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Abstract. The expression of adhesion molecules in endothelial 
cells elicited by lipopolysaccharide (LPS) is involved in the 
adhesive interaction between endothelial cells and monocytes 
in inflammation. In this study, in order to characterize the 
anti-inflammatory effects of chitosan oligosaccharides (COS) 
on LPS‑induced inflammation and to elucidate the underlying 
mechanisms, the mRNA levels of E-selectin and intercellular 
adhesion molecule-1 (ICAM-1) were measured in porcine 
iliac artery endothelial cells (PIECs). When these cells were 
treated with COS, the LPS-induced mRNA expression of 
E-selectin and ICAM-1 was reduced through the inhibition 
of the signal transduction cascade, p38 mitogen‑activated 
protein kinase  (MAPK)/extracellular regulated protein 
kinase  1/2  (ERK1/2) and nuclear factor-κB (NF-κB). 
Moreover, through the inhibition of p38 MAPK and ERK1/2, 
COS suppressed the LPS-induced NF-κB p65 translocation. 
We found that COS suppressed the phosphorylation of p38 
MAPK and the translocation of NF-κB p65 into the nucleus in 
a dose-dependent manner, and inhibited the adhesion of U973 
cells to PIECs. Based on these results, it can be concluded that 
COS downregulate the expression of E-selectin and ICAM-1 
by inhibiting the phosphorylation of MAPKs and the activa-
tion of NF-κB in LPS-treated PIECs. Our study demonstrates 
the valuable anti-inflammatory properties of COS.

Introduction

Chitosan oligosaccharides (COS), consisting of D-glucosamine 
linked via β-1,4-glycosides, are derived from chitosan by 

chemical or enzymatic hydrolysis (1). It has been reported that 
COS exhibit various biological activities, such as antitumor (2) 
and antioxidant properties (3), owing to their low molecular 
weight, high absorption, solubility and biocompatibility (4). In 
addition, recent studies have paid more attention to the regula-
tory role of COS in inflammatory responses (5,6).

Lipopolysaccharide (LPS), the major component of the 
outer membrane of Gram-negative bacteria, can act as an 
endotoxin and initiates serious inflammatory responses in vitro 
and in vivo (7,8) by upregulating the expression of adhesion 
molecules and cytokines, such as E-selectin, intercellular 
adhesion molecule-1 (ICAM-1), vascular cell adhesion mole-
cule-1 (VCAM-1) and tumor necrosis factor-α (TNF-α) (9,10). 
Endothelial cells are the target of inflammatory responses 
and thereby, of a number of severe disorders, including sepsis 
and multiple organ dysfunctions that occur via LPS stimula-
tion  (11). In this study, we detected the expression of the 
adhesion molecules, E-selectin and ICAM-1 in LPS-treated 
porcine iliac artery endothelial cells (PIECs), since the 
upregulation of adhesion molecules and the increased secre-
tion of cytokines and chemokines are known to occur during 
endothelial cell activation (12-14).

The evolutionary conserved family of mitogen‑activated 
protein kinases (MAPKs) includes extracellular p38 MAPK, 
extracellular regulated protein kinase (ERK) and c-Jun 
N-terminal kinase (JNK)  (15). Numerous environmental 
stresses, such as osmotic shock, ultraviolet irradiation, as 
well as LPS and pro-inflammatory cytokines, have been 
confirmed to activate MAPK signaling cascades in a variety 
of cell lines (11,16). In addition, nuclear factor-κB (NF-κB) 
and activator protein-1 (AP-1) have been identified as major 
downstream targets of MAPK signaling pathways, regulating, 
upon activation, a number of proteins, including cytokines and 
adhesion molecules (8,17,18).

Accumulating evidence suggests that COS can attenuate 
inflammatory responses caused by stimuli, such as endotoxins, 
bacteria and cytokines (19,20). However, the molecular mecha-
nisms by which COS exert these effects in LPS-stimulated 
endothelial cells have not yet been fully elucidated. Whether 
the MAPK and/or NF-κB signaling pathways are involved 
in the protective effects of COS in LPS‑induced inflamma-
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tory responses in endothelial cells remains largely unknown. 
Therefore, the aim of the present study was to establish the 
in vitro roles of COS in LPS-induced inflammation in endothe-
lial cells and to elucidate the underlying molecular mechanisms.

