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ABSTRACT

Lipopolysaccharide, a potent activator of the immune system, elicits the production of pro-inflammatory
mediators in immunocytes. Toll-like receptor 4 (TLR4) and myeloid differentiation factor (MD) 2 receptor
complex is required for recognition and signaling of LPS. Previous study suggested water soluble chitosan
decreased secretion of pro-inflammatory cytokines TNF-a and IL-6. However, no studies have provided
direct target and molecular mechanism of anti-inflammatory effect of chitosan oligosaccharide on LPS-
stimulated cells. In this study, we found that chitosan oligosaccharides significantly inhibited binding

ﬁfgwords" of LPS to TLR4/MD-2 receptor complex, thus attenuated activation of mitogen-activated protein kinases
IL-18 (MAPKs) and decreased nuclear translocation of nuclear factor-«B (NF-kB). Finally, chitosan oligosac-
Chitosan oligosaccharides charides reduced the production of pro-inflammatory mediator, such as IL-13 and nitric oxide (NO) in
MAPKs LPS-stimulated RAW 264.7 cells. Therefore, chitosan oligosaccharides are potential inhibitive effector of
NF-kB LPS.

Binding © 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Bacterial lipopolysaccharide (LPS), one of the principal compo-
nents of the outer membrane of Gram-negative bacteria, has been
recognized as a key molecule in the pathogenesis of sepsis and sep-
tic shock. It is composed of O-antigen, core oligosaccharide and
lipid A. Monocytes, macrophages and other types of immune cells
can be activated by LPS, inducing secretion of TNF-a, IL-13, IL-6
and production of free radicals, such as nitric oxide (NO) and reac-
tive oxygen species (ROS) (Glauser, Zanetti, Baumgartner, & Cohen,
1991). Over-expression of these pro-inflammatory mediators may
result in fever, severe damage of tissues or septic shock (Parrillo,
1993). Toll-like receptor 4 (TLR4) and differentiation factor (MD) 2
form a functional complex in the recognition and signaling of LPS
(Park et al., 2009; Yamada et al., 2006; Yamazoe et al., 2008). The
most effective LPS-neutralized antibiotic, polymyxin B (PMB), can
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bind to the lipid A moiety, but is toxic when given systemically
(Moriyama et al., 2006).

Chitosan, an N-deacetylated derivative of chitin, is a naturally
abundant mucopolysaccharide which is distributed in the shell of
crustaceans, in the cuticle of insects and the cell walls of some fungi
and microorganisms (Park, Je, & Kim, 2003). Chitosan oligosac-
charides (COS) are oligosaccharides derived from degradation and
deacetylation of chitosan. They have a lower molecular weight, bet-
ter solubility and safety than chitosan. More and more studies have
demonstrated that COS have versatile biological functions, includ-
ing anti-tumor (Jeon & Kim, 2002; Wu, Yao, Bai, Du, & Lin, 2008;
Xu et al., 2007), anti-oxidation (Je, Park, & Kim, 2004; Liu et al.,
2009; Xing et al., 2005), and against bacterial infection (Fernandes
et al,, 2008; Hernandez-Lauzardo et al., 2008; Okawa et al., 1988;
Tikhonov et al., 2006). However, no studies have provided direct
target or molecular mechanism of biological functions of COS,
including the anti-inflammatory effect on LPS-stimulated cells.

Activation of mitogen-activated protein kinases (MAPKs) sig-
naling and nuclear translocation of NF-kB are two key pathways in
the LPS-induced signal transductions (Hsu & Wen, 2002; O’Sullivan,
Wang, & Redmond, 2009). While the extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 kinase are
three major kinases involve in MAPKs. Previous findings have
shown that inhibition of MAPKs and NF-kB prevented cytokine
production in LPS-stimulated cells (Scherle et al., 1998).
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In our report, we provided evidences that COS suppressed LPS
binding to TLR4/MD-2 receptor complex. Furthermore, it decreased
activation of MAPKs, nuclear translocation of NF-kB and reduced
the production of pro-inflammatory mediator IL-13 and NO in LPS-
stimulated inflammatory processes.

2. Materials and methods
2.1. Reagents

Chitosan oligosaccharides are products of our lab with 95% of
deacetylation, The weight percentages with DP (degree of polymer-
ization) 2-6 in the mixture of COS are 3.7%, 16.1%, 28.8%, 37.2% and
14.2% respectively, which have been described previously (Dou et
al,, 2007; Xu et al., 2007). Possible LPS contamination was excluded
using Tachypleus amebocyte lysate assay (obtained from Chinese
Horseshoe Crab Reagent Manufactory, CO., Ltd, Xiamen, China),
with the LPS concentration lower than 0.2 EU/mg. LPS (Escherichia
coli 055:B5), FITC-LPS (E. coli 055:B5), DAPI and polymyxin B (PMB)
were purchased from Sigma-Aldrich (St. Louis, MO). RPMI 1640
and fetal bovine serum were obtained from Invitrogen-Gibco. Rab-
bit anti ERK, p38, phospho-p38, JNK and phospho-]NK polyclonal
antibodies, were purchased from Cell Signaling Technology (Bev-
erly, MA). Mouse anti-phospho-ERK monoclonal antibody, rabbit
anti-NF-kB p50 polyclonal antibody, rhodamine-conjugated goat
anti-rabbit IgG, goat anti-rabbit IgG-HRP and goat anti-mouse IgG-
HRP were purchased from Santa Cruz (Santa Cruz, CA, USA).

