The polysaccharides were analyzed using 1H and 13C NMR spectroscopy,
and the following structure of the repeating unit was established (18) [93]:

→ 4)-β-D-Manp-(1 → 4)-β-D-Glcp-(1 → 4)-β-D-GlcpNAc-(→
α-D-Quip4Nacyl-(1 → 4)-α-D-GlcpA-(1 → 3)	 (18)

where the residue of 4-amino-4,6-dideoxy-D-glucose (Qui4N) was substituted with different N-acyl
groups depending on the growth media. All monosaccharides are present in the pyranose form. In the
PS from cells grown on enriched medium (trypticase soy broth, TSB) aerobically it was N-acylated
with 3-hydroxy-3-methylbutyrate (60%) or with 3-hydroxybutyrate (40%), whereas in the PS from cells
grown on minimal medium (CDM) aerobically it was acylated mostly with 3-hydroxybutyrate (>90%).

Shewanella spp. MR-4 produces a large quantity of CPS, which gives the cells “smooth” appearance;
however, its LPS has no polymeric O-chain. The rough type LPS was analyzed using NMR, mass
spectroscopy, and chemical methods. Two structural variants (I and II) have been found, both contained
8-amino-3,8-dideoxy-D-manno-octulosonic acid and lacked L-glycero-D-manno-heptose. A minor variant
of the LPS contained phosphoramide substituent (2.5) [94]:
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(19)

The structure of the O-specific polysaccharide from Shewanella japonica strain KMM 3601 has
been elucidated. The initial and O-deacetylated lipopolysaccharides, and a trisaccharide representing
the repeating unit, were studied by sugar analysis along with 1H and 13C NMR spectroscopy. The
polysaccharide was found to contain a higher sugar, 5,7-diacetamido-3,5,7,9-tetradeoxy-D-glycero-Dtalo-
non-2-ulosonic acid (a derivative of 4-epilegionaminic acid, 4-eLeg). The following structure of
trisaccharide repeating unit was established (20) [95]:

→ 4)-α-4eLeg5Ac7Ac-(2 → 4)-β-D-GlcpA3NAc-(1 → 3)-β-D-GalpNAc-(1 → (20)

This polysaccharide contains 5,7-di-N-acetyl derivative of the 4-eLeg which was found in nature for the
first time. Earlier, the homopolymer of 5-N-acetamidoyl-7-N-acetyl-derivative of 4-eLeg was identified
in the LPS of non-1 serogroup of Legionella pneumophila [96].

2.6. Genus Aeromonas

Species of the genus Aeromonas are common inhabitants of aquatic environments and have been
described in connection with fish and human diseases [97,100]. This genus belongs to the family
Aeromonadaceae [101,102] and, over the last two decades, the number of recognized species has
expanded very rapidly.

A varied clinical picture of Aeromonas infections, including gastroenteritis, suggests complex
pathogenic mechanisms. Strains of Aeromonas hydrophila serogroup O:34 are most common among
mesophilic Aeromonas species [103], accounting for 26.4% of all isolates, and have been documented as
an important cause of infections in humans [104].

The O-polysaccharide of Aeromonas hydrophila O:34 was obtained by mild-acid degradation of
the lipopolysaccharide and studied by chemical methods and NMR spectroscopy before and after
O-deacetylation. The polysaccharide was found to contain D-Man, D-GalNAc and 6-deoxy-L-talose
(L-6dTal) (2.6) [105]:

(21)

where 6dTalI is O-acetylated stoichiometrically at position 2 and 6dTalII carries no, one
or two O-acetyl groups at any position. Although less common than L-rhamnose and L-fucose,
6-deoxy-L-talose occurs in a number of bacterial polysaccharides and is often present in an O-acetylated
form. However, to the best of our knowledge, random O-acetylation has not been reported for either
this or any other monosaccharide component of the lipopolysaccharides.

The core oligosaccharide of A. hydrophila (Chemotype III) lipopolysaccharide has been investigated.
The studies involved the use of methylation analysis, oxidation with chromium trioxide, partial
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hydrolysis with acid, periodate oxidation, Smith degradation, and tagging of the reducing end-group.
The core is unusual in having 3-acetamido-3,6-dideoxy-L-glucose as a constituent (2.6) [106]:

(22)

A rough strain of Aeromonas hydrophila, AH-901, has an R-type lipopolysaccharide with the
complete core. The following core structure was established by chemical degradations followed by
sugar and methylation analyses along with ESIMS and NMR spectroscopy (2.6) [107]:

 (23)

where α-D,D-Hep and α-L,D-Hep stand for D-glycero- and L-glycero-α-D-manno-heptose,
respectively; Kdo stands for 3-deoxy-D-manno-oct-2-ulosonic acid; all monosaccharides are in the
pyranose form; the degree of substitution with β-D-Gal is ~50%. Lipid A of the lipopolysaccharide
has a 1,4′-bisphosphorylated β-D-GlcN-(1→6)-α-D-GlcN disaccharide backbone with both phosphate
groups substituted with 4-amino-4-deoxyarabinose residues.