Materials and methods

Chemicals and reagents. COS were prepared in our labora-
tory (degree of deacetylation, >95%) according to a previously 
described method  (21). Matrix‑assisted laser desorption/
ionization (MALDI) - time‑of-flight (TOF) mass spectrometry 
analysis indicated that the polymerization degree of the prepared 
COS was 3-7 (Fig. 1), as described in our previous study (4). 
The weight percentages of COS with degrees of polymeriza-
tion of 3-7 were 3.7, 16.1, 28.8, 37.2 and 14.2%, respectively, as 
previously described (22). LPS extract (from Escherichia coli 
serotype 055:B5), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide (MTT) and the proteasome inhibitor, 
MG132, were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). The p38 MAPK inhibitor, SB203580, was purchased 
from Tocris Bioscience (Bristol, UK). The ERK1/2 inhibitor, 
PD98059, RPMI‑1640 medium and fetal bovine serum (FBS) 
were obtained from Gibco/Invitrogen (Grand Island, NY, USA). 
Mouse anti‑phospho-ERK (Thr202/Tyr204) monoclonal anti-
body, rabbit anti-ERK polyclonal antibody and Hoechst 33258 
were purchased from Beyotime Institute of Biotechnology 
(Jiangsu, China). Anti‑GAPDH polyclonal antibody, goat anti-
rabbit IgG-HRP, goat anti-mouse IgG-HRP and goat anti-rabbit 
IgG-FITC were obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). Rabbit anti‑phospho‑p38 (Thr180/Tyr182), as 
well as antibodies against p38, NF-κB p65, IKKa and histone H3 
were purchased from Cell Signaling Technology (Beverly, MA, 
USA).

Cell culture. PIECs were obtained from the Shanghai Institute 
of Cell Biology, Chinese Academy of Sciences (Shanghai, 
China) and were grown in RPMI-1640 medium containing 
10% FBS, 2 mM L-glutamine, 100 µg/ml streptomycin and 
100 U/ml penicillin. Cells were incubated at 37˚C in a humidi-
fied atmosphere of 5% CO2. In all the experiments, cells from 
passages 3-10 were used; they were grown up to 70-80% conflu-
ence prior to treatment with the different agents. The PIECs 
were pre-treated with the vehicle [phosphate-buffered saline 
(PBS), pH 7.4] or COS (50-200 mg/ml) in 1% FBS medium for 
24 h. They were then washed with PBS twice and exposed to 
1 mg/ml LPS in 1% FBS medium for different periods of time.

Reverse transcription polymerase chain reaction (RT-PCR). 
Changes in the mRNA levels of E-selectin and ICAM-1 were 
assessed by RT-PCR. Total RNA was extracted from the 
treated cells using TRIzol reagent (Takara Biotechnology, 
Dalian, China) according to the manufacturer's instructions: 
The following primers were used for amplification: E-selectin 
forward, 5'-AAG CAA AGC AAC GAG GAC-3' and reverse, 
5'-ACA GGT GAA GTG GCA GGT-3'; ICAM-1 forward, 
5'-AAA CAC CAT CAT ACC CAA AGG-3' and reverse, 
5'-TGC CAC GAC AAG TTA GCC-3'; and GAPDH forward, 
5'-TTC CAC GGC ACA GTC AA-3' and reverse, 5'-GCA 
GGT CAG GTC CAC AA-3'. The thermal cycling program 
was as follows: initial denaturation for 5 min at 94˚C, followed 

by 35 cycles of 30 sec at 94˚C, 30 sec at 52˚C and 30 sec at 
72˚C. The amplified PCR products were electrophoresed on 
a 1.5% agarose gel containing 1 mg/ml ethidium bromide, 
visualized and photographed on a UV transilluminator (UVP, 
LLC BioImaging Systems, Upland, CA, USA).