2.2. Cell culture

Mouse macrophage cell line, RAW 264.7 was obtained from
Shanghai Institute of Cell Biology, Chinese Academy of Sci-
ences (Shanghai, China) and cultured in RPMI 1640 medium
supplemented with 10% heat-inactivated endotoxin free fetal
bovine serum, 2 mM L-glutamine, and 100 U/ml streptomycin and
100U/ml penicillin under a humidified 5% CO, atmosphere at
37°C. HEK 293T cell line was cultured in DMEM (Sigma) sup-
plemented with 10% heat-inactivated endotoxin free fetal bovine
serum, 100 U/ml streptomycin and 100 U/ml penicillin.

2.3. Tachypleus amebocyte lysate assay for measurement of LPS

A quantitative chromogenic tachypleus amebocyte lysate (TAL)
assay was performed for the determination of LPS-neutralizing
activities of COS. The concentrations of LPS were detected according
to the instructions provided by the manufacturer. In brief, 100 .l
standard samples of LPS or LPS mixed with COS were added in trip-
licate to 100 .l of TAL in a pyrogen-free tube. After incubation at
37°Cfor 8 min, 100 .l of prewarmed substrate solution was added,
followed with 100 w1 of stop buffer 6 min later. The absorbance was
measured at 545 nm. One nanogram of endotoxin is equivalent to
2.5 endotoxin units.

2.4. Plasmid construction and transfection

Full-length of MD-2 and TLR4 were amplified by PCR from
mouse bone marrow cDNA library (Clontech, San Diego, CA) and
inserted into pcDNA3 vector (Invitrogen). Both constructs were
confirmed by sequencing. All transfections were carried out using
LipofectAMINE2000 (Invitrogen) according to the manufacturer’s
instructions.

2.5. Flow cytometry analysis

For analysis the binding of FITC-conjugated LPS to RAW 264.7
cells, cells were harvested and re-suspended in RPMI 1640 medium

for the binding assay. Different concentrations of COS were pre-
pared in 20 .l PBS containing 10 j.g/ml FITC-conjugated LPS. After
15 minincubationat37 °C, cells were centrifuged and washed twice
in ice-cold PBS. HEK 293T cells were co-transfected with TLR4 and
mMD-2 plasmids, and cells transfected with empty vector served as
the control. Transfected cells were harvested 48 h later, incubated
with FITC-LPS or the FITC-LPS/COS mixture and then subjected to
FACS for analysis.

2.6. Western blot

RAW 264.7 cells were seeded at a density of 2 x 10° cells/well
in 6-well plates for 24 h, and treated with indicated reagents for
30 min. Cells were scraped from the plates into RIPA lysis buffer
with protease inhibitor and phosphatase inhibitor. After centrifuga-
tion the supernatant was harvested and the protein concentration
was determined by the bicinchoninic acid (BCA). Equal amounts
of 20 pg protein were separated by 10% SDS-PAGE and then trans-
ferred onto a PVDF membrane. The membrane was blocked of 5%
skim milk or 3% BSA in TBST for 2h at room temperature, and
then incubated for 2 h at room temperature with specific primary
antibody in incubation media. After being washed in TBST three
times, the membrane was incubated with HRP-conjugated sec-
ondary antibody for 1h at room temperature. Membrane-bound
HRP-labeled protein bands were monitored with enhanced chemi-
luminescent reagents and chemiluminescent signals were detected
using X-ray film.

2.7. Immunofluorescent staining

Immunofluorescent staining was performed to examine the NF-
kB intranuclear translocation in RAW 264.7 cells following LPS
stimulation. Briefly, RAW 264.7 cells (4 x 10%) cultured on glass
coverslips were plated into 24-well for 24 h, and then treated with
indicated reagents for 1 h. Upon the completion of drug treatment,
glass coverlips were washed with ice-cold PBS and fixed in 4%
paraformaldehyde at room temperature for 30 min, then incubated
with 0.3% Triton X-100 in PBS for 10 min. After washing, cover-
slips were blocked with 10% goat serum for 1 h, and then incubated
with the rabbit polyclonal antibody against NF-kB p50 overnight
at 4°C, followed with incubation with rhodamine-conjugated rab-
bit IgG for 1 h. After washing, coverslips were incubated with DAPI
at room temperature for 10 min. Finally, coverslips were washed
with PBS and mounted with aqueous mounting media. Fluores-
cence signals were analyzed by Fluoview microscopy (OLYM-PUS,
Japan). Nuclear stains were masked to measure the relative p50
mean fluorescence intensity (MFI) within the nuclei. Percentage of
nuclear NF-kB at least 70 cells from each experimental group was
analyzed by analysis of variance (ANOVA) using IPP 6.0 software.