A. salmonicida is the aetiological agent of furunculosis in salmonid fish, a disease which causes
high mortalities in aquaculture. Considerable effort has been devoted to the development of effective
vaccines against furunculosis. Very little is known about the role of virulence factors in vivo and their
role in furunculosis.

It was found, that when grown in vitro, A. salmonicida strain 80204-1 produced a
capsular polysaccharide with the identical structure to that of the lipopolysaccharide
O-chain polysaccharide. A combination of 1D and 2D NMR methods, including a series
of 1D analogues of 3D experiments, together with capillary electrophoresis-electrospray
MS (CE-ES-MS), compositional and methylation analyses and specific modifications was
used to determine the structure of these polysaccharides. Both polymers were shown to
be composed of linear trisaccharide repeating units consisting of 2-acetamido-2-deoxy-D-
galacturonic acid (GalNAcA), 3-[(N-acetyl-L-alanyl)amido]-3,6-dideoxy-Dglucose
{3-[(N-acetyl-L-alanyl)amido]-3-deoxy-D-quinovose, Qui3NAlaNAc} and 2-aceacetamido-
2,6-dideoxy-D-glucose (2-acetamido-2-deoxy-D-quinovose, QuiNAc) as follows (24) [108]:

→ 3)-α-D-GalpNAcA-(1 → 3)-β-D-QuipNAc-(1 → 4)-β-D-Quip3NAlaAc-(1 → (24)

where GalNAcA is partly presented as an amide and AlaNAc represents N-acetyl-L-alanyl group.
CE-ES-MS analysis of CPS and O-chain polysaccharide confirmed that 40%of GalNAcA was present in
the amide form. Direct CE-ES-MS/MS analysis of in vivo cultured cells confirmed the formation of a
novel polysaccharide, a structure also formed in vitro, which was previously undetectable in bacterial
cells grown within implants in fish, and in which GalNAcA was fully amidated.

To date, a limited number of bacteria have been reported to produce capsular and O-chain
polysaccharides with identical structures. It appears that this property is not uncommon for fish
pathogens and similar findings for Listonella (formerly Vibrio) anguillarum and V. ordalii [51,109] have
previously been reported. It should be noted that the structures of the CPS and O-chain polysaccharide
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of L. anguillarum and V. ordalii have recently been re-examined and that the galacto configuration of
the 2,3-diacetamido-2,3-dideoxy-hexuronic acid in both structures should be revised in favor of the
gulo configuration.

The core oligosaccharide isolated from the lipopolysaccharide of Aeromonas salmonicida subsp.
salmonicida has been investigated by methylation analysis, NMR spectroscopy (13C and 1H), oxidation
with periodate and chromium trioxide, and Smith degradation (2.6) [110]:

(25)

The core oligosaccharide structure of the in vivo derived rough phenotype of Aeromonas salmonicida
subsp. salmonicida was investigated by a combination of compositional, methylation, CE-MS and one-
and two-dimensional NMR analyses and established as the following (2.6) [111]:

 (26)

Comparative CE-MS analysis of A. salmonicida subsp. salmonicida core oligosaccharides
from strains A449, 80204-1 and an in vivo rough isolate confirmed that the structure of the core
oligosaccharide was conserved among different isolates of A. salmonicida.

While searching for bacteria that cross-react with the recently discovered second causative agent
of cholera, V. cholerae O139 Bengal [112], six strains of another member of the family Vibrionaceae,
Aerornonas trota, have been found to agglutinate with specific antiserum to V. cholerae O139 in a
slide-agglutination test [113]: Polyclonal antiserum to a cross-reactive A. trota strain cross-protected
infant mice against cholera on challenge with virulent V. cholerae O139. The cross-reactive bacteria were
not serologically identical, and the antigenic relationship between them was of an a,b-a,c type, where
a is the common antigenic epitope and b and c are unique epitopes. Serological and genetic studies
suggested that the capsular polysaccharide has the same repeating unit as the O-antigen chain [114]
and, thus, carries determinants of O-specificity.

The structure of the V. cholerae O139 capsular polysaccharide has been elucidated as (2.6) [115]:
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 (27)

The presence of 3,6-dideoxy-L-xylo-hexose colitose (Col) and a cyclic phosphate diester are the
unusual features of this polysaccharide.