Western blot analysis. PIECs (2x106) were directly lysed 
after treatment with a buffer containing 20 mmol/l Tris-HCl 
at pH 7.5, 150 mmol/l NaCl, 1 mmol/l Na2EDTA, 1 mmol/l 
EGTA, 1%  Triton, 2.5  mmol/l sodium pyrophosphate, 
1 mmol/l β-glycerophosphate, 1 mmol/l Na3VO4 and 1 mg/ml 
leupeptin, to which 1 mmol/l phenylmethanesulfonylfluoride 
(PMSF) was added before use. Nuclear and cytoplasmic frac-
tions were separated using a nuclear and cytoplasmic protein 
extraction kit (Beyotime, Jiangsu, China). The concentration of 
the protein samples was measured using a bicinchoninic acid 
protein assay kit (Solarbio, Beijing, China). All samples were 
stored at -80˚C until further analysis. Equal amounts of protein 
(30 mg) were separated by SDS-PAGE (8-12%) gel electro-
phoresis and electroblotted onto a 0.45-mm polyvinylidene 
fluoride membrane. The membrane was blocked by incubation 
with 5% skim milk in Tris-buffered saline with 0.1% Tween‑20 
(TBST) for 1  h at room temperature, and incubated with 
primary antibodies overnight at 4˚C. After 3 washes in TBST, 
the membrane was incubated with HRP-/FITC-conjugated 
secondary antibodies for 1 h at room temperature. Respective 
proteins were detected using an enhanced chemoluminescence 
(ECL) assay kit and chemiluminescent signals were detected 
on an X-ray film. Densitometric analysis was performed using 
the PDI ImageWare system (Bio-Rad, Hercules, CA, USA).

MTT assay for cell viability. The viability of the PIECs was 
assessed by MTT assay. PIECs were plated into 96-well plates 
( 5x103 cells/well) and incubated overnight with 150 ml of 
RPMI-1640 solution supplemented with 10% FBS. The cells 
were treated with 150 ml of the vehicle or COS (50-800 µg/ml) 
in RPMI-1640 with 1% FBS. Following incubation for 24 h, 
the PIECs were washed with PBS and incubated with MTT 
(1 mg/ml, final concentration) for a further 3 h. The MTT 
solution was aspirated and 100 ml of DMSO were added 
to solubilize the formazan crystals that formed inside the 
cells. The absorbance was measured at 490-nm wavelength. 
The viability of the PIECs in each well was expressed as a 
percentage relative to the vehicle-treated group.

Monocyte cell adhesion assay. In order to monitor cell 
tracking, the PIECs were seeded into 24-well culture plates 
(1x105 cells/well) and were pre-treated with COS for 24 h and 
then stimulated with LPS (1 mg/ml) for 4 h. U937 monocytes 
were incubated in RPMI‑1640 medium containing 10% FBS 
and with 10  mmol/l of the fluorescent dye, BCECF-AM, 
for 1 h in the dark at 37˚C. After washing twice with PBS, 
5x104 cells/well were incubated with PIECs for 1 h in the dark 
at 37˚C. Non-adherent U937 cells were removed by washing 
gently with PBS. Adherent U937 cells were visualized under a 
FluoView microscope (Olympus, Japan) and in a fluorescence 
EM microplate reader (Gemini, USA) equipped with 488-nm 
excitation and 510-nm emission filters. Quantified fluores-
cence intensities were expressed as fold ratios relative to the 
vehicle-treated group.
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Immunocytochemistry. PIECs at a density of 4x104 cells were 
cultured on glass coverslips. Following treatment, the cells 
were washed with ice-cold PBS and fixed in 4% formalde-
hyde/PBS for 30 min at room temperature, then incubated 
with 0.3% Triton X-100/PBS for 10  min. After washing, 
the coverslips were blocked for 1 h at room temperature in 
10% goat serum/PBS and then incubated with a 1:200 dilu-
tion of anti‑p65 antibody in 10% goat serum/PBS for 1 h at 
37˚C. After washing, the coverslips were incubated with a 
1:200 dilution of FITC-conjugated goat anti-rabbit IgG in 
10% goat serum/PBS for 45 min at room temperature. After 
washing, a 1:1,000 dilution of 10  mg/ml Hoechst  33258 
was used to counterstain the nuclei for 10 min. Finally, the 
coverslips were washed with PBS and mounted with aqueous 
mounting medium. Fluorescence signals were analyzed using 
a FluoView microscope.

Statistical analysis. Data are reported as the means ± SD 
(n=3-10). An unpaired Student's t‑test was used to assess the 
significance of the differences between groups. A one-way 
ANOVA was used to compare the differences among 3 or 
more groups followed by Bonferroni multiple comparison 
tests, where applicable. A value of P<0.05 was considered to 
indicate a statistically significant difference.