2.8. RNA isolation and RT-PCR

RAW 264.7 cells were treated with indicated reagents for 6 h.
The cells were harvested and total RNA was isolated by TRIzol
according to the manufacturer’s instructions. For amplification of
IL-13, the following primers were used: IL-13 primer forward 5’
ATG GCA ACT GTT CCT GAA CTC 3’; reverse 5’ TTA GGA AGA CAC
AGA TTC CAT GG 3'. RT-PCR analysis was performed with RT Sys-
tem (TaKaRa), as described (Xu et al., 2007). Briefly, 2 g of total
RNA was performed with the following cycles: 30°C for 10 min,
42 °C for 30 min, 99 °C for 5 min. For PCR amplification, the follow-
ing conditions were used; 94°C for 30s (denaturation), 56 °C for
30 min (annealing) and 72°C for 1 min (extension) for 28 cycles.
The amplified PCR products were separated with 1.2% agarose gel,
and then stained with ethidium bromide.
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Fig. 1. LPS-neutralizing assay of COS in vitro. LPS (100 ng/ml) was incubated with
various concentrations of COS (0.1, 0.2 and 0.4 mM) at 37°C for 30 min, and then
was detected by TAL assay. The results were presented as mean +S.E.M. of data
from three independent experiments.

Fig. 2. Effect of COS on binding of FITC-LPS to RAW 264.7 cells. (A) Cells were incu-
bated with 10 pg/ml FITC-LPS in different concentrations of COS (0.2 and 0.4 mM) or
PMB (1 pg/ml). Background fluorescence is shown as a gray profile. The binding of
LPS to the cell surface was analyzed by FACS. (B) The results from FACS analysis are
expressed as mean fluorescence intensity (MFI) fold induction, calculated by divid-
ing the MFIvalues of stimulated cells with the values of control cells. The results were
presented as mean + S.E.M. of data from three independent experiments, *p <0.05,
*p<0.01.

2.9. Measurement for cytokine

RAW 264.7 cells were seeded at a density of 2 x 10° cells/well in
6-well plates and treated with indicated reagents for 4 h. Cells were
lysed by repeated freeze-thaw cycles. The concentration of intra-
cellular of pro-IL-13 was determined by ELISA (R&D, Minneapolis,
MN), following the manufacturer’s instructions.

2.10. NO estimation

NO,~ accumulation was used as an indicator of NO produc-
tion as previously described (Dou et al, 2007). Briefly, RAW
264.7 cells were plated at 2 x 10° cells/well and incubated with
indicated reagents at 37 °C for 6 h. Aliquot of the incubation super-
natant (50 1) was transferred to 96-well plates and nitrite was
determined spectrophotometrically using the Griess reagent (0.8%
sulfanilamide, 0.75% N-(naphthyethylene)diamine in 0.5 M HCI) by
mixing a 100 pl of the Griess reagent. After 15 min incubation at
room temperature, the nitrite concentrations were measured at
540 nm using a microplate reader.

2.11. Statistic analysis

Statistical evaluation was carried out using SPSS 10.0 package
(SPSS Inc., Chicago, IL, USA). Data were expressed as mean + S.E.M.
of at least three independent experiments. ANOVA and Student’s
t-test were performed to determine statistical significance. Differ-

Fig. 3. Effect of COS on binding of FITC-LPS to HEK 293T. (A) HEK 293T cells were
transiently co-transfected with TLR4 and MD-2 constructs 48 h later, then cells were
collected, washed and incubated with 10 g/ml FITC-LPS in the absence (thick lines,
black) or presence (thin line) of COS (0.2 and 0.4 mM) or PMB (1 pwg/ml) and ana-
lyzed by FACS. Cells transfected with pcDNA3 empty vector alone served as the
background control. (B) The results from FACS analysis are expressed as mean flu-
orescence intensity (MFI) fold induction, calculated by dividing the MFI values of
stimulated cells with the values of control cells. The results were presented as
mean + S.E.M. of data from three independent experiments, *p <0.05, **p<0.01.
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ences between groups were considered to be significant at p-values
<0.05.

3. Results
3.1. LPS-neutralizing assay of COS in vitro

Previous reports have introduced several LPS antagonists
(Iwagaki, Porro, & Pollack, 2000; Liu et al., 2005; Yamada et al.,
2006). The most potent antagonist is PMB, a cationic, cyclic peptide
antibiotic that inhibits biological activities of LPS through a high-
affinity binding to the lipid A moiety (Iwagaki et al., 2000). Since
PMB and COS both carry cationic charge, we first hypothesize that
COS could neutralize LPS in the same way. In an attempt to inves-
tigate whether COS could inhibit the biological activities of LPS, we
examined LPS-neutralizing effect of COS by Tachypleus amebocyte
lysate (TAL) assay, which is an extremely sensitive indicator to test
the presence of free, non-neutralized LPS. However, results indi-
cated that COS did not inhibit the procoagulant activity of LPS as
PMB, suggesting that COS did not neutralize biological activity of
LPS (Fig. 1).