The cross-reactive A. trota strains produce an S-type lipopolysaccharide with a polysaccharide
O-antigen chain, which has not been chemically analyzed. To reveal a common epitope (or epitopes),
which is responsible for the serological cross-reaction between these two microorganisms, the structure
of the O-specific polysaccharide of A. trota strain 1354, which is one of the six cross-reactive strains
was determined. On the basis of methylation analysis and NMR spectroscopic studies of the initial
and modified, colitose-free polysaccharide, it was concluded that the repeating unit of the O-specific
polysaccharide has the following structure (28) [116]:

 (28)

Mild hydrolysis of the polysaccharide with 48% hydrofluoric acid at 4 ◦C removed the Col
residues completely without significant depolymerization. As a result, a modified polysaccharide
was obtained, which lacked colitose but contained the four other sugar constituents of the repeating
unit (29):

(29)

Although structurally different, the repeating unit 2 of the A. trota O-specific polysaccharide has
a tetrasaccharide fragment in common with the repeating unit 1 of the capsular polysaccharide of
cross-reactive V. cholerae O139, which includes Gal, GlcNAc, and two terminal Col residues. It seems
likely that the common antigenic epitope is associated with the non-reducing terminal end of the
polysaccharide, as was suggested for the oligosaccharide epitopes that determine the blood-group
activities of some Salmonella and Escherichia coli strains [117,118]. Thus, structure 1 corresponds to
the biological repeating unit of the V. cholerae O139 polysaccharide, and, therefore, its non-reducing
terminal tetrasaccharide fragment has the structure 4. With an assumption that the structure 2 also
corresponds to the biological repeating unit of the A. trota polysaccharide, its non-reducing terminal
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end should be occupied by the tetrasaccharide fragment 5, which differs from the tetrasaccharide 4 in
lacking the cyclic phosphate group only (2.6).

 (30)

The known cross-reactivity between the strain studied and Vibrio cholerae O139 Bengal is
substantiated by the presence of a common colitose-containing epitope shared by the O-specific
polysaccharide of A. trota and the capsular polysaccharide of V.cholerae, which is thought to carry
determinants of O-specificity.

Aeromonas bestiarum is a member of the bacterial species belonging to the motile aeromonad
group that comprises several species such as A. hydrophila, A. sobria, A. veronii, A. allosaccharophila and
A. jandaei, which have been reported as fish pathogens. [119,120]. The results of taxonomic studies
revealed that diseases, and thus losses, in commercial carp were mostly caused by strains identified as
A. bestiarum. However, until now there has been limited knowledge of the compositional diversity of
the O-antigenic part of LPS among Aeromonas species. Therefore, it appeared purposeful to undertake
immunochemical studies of Aeromonas strains with the described genomospecies (16S rDNA-RFLP)
and their pathogenicity, which then could complete the LPS-based classification data of Aeromonas
strains. Recently published structural studies of the R-type LPS from A. hydrophila strain AH-901
have extended this database [107]. The LPS of the transposone mutant AH-901 of the wild-type strain
A. hydrophila AH-3 was devoid of the O-chain polysaccharide and contained a complete core with
heptoses as the most dominant sugar residues and a lipid A with a diglucosaminyl backbone containing
two phosphate groups substituted with 4-amino-4-deoxyarabinoses. Still, the question remains how
common this structure of the core region is among motile and non-motile Aeromonas species.

The O-specific polysaccharide obtained by mild-acid degradation of A. bestiarum 207
lipopolysaccharide was studied by sugar and methylation analyses along with 1H and 13C NMR
spectroscopy. The sequence of the sugar residues was determined by ROESY and HMBC experiments.
It is concluded that the O-polysaccharide is composed of branched pentasaccharide repeating
units (31) [121]:

 (31)

The determined structure is different from those published for other Aeromonas strains. However,
the α-L-Rha residue was found in the O-chain polysaccharides of A. caviae strains 11212 and ATCC
15468, as one of the components of their pentasaccharide and tetrasaccharide repeating units,
respectively [122,123]. Another 6-deoxyhexose residue, 6-deoxy-L-talose, was identified as a dominant
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component of the A. hydrophila O:34 OPS. Interestingly, strains of that serogroup are most common
among mesophilic Aeromonas species, accounting for 26.4% of all isolates, and have been documented as
an important cause of human infections. It is unknown whether this group of isolates is homogeneous
with respect to their OPS composition. If some departures from the typical O-antigen structure were
found, this could suggest the presence of an immunochemical heterogeneity of the isolates, similar to
that observed among A. salmonicida strains [105].

Aeromonas caviae is associated with gastrointestinal disease in adults and acute, severe
gastroenteritis in children [124]. A number of putative virulence factors have been identified for
A. caviae, including polar flagella, pili and cytotoxin. Both flagella and pili have been implicated
in the adherence of A. caviae to human epithelial cells in vitro. Some strains of A. caviae are able to
form biofilms on inert surfaces, a phenomenon attributed to a hyperpiliation of the cells through
type IV pili [125]. Less is known about the role of LPS in these processes, although the flmA and
flmB genes of A. caviae Sch3N have been implicated in LPS O-chain biosynthesis [126]. As a major
cell-surface component, LPS of A. caviae has been implicated in the adherence to human epithelial cells
and biofilm formation, but the role of LPS in the pathogenesis of A. caviae-induced gastroenteritis is
not well understood. Comprehensive structural and genetic studies of LPS are essential to determine
its etiological role in pathology of the disease.