Results

LPS induces the mRNA expression of E-selectin and 
ICAM-1 in endothelial cells. LPS is known to induce critical 
inflammation by promoting the expression of cell adhesion 
molecules (23,24). Thus, in this study, we first determined the 
mRNA expression of E-selectin and ICAM-1 in the PIECs 
exposed to LPS for various periods of time. Treatment with 
LPS (1 µg/ml) induced the mRNA expression of E-selectin 
and ICAM-1 in a time-dependent manner (Fig. 2A). Treatment 
with LPS for 1 h markedly enhanced E-selectin and ICAM-1 

mRNA expression. The increase in the expression of E-selectin 
(132.93±1.51%, P<0.01) and ICAM-1 (225.80±5.91%, P<0.01) 
reached a peak at 3 h and then ceased and declined after 6 h of 
treatment (Fig. 2A).

Inhibition of MAPK and NF-κB pathways suppresses the 
mRNA expression of E-selectin and ICAM-1 in endothelial 
cells. We then examined the involvement of NF-κB, a tran-
scription factor that plays a crucial role in inflammation, 
immunity, cell proliferation and apoptosis  (25-28). NF-κB 
affected the LPS-induced E-selectin and ICAM-1 expression. 
The PIECs were pre-treated with the proteasome inhibitor, 
MG132 (10 mmol/l), which blocks the activation of NF-κB 
by preventing the degradation of IκB for 1 h prior to LPS 
challenge for 3 h. As depicted in Fig. 2B, the inhibition of 
the activation of NF-κB significantly suppressed the mRNA 
expression of E-selectin and ICAM-1, which was reduced by 
41.65±2.58% (P<0.01) and 61.26±6.67% (P<0.01), respectively, 
compared with the LPS-treated group.

We then determined whether MAPK and LPS are involved 
in the activation of NF-κB and in subsequent molecular adhe-
sion. NF-κB is sequestered by IκB in the cytoplasm under 
normal conditions, whereas upon stimulation, IKK phos-
phorylates IκB, inducing its degradation via the ubiquitination 
pathway and allowing free NF-κB dimers (most commonly, 
the p50/p65 dimer) to enter the nucleus (29,30). As shown in 
Fig. 3, LPS caused a marked elevation of the IKKα protein 
level in the cytoplasm, as well as of the NF-κB p65 protein 
level in the nuclear fraction of PIECs. The inhibitors of 
p38 MAPK (SB203480, 25 mmol/l) and ERK1/2 (PD98059, 
25 mmol/l) significantly attenuated these effects. The activa-
tion of p38 MAPK/ERK1/2 accelerates the translocation of the 
NF-κB dimer into the nucleus, where it binds to the promoter 
or enhancer regions of NF-κB‑regulated genes to modulate 
gene transcription (31). In agreement with this, the inhibition 
of p38 MAPK and ERK1/2 significantly reduced the mRNA 

Figure 1. (A) Chemical structure of chitosan oligosaccharides (COS) and (B) mass spectra of a COS sample, as described in our previous study (4). X-axis, 
mass-to-charge ratio; y-axis, intensity in arbitrary units (a.u.).
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expression of E-selectin and ICAM-1 in the PIECs (Fig. 2B). 
Compared to LPS stimulation alone (assigned a 100% level), 
the mRNA levels of E-selectin were decreased to 39.96±1.38% 
(P<0.01) and 33.81±2.35%  (P<0.01) by pre-treatment with 
p38 MAPK (SB203480) and ERK1/2 (PD98059) inhibitors, 
respectively, whereas the mRNA levels of ICAM-1 were 
reduced to 56.36±4.52%  (P<0.01), 23.44±3.91%  (P<0.01), 
respectively. Taken together, these data demonstrate that the 
p38 MAPK/ERK1/2 and NF-κB signaling pathways regulate 
the LPS-induced mRNA expression of E-selectin and ICAM-1 
in the PIECs.

COS do not affect cell viability. The effect of COS on the 
viability of PIECs was evaluated by MTT assay. PIECs were 
treated with various concentrations of COS (50, 100, 200, 400, 
600 and 800 µg/ml). As shown in Fig. 4, neither concentration 
of COS had any effect on cell viability (P=0.158; P=0.243; 
P=0.596; P=0.483; P=0.127; P=0.234, respectively). Based on 
these results, we selected the concentration of 50-200 µg/ml 
COS for further experiments.