3.2. Effect of COS on binding of FITC-LPS to RAW 264.7
macrophages

Previous studies have shown that recognition of LPS by immune
cells depends upon the proper function of the TLR4/MD-2 recep-
tor complex (Kim, Park, et al., 2007; Park et al., 2009), which is
expressed mainly on monocyte and macrophages (Lin et al., 2008;
Nagaoka et al., 2001). We therefore employed different kinds of
cells to detect whether COS could interfere with LPS binding to cell
surface by flow cytometry. Mouse macrophage cells RAW 264.7,
were incubated with 10 ug/ml FITC-conjugated LPS. Cells with
unlabeled LPS served as background control. FITC-LPS obviously
bound to cells compared with control. However, additional admin-

istration of COS strongly inhibited the binding of FITC-LPS to RAW
264.7 cells (Fig. 2). Similar results were also obtained from primary
CD14* monocyte and peritoneal macrophage (data not shown).

3.3. Effect of COS on binding of FITC-LPS to HEK 293T which
transiently co-transfected with TLR4 and MD-2 constructs

To further investigate COS interfere with LPS binding to receptor
complex, HEK 293T cells were transiently co-transfected with TLR4
and MD-2 constructs. As shown in Fig. 3, FITC-conjugated LPS obvi-
ously bound to TLR4/MD-2 co-transfected HEK 293T cells compared
with cells transfected with empty vector. Consistent with above
observation, the binding of FITC-conjugated LPS was also inhibited
by the presence of COS.

3.4. Effect of COS on LPS-induced MAPKs pathway activation

To further verify the nature of COS as a partial antagonist, we
analyzed the activation of MAPKs signaling and the nuclear translo-
cation of NF-kB which are critically responsible for LPS-induced
inflammatory reaction. The extracellular signal-regulated kinase
(ERK), c-Jun N-terminal kinase (JNK) and p38 kinase are three major
kinases in LPS-initiated MAPKSs pathways. Treatment of PMB served
as the positive control. As shown in Fig. 4, we found that COS sup-
pressed LPS-induced phosphorylation of ERK, JNK and p38 MAPK
in a dose-dependent manner, which was consistent with above
observations.

3.5. Effect of COS on LPS-induced nuclear translocation of NF-xB

To confirm that the inhibitory effects of COS on LPS-induced
signaling, we next investigated whether COS regulate activation of
NF-kB by LPS. As shown in Fig. 5, the nuclear translocation of NF-kB
(p50) was also partly inhibited by COS administration.

Fig. 4. Effect of COS on ERK, p38 and JNK signaling transduction in RAW 264.7 cells. (A) The cells were stimulated with LPS (100 ng/ml) alone or together with COS (0.1, 0.2
and 0.4 mM) at 37°C for 30 min, LPS containing PMB (100 ng/ml) as a positive control. Protein samples were analyzed by western blot with phosphor-specific antibodies.
The total ERK, p38 and JNK levels were used as an internal control. (B) The phosphorylation of ERK, p38 and JNK were quantified using an image analyzer. The results were
presented as mean £ S.E.M. of data from three independent experiments, *p <0.05, **p<0.01.
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Fig. 5. Immunofluorescent staining assays for COS on intranuclear transloca-
tion of NF-kB in LPS-induced RAW 264.7 cells. (A) Cells were cultured for 1h,
fixed, permeabilized, and incubated with rabbit anti-p50 antibody followed by
rhodamine-conjugated goat anti-rabbit IgG (red). The nuclei were visualized by DAPI
staining (blue). (B) Percentage of nuclear NF-kB at least 70 cells from each experi-
mental group was analyzed by analysis of variance (ANOVA) using IPP 6.0 software,
*p<0.05. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of the article.)

3.6. Effect of COS on LPS-induced inflammatory mediators
production in vitro

LPS stimulates macrophages to release inflammatory mediators.
IL-1( is one of essential cytokines for mediating the pathogenesis
of many inflammatory processes (Hsu & Wen, 2002; Scherle et al.,
1998). RAW 264.7 cells were treated with LPS in the presence or
absence of COS to assess the effect of COS on LPS-induced produc-
tion of IL-1[3. RT-PCR results showed that LPS induced significant
increase in the IL-1(3 mRNA expression, in a dose-dependent man-
ner (Fig. 6A). In accordance with this, ELISA analysis of pro-IL-1(3
production showed similar results (Fig. 6B).

As a strong activator of immune systems, LPS induce a large
amount of NO production (Kim, Yoon, et al., 2007; Tsao et
al., 2005). However, overproduction of NO can be oxidized to

reactive nitrogen species that disrupt normal cell signaling and
cause uncontrolled systemic inflammations (Kim, Johnson, Shin, &
Sharma, 2004). In order to investigate the effect of COS on the pro-
duction of NO after LPS stimulation, RAW 264.7 cells were treated
with LPS alone or together with COS (Fig. 6C). The production of NO
was increased by LPS and recovered by additional administration
of COS, still in a dose-dependent manner.