A. caviae strain 11212 was isolated from the stools of a patient with diarrhea. Sugar analysis,
methylation analyses, and a uronic acid degradation together with NMR spectroscopy were the
principal methods used in the structural study of the O-polysaccharide from the LPS of this strain.
The sequence of the sugar residues could be determined by NOESY and HMBC experiments. It is
concluded that the polysaccharide is composed of pentasaccharide repeating units (32) [123]:

 (32)

The O-chain polysaccharide produced by a mild acid degradation of A. caviae ATCC 15468
lipopolysaccharide was found to be composed of L-rhamnose, 2-acetamido-2-deoxy-D-glucose,
2-acetamido-2-deoxy-D-galactose and phosphoglycerol. Subsequent methylation and CE–ESIMS
analyses and 1D/2D NMR (1H, 13C and 31P) spectroscopy showed that the O-chain polysaccharide
is a high-molecular-mass acidic branched polymer of tetrasaccharide repeating units with a
phosphoglycerol substituent having the following (33) [127]:

 (33)

The previously determined structure of the O-chain polysaccharide from A. caviae strain 11212
bears no resemblance to the above structure, suggesting the possible need to divide this species into
more than one serological group.

Interestingly, the phosphoglycerol moiety identified in the structure of the O-chain polysaccharide
of A. caviae ATCC 15468 was previously found in the O-chain polysaccharides of Citrobacter 016 [128],
Hafnia alvei strain PCM1207 [129] and Proteus species [130], as well as in the exo-polysaccharide
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produced by Lactobacillus sake O-1 and the specific capsular polysaccharide of Streptococcus pneumoniae
type 45 [131]. It is recognized as an immunodominant epitope, and the cross-reactions between the
LPS of Citrobacter O16 and H. alvei strain PCM 1207 could be attributed to the presence of this shared
epitope in their respective O-specific polysaccharide structures.

At present, much research on Aeromonas bacteria is focused in epidemiology [132] and
immunology [133]. However, since the polysaccharides obtained from many different bacteria are
important in the manufacture, distribution, storage and consumption of food products [134], cosmetics
and paints, Aeromonas polysaccharides are also receiving attention for similar applications.

The Aeromonas nichidenii strain 5797 produces an acidic polysaccharide—Aeromonas gum. This
gum exists as aggregates in aqueous solutions and exhibits a very high viscositythis form. In addition,
the gum exists in semi-flexible single chains in cadoxen and dimethyl sulfoxide solutions at room
temperature. Structural analysis of this polysaccharide may provide a basis for a better understanding
of its use as a gelling agent for food products and for other uses.

This gum was studied by 1H and 13C NMR spectroscopy including 2D COSY, TOCSY, HMQC,
HMBC and ROESY experiments after O-deacetylation and Smith degradation. These investigations
revealed the presence of an O-acetylated pentasaccharide repeating unit composed of mannose, glucose,
xylose and glucuronic acid, and having the following structure (34) [135]:

 (34)

After the O-deacetylation with following Smith degradation of the native gum, the modified
polysaccharide building up of linear trisaccharide repeating unit (35) was obtained:

→ 3)-α-D-Manp-(1 → 3)-β-D-Xylp-(1 → 3)-α-D-GlcpA-(1 → (35)

Other bacterial polysaccharide gums used in the food industry are xantan gum from Xantomonas
campestris [136], alginates from Pseudomonas aeruginosa [137] and Azobacter vinelandii and gellan gum
from Sphingomonas paucimobilis [138]. Acetylation at position 6 of mannose and the presence of glucose
snd glucuronic acid are the only structural similarities of the xantan and aeromonas gums. Gellan
gum also has the sugars glucose and glucuronic acid, although the O-acetylation at position 6 is on a
glucose residue [139].

2.7. Genus Idiomarina

The bacterial strain KMM 231T was isolated from a seawater sample taken at a depth of 4000 m
from the northwestern Pacific Ocean. This deep-sea strain was found to be Gram-negative, halotrophic,
psychrotolerant, heterotrophic and strictly aerobic. On the basis of polyphasic evidence, it was
proposed that strain KMM 231 be classified in the new genus, Idiomarina gen. nov., as a representative
of Idiomarina zobellii sp. nov. [140].