COS inhibit the mRNA expression of E-selectin and ICAM-1 
and reduce the adhesion of monocytes to endothelial cells. A 

Figure 3. Lipopolysaccharide (LPS)-induced nuclear factor‑κB (NF-κB) translocation is suppressed by the inhibitors of p38 MAPK and extracellular regulated 
protein kinase 1/2 (ERK1/2) in porcine iliac artery endothelial cells (PIECs). The cells were pre-treated with or without the p38 MAPK inhibitor, SB203850 
(25 µM), or the ERK 1/2 inhibitor, PD98059 (25 µM) for 1 h prior to incubation with LPS (1 µg/ml) for 1 h. The nuclear fraction was subjected to western blot 
analysis for the detection of (A) IKKα and (B) NF-κB p65. Data are expressed as the means ± SD (n=3). ##P<0.01 compared to the control (untreated) group; 
*P<0.05 and **P<0.01 compared to the LPS-treated group.

Figure 2. Inhibitors of p38 MAPK, extracellular regulated protein kinase 1/2 (ERK1/2) and nuclear factor‑κB (NF-κB) reduce lipopolysaccharide (LPS)‑induced 
mRNA expression of E-selectin and intercellular adhesion molecule-1 (ICAM-1) in porcine iliac artery endothelial cells (PIECs). Expression of E-selectin and 
ICAM-1 following (A) cell exposure to LPS (1 µg/ml) for the indicated periods of time and (B) pre-treatment with the p38 MAPK inhibitor, SB203850 (25 µM), the 
ERK 1/2 inhibitor, PD98059 (25 µM), or the NF-κB inhibitor, MG132 (10 µM), for 1 h prior to exposure to LPS (1 µg/ml) for 3 h. mRNA levels were evaluated by 
RT-PCR. Data are expressed as the means ± SD (n=3). #P<0.05 and ##P<0.01 compared to the control (untreated) group; **P<0.01 compared to the LPS-treated group.
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few studies have provided evidence for the potentially benefi-
cial effects of COS on oxidative and inflammatory damage, 
which occur via the improvement of the redox imbalance and 
limitation of cytokine production (32,33). Moreover, under 
certain pathological conditions, endothelial cells are respon-
sive and allow the migration of dendritic immune cells (34). 
In this study, we investigated the anti-inflammatory effects of 
COS on LPS-stimulated endothelial cells by treating PIECs 
with various concentrations of COS (50, 100 and 200 µg/ml) 
for 24 h and subsequently incubating the cells with LPS for 
3 h. Treatment with COS reduced the mRNA expression of 
ICAM-1 and E-selectin  (Fig. 5). This reduction was dose-
dependent and significant for ICAM-1, and significant for 
E-selectin only with pre-treatment with 200  µg/ml COS; 
at this concentration, the E-selectin and ICAM-1 mRNA 
expression levels were decreased by 38.14±7.29% (P<0.01) 
and 70.29±12.86% (P<0.01), respectively, compared with the 
LPS-treated group (Fig. 5).

Since COS inhibited the expression of adhesion molecules 
induced by LPS in the PIECs, we hypothesized that COS 
may attenuate monocyte adhesion to endothelial cells in 
LPS-induced inflammatory response. To confirm this, we 
assayed the adhesion of fluorescence-labeled U937 cells to 
LPS-treated PIECs. In this assay, LPS induced the adhesion 
of monocytes to endothelial cells, whereas COS inhibited this 
adhesion (Fig. 6A-C). Further confirmation of this result came 
from the quantification of the fluorescent intensity of labeled 
monocytes that adhered to PIECs; the latter were pre-treated 
with various concentrations of COS for 24 h, followed by 
LPS stimulation. As expected, COS reduced the LPS-induced 
monocyte adhesion to PIECs in a dose‑dependent manner 
(50 mg/ml, 79.69±10.54%, P<0.05; 100 mg/ml, 68.27±12.22%, 

P<0.01; 200 mg/ml, 61.14±18.39%, P<0.01 vs. the LPS-treated 
group) (Fig. 6D).

COS inhibits the LPS-induced acvtivation of the MAPK 
signaling pathway in endothelial cells. Based on our data, 
COS appears to play a protective role in LPS-induced inflam-
mation in PIECs through the inhibition of the expression of 
the adhesion molecules, E-selectin and ICAM-1, whereas their 
upregulation by LPS is mediated by the p38 MAPK/ERK1/2 
and NF-κB pathways. Thus, we investigated whether the 
inhibitory effects of COS are mediated through the MAPK 
signaling pathway.