4. Discussion

Our previous studies have shown that COS had pro-apoptotic
effect on neutrophils from glycogen-induced peritonitis mice
model (Dou et al., 2009). Besides, we found that COS possess
anti-angiogenic activity (Wu et al., 2008), which might relate to
anti-inflammatory effect of COS on different kinds of cells. In the
present study, we demonstrated that COS were able to attenuate
LPS-induced inflammation response in cells by suppressant LPS
binding to TLR4/MD-2 receptor complex. Furthermore, we exam-
ined the regulative effect of COS on activation of ERK, JNK, p38
MAPK and NF-kB signaling, which are well known to be involved
in the regulation of LPS-induced inflammatory cytokine produc-
tions (Emre et al., 2007; Guha & Mackman, 2001). As shown in
our experiments, the rapid phosphorylation of ERK, JNK and p38
MAPK induced by LPS in RAW 264.7 cells were significantly reduced
by COS treatment. The similar influence of COS shown in nuclear
translocation of NF-kB.

Several reports have described natural and synthetic inhibitors
of LPS-induced inflammatory responses (Gamal-Eldeen, Amer,
Helmy, Talaat, & Ragab, 2007; Liu et al., 2005; Tsao et al.,2005). Such
inhibitors could roughly be divided into two categories: receptor
antagonists and LPS-neutralizing molecules. The former includes
receptors monoclonal antibodies (Adachi et al., 1999) and cationic
peptides (Nagaoka et al., 2001), while the latter includes PMB and
synthetic peptides (Hwang et al., 2007; Lin et al., 2008). Chitosan, a
polysaccharide larger than COS, has been reported to interact with
LPS and produce a stable complex due to polycation and hydropho-
bic substituents (Davidova, Naberezhnykh, Yermak, Gorbach, &
Solov’eva, 2006; Davydova et al., 2008; Yermak et al., 2006). But
this interaction is much more weaker than PMB, and needs more
than 18 h to form the complex (Yermak et al., 2006), and water sol-
uble derivatives of chitosan with hydrophobic substituent and low
substitution extent of amino group have better activity to bind-
ing endotoxin (Naberezhnykh, Gorbach, Likhatskaya, Davidova, &
Solov’eva, 2008). In our study, through Tachypleus amebocyte lysate
assay, we found COS, the cationic oligosaccharides derivative from
chitosan, failed to neutralize biological activity of LPS. It is pos-
sibly due to less molecular weight, better soluble and less acyl
substituents. Then, we found that COS interfered with LPS binding
to TLR4/MD-2 receptor complex, however, this suppression was
not completely blocked. As we know, chitosan is polydisperse with
a mixture of chitosan oligomers of different molecular weights.
Several previous studies demonstrated the binding of chitosan
to immune cells via a variety of cell surface receptors including
macrophage mannose receptor (MR) (Han, Zhao, Yu, Feng, & Yu,
2005; Hsu, Tsai, Lee, & Huang, 2004), natural killer (NK) cells lectin
receptors NKR-P1A (Bezouska et al., 1997; Rohlenova, Ledvina,
Saman, & Bezouska, 2005), whether COS or which particular com-
ponent most effectively binding to TLR4/MD-2 receptor complex is
interesting and needs further investigation.

In addition to LPS binding, excessively generated ROS is another
possible regulatory mediator in inflammatory response. After expo-
sition to LPS, cells quickly generate ROS, which can be effectively
eliminated by the combined action of superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px) and other endogenous antioxi-
dant proteins (Nagai, Noguchi, Takeda, & Ichijo, 2007). Once the
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Fig. 6. Effect of COS on LPS-induced production of IL-1(3 and NO in RAW 264.7 cells. (A) Cells were treated with LPS (100 ng/ml) alone or together with COS (0.1, 0.2 and
0.4mM) for 6 h, total RNA was extracted and subjected to RT-PCR. (B) The intracellular pro-IL-1f3 after LPS-stimulated for 4 h was detected by ELISA assay, LPS containing
PMB (100 ng/ml) as a positive control. (C) NO in incubation supernatant was determined by Griess reagent. The results were presented as mean + S.E.M. of data from three

independent experiments, *p <0.05, **p<0.01.

generation of ROS exceeds the capacity of the antioxidant proteins,
cells would suffer from “oxidative stress”, which is known to be a
potential cause of many diseases such as neurodegenerative disor-
ders and cardiovascular diseases (Nagai et al.,2007). Coincidentally,
Our previous studies have shown that COS can effectively protect
cells against oxidative stress, and restored the activities of endoge-
nous SOD and GSH-Px in hydrogen peroxide-induced stress injury
(Liu et al., 2009), which might also be involved in the control of
inflammatory reaction.