The O-polysaccharide was obtained by mild base degradation of the lipopolysaccharide. The
following structure of the O-polysaccharide was elucidated by 1H and 13C NMR spectroscopy of the
oligosaccharide and base-degraded lipopolysaccharide, including COSY, TOCSY, ROESY, 1H, 13C
HSQC, HSQC-TOCSY and HMBC experiments (36) [141]:
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→ 3)-α-D-Quip4N-(1 → 4)-α-D-GlcpA-(1 → 6)-α-D-GlcpNAc-(1 → 4)-α-L-GulcpNA-(1 → 3)-α-D-
FucpNAc-(1 →

(36)
Mild acid degradation of the lipopolysaccharide yielded an oligosaccharide, which represents one
repeating unit of the O-polysaccharide (37):

α-D-Quip4N-(1 → 4)-α-D-GlcpA-(1 → 6)-α-D-GlcpNAc-(1 → 4)-α-L-GulcpNA-(1 → 3)-α-D-
FucpNAc

(37)
The O-polysaccharide is distinguished by the presence of two unusual amino sugars,
4-amino-4,6-dideoxy-D-glucose (D-Qui4N) and 2-amino-2-deoxy-L-guluronic acid (L-GulNA), both
having the free amino group. The unexpectedly high acid lability of the glycosidic linkage of
2-acetamido-2,6-dideoxy-D-galactose (D-FucNAc) could be associated with the presence of a free amino
group adjacent to the site of attachment of FucNAc to Qui4N. 2-amino-2-deoxy-L-guluronic acid, which
has been previously found in nature only in a few bacterial glycopolymers, including the acidic capsular
polysaccharides of Vibrio parahaemolyticus K15 [142] and the marine bacteria bacteria Pseudoalteromonas
nigrifaciens KMM 158 [32] and KMM 161 [143], as well as in the cell wall of Halococcus sp. strain
24 [144]. Another rare component of the O-polysaccharide, 4-amino-4,6-dideoxy-D-glucose, has not
been discovered previously with the free amino group but rather carrying various N-acyl substituents,
including formyl [145], acetyl [146], N-acetylglycyl [147], N-[(R)-3-hydroxybutyryl]-L-alanyl [148] and
other groups.

3. Structure of Carbohydrate Antigens of Cytophaga-Flavobacterium-Flexibacter Phylum

3.1. Genus Flexibacter

The Cytophaga-Flavobacterium-Flexibacter bacteria are represented by a large, somewhat
heterogeneous group of filamentous, gliding, Gram-negative bacteria with unusual surface
properties [149]. At least seven members of this group are considered to be important fish pathogens.
They infect a wide variety of fish species and usually form biofilms, primarily on the tissues associated
with the oral cavity. Among these, Flexibacter maritimus has recently emerged as a cause of widespread
severe mortality and economic losses in farmed marine species worldwide [150].

Flexibacter maritimus, a long rod-shaped, Gram-negative bacterium, has been associated with
disease (Flexibacteriosis) in a number of fish species [151] and its economic importance has been
related to a cause of cutaneous erosion disease particularly in sea-caged salmonids. In grouper,
Flexibacter maritimus causes “red boil” disease [152] related to its clinical signs of reduced scales
and severe hemorrhage on the body surface, resembling boiled skin and causing a high mortality
rate. No effective vaccine has been developed against this pathogen. A clearer definition of the
relevant immunoreactive macromolecules of these bacterial fish pathogens is fundamentally important
particularly with regard to the mechanisms of pathogenesis and the role of infective biofilms. This
information is important for the development of appropriate immunochemical reagents to facilitate
speciation and the design of cost-effective, efficacious vaccines. Lipopolysaccharides (LPS, endotoxins)
play a role in the pathogenesis of Gram-negative infections and the structural analysis of their antigenic
O-polysaccharide (O-PS) components is important in providing a molecular level understanding
of their serological specificities, role in pathogenesis, development of diagnostic agents, and the
production of O-PS based conjugate vaccines.

An acidic O-specific polysaccharide, obtained by mild acid degradation of the
Flexibacter maritimus LPS was found to be composed of a disaccharide repeating unit built
of 2-acetamido-3-O-acetyl-4- [(S)-2-hydroxyglutar-5-ylamido]-2,4,6-trideoxy-β-glucose and
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5-acetamido-7-[(S)-3-hydroxybutyramido]-8-amino-3,5,7,8,9-pentadeoxynonulopyranosonic acid (Sug)
having the structure (Figure 2) [153].

 

Figure 2. LPS structure of Flexibacter maritimus [153]. Reproduced with permission
from Wiley-Blackwell.

This O-PS contained a new nonulosonic acid derivative, 5-(3-hydroxybutyramido)-7-acetamido-8-
amino-3,5,7,8,9-pentadeoxy-β-manno-nonulopyranosonic acid, with as yet undetermined configuration
at C-8 and tentatively assigned the L-absolute configuration. Moreover, it contains a linkage involving
a R-2-hydroxyglutaric acid residue reported for the first time as a bacterial polysaccharide component.
A similar component, O-glycosylated amide linked R-malic acid was reported as a component of the
O-PS from another fish pathogen Flavobacterium psychrophilum [154].