Many studies have shown that COS and its derivatives have
potent antibacterial activity in vitro (Fernandes et al., 2008). Our
research shows that COS is a potential effective inhibitor of LPS.
However, future studies should focus on how to improve the
inhibition effect of COS or derivatives on LPS binding to TLR4/MD-
2 receptor complex. Our results suggest that COS attenuated
LPS-induced signals and inflammatory mediator production of
macrophages providing a therapeutic strategy for concurrent mul-
tiorgan septic damage.

In conclusion, our findings clearly showed that COS can be
potential inhibitive effector of LPS, decreasing LPS-induced produc-
tion of inflammatory reaction and signaling through significantly
inhibiting the binding of LPS to TLR4/MD-2 receptor complex.

Acknowledgements

This work was supported by National Programs for High Tech-
nology Research and Development (863 Programs, 2006AA100313
and 2007AA10Z343).

References

Adachi, Y., Satokawa, C., Saeki, M., Ohno, N., Tamura, H., Tanaka, S., et al. (1999). Inhi-
bition by a CD14 monoclonal antibody of lipopolysaccharide binding to murine
macrophages. Journal of Endotoxin Research, 5(3), 139-146.

Bezouska, K., Sklenar, J., Dvorakova, J., Havlicek, V., Pospisil, M., Thiem, J., et al. (1997).
NKR-P1A protein, an activating receptor of rat natural killer cells, binds to the
chitobiose core of incompletely glycosylated N-linked glycans, and to linear
chitooligomers. Biochemical and Biophysical Research Communications, 238(1),
149-153.

Davidova, V. N., Naberezhnykh, G. A., Yermak, I. M., Gorbach, V. I, & Solov’eva, T. F.
(2006). Determination of binding constants of lipopolysaccharides of different
structure with chitosan. Biochemistry (Mosc), 71(3), 332-339.

Davydova, V. N., Bratskaya, S. Y., Gorbach, V. L, Solov'eva, T. F., Kaca, W., & Yermak,
I. M. (2008). Comparative study of electrokinetic potentials and binding affinity
of lipopolysaccharides-chitosan complexes. Biophysical Chemistry, 136(1), 1-6.

Dou, J., Tan, C,, Dy, Y., Bai, X,, Wang, K., & Ma, X. (2007). Effects of chitooligosaccha-
rides on rabbit neutrophils in vitro. Carbohydrate Polymers, 69(2), 209-213.

Dou, J., Xu, Q., Tan, C,, Wang, W., Du, Y., Bai, X,, et al. (2009). Effects of chitosan
oligosaccharides on neutrophils from glycogen-induced peritonitis mice model.
Carbohydrate Polymers, 75(1), 119-124.

Emre, Y., Hurtaud, C., Nubel, T., Criscuolo, F., Ricquier, D., & Cassard-Doulcier, A. M.
(2007). Mitochondria contribute to LPS-induced MAPK activation via uncoupling
protein UCP2 in macrophages. Biochemical Journal, 402,271-278.

Fernandes, J. C., Tavaria, F. K., Soares, J. C., Ramos, O. S., Joao Monteiro, M., Pintado,
M. E,, et al. (2008). Antimicrobial effects of chitosans and chitooligosaccharides,
upon Staphylococcus aureus and Escherichia coli, in food model systems. Food
Microbiology, 25(7), 922-928.

Gamal-Eldeen, A. M., Amer, H., Helmy, W. A, Talaat, R. M., & Ragab, H.
(2007). Chemically-modified polysaccharide extract derived from Leucaena
leucocephala alters RAW 264.7 murine macrophage functions. International
Immunopharmacology, 7(6), 871-878.

Glauser, M. P., Zanetti, G., Baumgartner, J. D., & Cohen, J. (1991). Septic shock: Patho-
genesis. The Lancet, 338(8769), 732-736.

Guha, M., & Mackman, N. (2001). LPS induction of gene expression in human mono-
cytes. Cell Signal, 13(2), 85-94.

Han, Y. P., Zhao, L. H,, Yu, Z. J., Feng, J., & Yu, Q. Q. (2005). Role of mannose recep-
tor in oligochitosan-mediated stimulation of macrophage function. International
Immunopharmacology, 5(10), 1533-1542.

Hernandez-Lauzardo, A. N., Bautista-Banos, S., Velazquez-del Valle, M. G., Mendez-
Montealvo, M. G., Sanchez-Rivera, M. M., & Bello-Perez, L. A. (2008). Antifungal
effects of chitosan with different molecular weights on in vitro develop-
ment of Rhizopus stolonifer (Ehrenb.:Fr.) Vuill. Carbohydrate Polymers, 73(4),
541-547.

Hsu, H.-Y., & Wen, M.-H. (2002). Lipopolysaccharide-mediated reactive oxygen
species and signal transduction in the regulation of interleukin-1 gene expres-
sion. Journal of Biological Chemistry, 277(25), 22131-22139.