3.2. Genus Flavobacterium

The genus Flavobacterium includes more than 60 validly described species, isolated from various
sources [155]. The pathogenesis of infection with Flavobacterium spp. is not well understood; in humans,
however, they cause neonatal meningitis, catheter-associated bacteremia, and pneumonia, and have
also been associated with some cases of HIV disease [156]. Flavobacterium spp. are also characterized
by an unusual pattern of antibiotic sensitivity, being resistant to several antimicrobials effective against
Gram-negative rods.

Flavobacterium psychrophilum (syn. Cytophaga psychrophilia, Flexibacter psychrophilus) is the
etiological agent of rainbow trout fry syndrome (RTFS) and bacterial cold water disease, septicemic
infections that can cause significant early losses in hatchery-reared salmonids, particularly Rainbow
trout (Oncorhynchus mykiss) in Europe, and coho salmon (Oncorhynchus kisutch) in North America. In
the past decade, Flexibacter psychrophilum has emerged as a causative agent of severe rainbow trout fry
mortality in Europe (RTFS) and is now known to affect salmonids worldwide [157]. The molecular
pathogenesis of Flexibacter psychrophilum is primarily limited to their exotoxins and plasmids [158].
No vaccine is commercially available for RTFS control and the development of effective, inexpensive,
easily administered vaccines and specific diagnostics have become an important goal to reduce losses
that occur in immature salmonids. Following a study to differentiate Flexibacter psychrophilum from
other closely related bacteria using both randomly amplified polymorphic (RAPD)-PCR and polyclonal
antibodies, several immunogenic cell surface molecules, including lipopolysaccharides (LPS) that may
be involved in pathogenesis were identified as potential vaccine candidates [159]. Recently, several
Flexibacter psychrophilum surface molecules, including lipopolysaccharide (LPS), have been implicated
in its pathogenesis and identified as potential vaccine and diagnostic candidate macromolecules.

The structure of the antigenic O-polysaccharide contained in the LPS of Flexibacter psychrophilum
strain 259-93 was deduced by the application of analytical NMR spectroscopy, mass spectrometry,
glycose and methylation analysis, and partial hydrolysis degradations, and was found to be an
unbranched polymer of trisaccharide repeating units composed of L-rhamnose (L-Rhap), 2-acetamido-
2-deoxy-L-fucose (L-FucpNAc) and 2-acetamido-4-((3S,5S)-3,5-dihydroxyhexanamido)-2,4-dideoxy-
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D-quinovose (D-Quip2NAc4NR, 2-N-acetyl-4-N-((3S,5S)-3,5-dihydroxyhexanoyl)-D-bacillosamine)
(1:1:1) (38) [154]:

→ 4)-α-L-FucpNAc-(1 → 3)-α-D-Quip2NAc4NR-(1 → 2)-α-L-Rhap-(1 →
where R is (3S, 5S)-CH3-CH(OH)-CH2-CH(OH)-CO-

(38)

The occurrence of N-acyl derivatives of 2,4-diamino-2,4-dideoxy-D-quinovose (bacillosamine) in
bacterial glycans is not unusual. The glycose has been demonstrated to be a constituent of the
O-antigens of Fusobacterium necrophorum [160], Pseudomonas aurantiaca IMB 31 [161], Vibrio cholerae
O:3 and O:5 [162,163], Pseudomonas aeruginosa [164], and also in the capsular polysaccharide of
Alteromonas sp. CMM 155 [31] and a polysaccharide component of Bacillus licheniformis [165]. It
is of interest that the parent 2,4-diamino-2,4-dideoxy-D-quinovose residue present in the backbone
chain of the O-PS of V. cholerae O:3 LPS [162], shown below, was acylated at the amino group at C-4
by a 3,5-dihydroxyhexanoyl group of undetermined configuration. (3S,5S)-Dihydroxyhexanoic acid
has been found in berries of Sorbus aucuparia as the β-D-glucopyranoside of its D-lactone [166]. The
3,5-dihydroxyhexanoic acid in the O-PS of Flexibacter psychrophilum has the same configuration.

Flavobacterium columnare, formerly referred to as Flexibacter columnaris or Cytophaga
columnaris [155], is a Gram-negative bacterium which causes columnaris disease in warm water
fish, a disease that is the second leading cause of mortality in pond raised catfish in the south-eastern
United States.

The virulence factors of Flavobacterium columnare are relatively unknown, but it has been
suggested that, in pathogenesis, adhesion of the bacterium may be related to its surface polysaccharide
constituents [167]. This investigation was directed towards characterization of the lipopolysaccharide
(LPS) and putative capsule produced by the bacterium, as a first step in identifying their possible role
in pathogenesis in fish. In addition, it was considered that characterization of the LPS O-polysaccharide
(O-PS) antigen would provide a structural knowledge basis for the development of a specific antibody
diagnostic agent and possible target molecules for a conjugate based vaccine.

The structure of the antigenic O-chain polysaccharide of Flavobacterium columnare ATCC
43622, a Gram-negative bacterium that causes columnaris disease in warmwater fish, was
determined by high-field 1D and 2D NMR techniques, MS, and chemical analyses. The O-chain
was shown to be an unbranched linear polymer of a trisaccharide repeating unit composed
of 2-acetamido-2-deoxy-Dglucuronic acid (D-GlcNAcA), 2-acetamidino-2,6-dideoxy-L-galactose
(L-FucNAm) and 2-acetamido- 2,6-dideoxy-D-xylo-hexos-4-ulose (D-Sug) (1:1:1) (39) [52]:

 (39)

It is interesting to note that O3-linked D-Sug was found to be a component of the O-PS of the
fish pathogen Vibrio ordalii serotype O:2 [113], which is the cause of vibriosis among feral and farmed
fish and shellfish. The only other reported bacterial source of this glycose is the specific CPS of
Streptococcus pneumoniae type 5 [50]. However, in the latter polysaccharides, the glycose is found in its
β-D-configuration in contrast with the α-D-configuration found in the F. columnare O-PS. In agreement
with previous studies, we also found that the presence of this 4-ketoglycose in the polymeric structure
rendered the O-PS unstable under alkaline conditions and even prolonged storage in aqueous solutions
at pH 7. A similar result was found in a study of forbeside C, a saponin of Asterias forbesi [55], which
also has a component D-Sug residue.
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3.3. Genus Cellulophaga

The genus Cellulophaga belongs to the family Flavobacteriaceae of the phylum Bacteroidetes. It was
created to accommodate the heterotrophic aerobic Gram-negative yellow/orange pigmented gliding
and agarolytic bacteria of marine origin. Currently this genus comprises six validly described species: C.
algicola, C. baltica, C. fucicola, C. lytica, C. pacifica and C. tyrosinoxydans [19]. Data on the O-polysaccharide
structure of Cellulophaga were reported only for C. baltica [168] and C. fucicola [169] strain NN015860T

isolated from brown alga Fucus serratus L., which inhabits the North Sea, Atlantic Ocean.
The O-polysaccharide was isolated from the lipopolysaccharide of Cellulophaga fucicola and

studied by chemical analyses along with 1H and 13C NMR spectroscopy. The following new structure
of the O-polysaccharide of C. fucicola containing 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-Lmanno-
non-2-ulosonic acid residue (pseudaminic acid, Psep) was elucidated as the following (40):

→ 4)-β-D-Galp-(1 → 4)-β-D-Glcp-(1 → 4)-β-Pse-(2 → (40)

From the chemical and NMR spectroscopy data it was shown that the repeating unit of this
PS from the LPS of C. baltica constructed in tetrasaccaride units, containing two D-mannose,
2-acetamido-2-deoxy-D-glucose and D-glucuronic acid residues, and non-stoichiometric quantity
of the O-acetyl groups (41):

(41)

The influence of the O-acetyl group on the distal sugar residues in the repeating unit was shown.

4. Structure of Carbohydrate Antigens of Alphaproteobacteria

4.1. Genus Sulfitobacter

The genus Sulfitobacter was established in 1995 for marine gram-negative heterotrophic bacteria
isolated from the H2S/O2 zone of the Black Sea and includes 10 validly described species. These
microorganisms belongs phylogenetically to the cluster Roseobacter-Ruegeria-Sulfitobacter of class
Alphaproteobacteria [19].

The microorganism Sulfitobacter brevis KMM 6006 was isolated from the bottom sediments in
Chazma Bay (Sea of Japan). The glycopolymer was isolated from this strain was obtained and
found to be teichoic acid containing ribitol, glycerine, and N-acetyl-D-glucosamine. The polymeric
chain was built up of alternating 1,5-poly(4-N-acetyl-β-D-glucosaminylribitophosphate) and 1,3-poly
(glycerophosphate) based on 13C and 31P NMR spectroscopy of the native polymer and the glycoside
obtained by its dephosphorylation (42) [170]:

 (42)
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4.2. Genus Loktanella

Loktanella rosea, a marine Gram-negative bacterium isolated from sediments of Chazma Bay, Sea
of Japan [171]. L. rosea is a species nova that belongs to the genus Loktanella, which was created in 2004
in order to classify some new heterotrophic Alphaproteobacteria collected from Antartic lakes. L. rosea
is a mesophilic and chemo-organotroph bacterium with a respiratory metabolism whose growth needs
a medium with 1–12% of NaCl.

The LPS from L. rosea has been defined through sugar analysis, 2D nuclear magnetic resonance
(NMR) and matrix-assisted laser desorption ionization (MALDI) mass spectrometry investigation.
A unique highly negatively charged carbohydrate backbone has been identified. The lipid A skeleton
lacks the typical phosphate groups and is characterized by two β-GlcNs and an α-galacturonic acid
(GalA). This was the first example of a lipid A saccharide backbone in which the α-GlcN-phosphate
residue is replaced by a β-GlcN-(1→1)-α-GalA in a mixed trehaloselike linkage (Figure 3).