Hsuy, S. C,, Tsai, T. H., Lee, Y. C., & Huang, S. K. (2004). In vitro assessment of nanopar-
ticle design for targeting and modulating dendritic cells (DCs). Journal of Allergy
and Clinical Immunology, 113(2, Suppl. 1), S213.



Y. Qiao et al. / Carbohydrate Polymers 82 (2010) 405-411 411

Hwang, Y.-H., Park, B.-K,, Lim, ].-H., Kim, M.-S., Park, S.-C., Hwang, M.-H., et al. (2007).
Lipopolysaccharide-binding and neutralizing activities of surfactin C in exper-
imental models of septic shock. European Journal of Pharmacology, 556(1-3),
166-171.

Iwagaki, A., Porro, M., & Pollack, M. (2000). Influence of synthetic antiendotoxin pep-
tides on lipopolysaccharide (LPS) recognition and LPS-induced proinflammatory
cytokine responses by cells expressing membrane-bound CD14. Infection and
Immunity, 68(3), 1655-1663.

Je, J. Y., Park, P. ], & Kim, S. K. (2004). Radical scavenging activity of hetero-
chitooligosaccharides. European Food Research and Technology, 219(1), 60-65.

Jeon, Y.-]., & Kim, S.-K. (2002). Antitumor activity of chitosan oligosaccharides pro-
duced in ultrafiltration membrane reactor system. Journal of Microbiology and
Biotechnology, 12(3), 503-507.

Kim, H.G.,Yoon, D.H.,Lee, W.H.,Han, S. K., Shrestha, B.,Kim, C. H., et al. (2007). Phelli-
nus linteus inhibits inflammatory mediators by suppressing redox-based NF-«kB
and MAPKs activation in lipopolysaccharide-induced RAW 264.7 macrophage.
Journal of Ethnopharmacology, 114(3), 307-315.

Kim, H. M., Park, B. S., Kim, ].-I,, Kim, S. E., Lee, ]., Oh, S. C,, et al. (2007). Crystal
structure of the TLR4-MD-2 complex with bound endotoxin antagonist eritoran.
Cell, 130(5), 906-917.

Kim, S. H., Johnson, V. ], Shin, T. Y., & Sharma, R. P. (2004). Selenium attenuates
lipopolysaccharide-induced oxidative stress responses through modulation of
p38 MAPK and NF-kB signaling pathways. Experimental Biology and Medicine,
229(2),203-213.

Lin, Q.-P.,Zhou, L.-F.,Li,N.-N., Chen, Y.-Q., Li, B.-C., Cai, Y.-F., et al. (2008). Lipopolysac-
charide neutralization by the antibacterial peptide CM4. European Journal of
Pharmacology, 596(1-3), 160-165.

Liu, D. X,, Zhang, D., Scafidi, J., Wu, X., Cramer, C. C., & Davis, A. E. (2005). C1 inhibitor
prevents Gram-negative bacterial lipopolysaccharide-induced vascular perme-
ability. Blood, 105(6), 2350-2355.

Liu, H.-T,, Li, W.-M,, Xu, G., Li, X.-Y., Bai, X.-F., Wei, P., et al. (2009). Chitosan oligosac-
charides attenuate hydrogen peroxide-induced stress injury in human umbilical
vein endothelial cells. Pharmacological Research, 59(3), 167-175.

Moriyama, N., Miyoshi, M., Imoto, T., Maruyama, M., Shido, O., & Watanabe, T. (2006).
Systemic administration of polymyxin B induces hypothermia in rats via an
inhibitory effect on metabolic rate. European Journal of Pharmacology, 541(1-2),
38-43.

Naberezhnykh, G. A., Gorbach, V. I, Likhatskaya, G. N., Davidova, V. N,, &
Solov’eva, T. F. (2008). Interaction of chitosans and their N-acylated derivatives
with lipopolysaccharide of gram-negative bacteria. Biochemistry (Mosc), 73(4),
432-441.

Nagai, H., Noguchi, T., Takeda, K., & Ichijo, H. (2007). Pathophysiological roles of
ASK1-MAP kinase signaling pathways. Journal of Biochemistry and Molecular
Biology, 40(1), 1-6.

Nagaoka, I, Hirota, S., Niyonsaba, F., Hirata, M., Adachi, Y., Tamura, H., et al.
(2001). Cathelicidin family of antibacterial peptides CAP18 and CAP11 inhibit
the expression of TNF-a by blocking the binding of LPS to CD14(+) cells. Journal
of Immunology, 167(6), 3329-3338.

O’Sullivan, A. W., Wang, J. H., & Redmond, H. P. (2009). NF-kB and p38 MAPK Inhibi-
tion Improve Survival in Endotoxin Shock and in a Cecal Ligation and Puncture

Model of Sepsis in Combination with Antibiotic Therapy. Journal of Surgical
Research, 152(1), 46-53.

Okawa, Y., Tokoro, A., Kobayashi, M., Suzuki, K., Suzuki, S., & Suzuki, M. (1988).
Protective effect of chitin, chitosan and their oligosaccharides against bacte-
rial infection in mice. International Journal of Immunopharmacology, 10(Suppl.
1),122.

Park, B. S., Song, D. H., Kim, H. M., Choi, B.-S., Lee, H., & Lee, ].-0. (2009). The struc-
tural basis of lipopolysaccharide recognition by the TLR4-MD-2 complex. Nature,
458(7242),1191-1195.

Park, P.-J., Je, J.-Y., & Kim, S.-K. (2003). Free radical scavenging activity of
chitooligosaccharides by electron spin resonance spectrometry. Journal of Agri-
cultural and Food Chemistry, 51(16), 4624-4627.

Parrillo, J. E. (1993). Pathogenetic mechanisms of septic shock. New England Journal
of Medicine, 328(20), 1471-1478.

Rohlenova, A., Ledvina, M., Saman, D., & Bezouska, K. (2005). Synthesis of lin-
ear and branched regioisomeric chitooligosaccharides as potential mimetics of
natural oligosaccharide ligands of natural killer cells NKR-p1 and CD69 lectin
receptors. Collection of Czechoslovak Chemical Communications, 69(9), 1781-
1804.

Scherle, P. A, Jones, E. A, Favata, M. F., Daulerio, A. ]., Covington, M. B., Nurn-
berg, S. A, et al. (1998). Inhibition of MAP kinase kinase prevents cytokine
and prostaglandin E-2 production in lipopolysaccharide-stimulated monocytes.
Journal of Immunology, 161(10), 5681-5686.

Tikhonov, V. E., Stepnova, E. A,, Babak, V. G., Yamskov, I. A., Palma-Guerrero, J., Jans-
son, H.-B.r., et al. (2006). Bactericidal and antifungal activities of a low molecular
weight chitosan and its N-/2(3)-(dodec-2-enyl)succinoyl/-derivatives. Carbohy-
drate Polymers, 64, 66-72.

Tsao, L. T,, Tsai, P. S., Lin, R. H., Huang, L. J., Kuo, S. C., & Wang, ]. P. (2005). Inhibition
of lipopolysaccharide-induced expression of inducible nitric oxide synthase by
phenolic (3E)-4-(2-hydroxyphenyl)but-3-en-2-one in RAW 264.7 macrophages.
Biochemical Pharmacology, 70(4), 618-626.

Wau, H,, Yao, Z, Bai, X, Du, Y., & Lin, B. (2008). Anti-angiogenic activities of chi-
tooligosaccharides. Carbohydrate Polymers, 73(1), 105-110.

Xing, R, Liy, S., Guo, Z., Yu, H., Wang, P., Li, C., et al. (2005). Relevance of molecular
weight of chitosan and its derivatives and their antioxidant activities in vitro.
Bioorganic & Medicinal Chemistry, 13(5), 1573-1577.

Xu, Q., Dou, J., Wei, P, Tan, C,, Yun, X., Wu, Y., et al. (2007). Chitooligosaccharides
induce apoptosis of human hepatocellular carcinoma cells via up-regulation of
Bax. Carbohydrate Polymers, 71(4), 509-514.

Yamada, C., Sano, H., Shimizu, T., Mitsuzawa, H., Nishitani, C., Himi, T., et al. (2006).
Surfactant protein A directly interacts with TLR4 and MD-2 and regulates inflam-
matory cellular response: Importance of supratrimeric oligomerization. Journal
of Biological Chemistry, 281(31),21771-21780.

Yamazoe, M., Nishitani, C.,, Takahashi, M., Katoh, T., Ariki, S., Shimizu, T., et
al. (2008). Pulmonary surfactant protein D inhibits lipopolysaccharide (LPS)-
induced inflammatory cell responses by altering LPS binding to its receptors.
Journal of Biological Chemistry, 283(51), 35878-35888.

Yermak, I. M., Davidova, V. N., Gorbach, V. L, Luk'yanov, P. A,, Solov'eva, T. F.,
Ulmer, A. ], et al. (2006). Forming and immunological properties of some
lipopolysaccharide-chitosan complexes. Biochimie, 88(1), 23-30.



	Chitosan oligosaccharides suppressant LPS binding to TLR4/MD-2 receptor complex
	Introduction
	Materials and methods
	Reagents
	Cell culture
	Tachypleus amebocyte lysate assay for measurement of LPS
	Plasmid construction and transfection
	Flow cytometry analysis
	Western blot
	Immunofluorescent staining
	RNA isolation and RT-PCR
	Measurement for cytokine
	NO estimation
	Statistic analysis

	Results
	LPS-neutralizing assay of COS in vitro
	Effect of COS on binding of FITC-LPS to RAW 264.7 macrophages
	Effect of COS on binding of FITC-LPS to HEK 293T which transiently co-transfected with TLR4 and MD-2 constructs
	Effect of COS on LPS-induced MAPKs pathway activation
	Effect of COS on LPS-induced nuclear translocation of NF-κB
	Effect of COS on LPS-induced inflammatory mediators production in vitro

	Discussion
	Acknowledgements
	References