 

Figure 3. Carbohydrate structure of Loktanella rosea [172]. Reproduced with permission from Oxford
Univeristy Press.

The core region is built up of three ulosonic acids, with two 3-deoxy-D-manno-oct-2-ulosonic acid
residues, one of which is carrying a neuraminic acid (Neu). The overall carbohydrate structure is an
exceptional variation from the typical architectural skeleton of endotoxins and also implies a very
different biosynthesis (43) [172].

 (43)

The lipooligosaccharide (LOS) was found to be characterized by a novel and unique
hexasaccharide skeleton comprising: (i) a very small core region exclusively composed of ulosonic
sugars and containing an Neu attached to a Kdo unit: α-Neu-(2→8)[α-D-Kdo-(2→4)]-α-D-Kdo-(2→
and; (ii) an exceptional lipid A backbone: β-D-GlcN-(1→6)-β-D-GlcN-(1→1)-α-D-GalA in which
both GlcN residues were present with a β-anomeric configuration. Moreover, it lacked the classical
phosphate residues at O-4′ and O-1, this latter was replaced by an α-GalA linked in a mixed
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trehalose-like linkage. To the best of our knowledge, this kind of glycosydic linkage was never
found in biomolecules; its presence obviously implies profound biosynthetic differences from the
canonical LPS lipid A pathway [173].

5. Conclusions

There is an extensive diversity between the chemical structures of the carbohydrate antigens
from the different marine bacteria reviewed here. These polymers provide a rich source of
uncommon monosaccharides, including higher sugars, and their derivatives having various
non-sugar substituents.

In contrast to all LPS structures known to date, LPSs of the Shewanella genus contain a novel linking
unit between the core polysaccharide and lipid A moieties, namely 8-amino-3,8-dideoxy-Dmanno-
octulosonic acid (Kdo8N). The lipooligosaccharide (LOS) from Loktanella rosea is characterized by a
novel and unique hexasaccharide skeleton among the known LOS structures.

This chemical structural information of carbohydrate-containing biopolymers may be useful in
classification of Gram-negative marine bacteria and elaborating the current concepts regarding the
organization and mechanisms of functioning of their cell wall.
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D-GlcpNAcylA-2-acetamido-3-(N-malyl)amino-2,3-dideoxy-D-glucuronic acid [48]
L-GlcpNmalylA-2-acetamido-3-(N-malyl)amino-2,3-dideoxy-L-glucuronic acid [52]
D-Sug-2-acetamido-2,6-dideoxy-D-xylo-hexos-4-ulose [52]
D-GlcpNAc3NacylAN-2-acetamido-3-acylamino-2,3-dideoxy-D-glucuronamide [53]
4-D-malyl (~30%) or 2-O-acetyl-4-D-malyl (~70%) [53]
L-GalpNAmA-2-acetimidoylamino-2-deoxy-L-galacturonic acid [53]
D-QuipNAc-2-acetamido-2,6-dideoxy-D-glucose [53]
D-GlcN3NA-2,3-diamino-2,3-dideoxy-D-glucuronic acid [54]
6d-β-D-Hepp-6-deoxy-β-D-manno-heptopyranose [71]
D-Qui3NAcyl-3-amino-3,6-dideoxy-D-glucose acylated with 3-hydroxy-2,3-dimethyl-5-

oxopyrrolidine- 2-carboxylic acid [72]
L-PneNAc4OAc-2-acetamido-4-O-acetyl-2,6-dideoxy-L-talose [73]
Hb-(S)-3-hydroxybutanoyl [73]
D-Glcp-NAc3NRA-2-acetamido-3-[(D-3-hydroxybutyl)]amido-2,3-dideoxy-D-glucuronic acid [74]
L-FucpAm3OAc-2-acetimidoylamino-3-O-acetyl-2,3-dideoxy-L-fucose [74]
L-AltNAcA-2-acetamido-2-deoxy-L-altruronic acid [85]
4eLeg5Ac7Ac-5,7-diacetamido-3,5,7,9-tetradeoxy-D-glycero-D-talo-non-2-ulosonic acid [95]
D-Qui3NAlaNAc-3-[(N-acetyl-L-alanyl)amido]-3,6-dideoxy-D-glucose [108]
Col-3,6-dideoxy-L-xylo-hexose (colitose) [115]
D-Qui4N-4-amino-4,6-dideoxy-D-glucose [141]
L-GulNA-2-amino-2-deoxy-L-guluronic acid [141]
D-Qui2NAc4NR-2-acetamido-4-((3S,5S)-3,5-dihydroxyhexanamido)-2,4-dideoxy-D-quinovose [154]
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Pse (pseudaminic acid)-5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-L-manno-non-2-ulosonic
acid [169]

Neu (neuraminic acid)-5-amino-3,5-dideoxy-D-glycero-D-galacto-non-2-ulosonic acid [172]
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