The PIECs were pre-treated with various concentrations of 
COS for 24 h prior to exposure to 1 µg/ml LPS for 15 min and 
phosphorylated p38 MAPK and ERK1/2 were detected in the 
PIECs by western blot analysis. As shown in Fig. 7, the levels 
of phosphorylated p38 MAPK and ERK1/2 were increased 
upon treatment with LPS. By contrast, COS treatment 
significantly inhibited the phosphorylation of p38 MAPK and 
ERK1/2; this effect was dose‑dependent for p38 MAPK. The 
maximal inhibitory effect of COS on the phosphorylation of 
p38 MAPK and ERK1/2 was observed at 200 µg/ml, where the 
levels of the phosphorylated forms of these proteins decreased 
to 23.15±3.72% (P<0.01) and 22.36±2.87% (P<0.01) of the 
LPS-stimulated group, respectively (Fig. 7).

COS suppresses the translocation of NF-κB induced by LPS 
in endothelial cells. Our results revealed that the LPS-induced 
NF-κB translocation is dependent on the MAPK signaling 
pathway. We then determined whether COS inhibits NF-κB 
activation by inhibiting the activation of the p38 MAPK/
ERK1/2 signaling pathway in PIECs. Treatment with LPS 

Figure 4. Chitosan oligosaccharides (COS) do not affect cell viability of 
porcine iliac artery endothelial cells (PIECs). (A) Representative images of 
PIECs treated with COS (0 and 200 µg/ml) for 24 h (x400). (B) Cells were 
treated with the vehicle (control group) or COS (50-800 µg/ml) for 24 h. Cell 
viability is presented as a percentage relative to the control group. Data are 
presented as the means ± SD (n=10).

Figure 5. Chitosan oligosaccharides (COS) inhibit the lipopolysaccharide 
(LPS)-induced mRNA expression of E-selectin and intercellular adhesion 
molecule-1 (ICAM-1) in porcine iliac artery endothelial cells (PIECs). The 
cells were pre-treated with or without COS (50-200 µg/ml) for 24 h followed 
by treatment with LPS (1 µg/ml) for 3 h. The mRNA levels of E-selectin and 
ICAM-1 were measured by RT-PCR. Data are presented as the means ± SD 
(n=3). ##P<0.01 compared to the control (untreated) group; *P<0.05 and 
**P<0.01 compared to the LPS-treated group.
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for 1 h increased the protein level of IKKα and promoted 
NF-κB  p65 nuclear translocation; these effects were 
significantly and dose-dependently attenuated by COS pre-
treatment (Fig. 8). To confirm the inhibitory effects of COS 
on LPS-induced NF-κB activation in the PIECs, NF-κB p65 
localization was determined by immunocytochemistry. As 
shown in Fig. 8C, treatment with LPS induced the translocation 

of NF-κB p65 into the nucleus, an effect that was considerably 
attenuated upon pre-treatment with COS.

Discussion

In the present study, we demonstrate that COS suppresses the 
LPS-induced expression of adhesion molecules in endothelial 

Figure 7. Chitosan oligosaccharides (COS) inhibit lipopolysaccharide (LPS)-activated p38 MAPK and extracellular regulated protein kinase 1/2 (ERK1/2) 
signaling in porcine iliac artery endothelial cells (PIECs). The cells were pre-treated with COS (50-200 µg/ml) or the vehicle (control group) for 24 h prior to 
LPS (1 µg/ml) treatment for 15 min. The expression of (A) p38 MAPK and(B) ERK1/2 proteins and their phosphorylated forms was determined by western blot 
analysis. Data are presented as the means ± SD (n=3). ##P<0.01 compared to the control (untreated) group; **P<0.01 compared to the LPS-treated group.

Figure 6. Chitosan oligosaccharides (COS) reduce the lipopolysaccharide (LPS)-induced U937 cell adhesion to porcine iliac artery endothelial cells (PIECs) in a 
dose-dependent manner. (A-C) Representative fluorescence images (x100) of U937 cell adhesion (1 h) to (A) vehicle-treated PIECs, (B) PIECs treated with LPS 
for 4 h and (C) PIECs treated with LPS for 4 h following 24 h of COS treatment. (D) Quantification of fluorescence intensities of PIECs pre-treated with COS 
(50-200 µg/ml) or the vehicle (control group) for 24 h prior to exposure to LPS (1 µg/ml) for 4 h and incubation with fluorescence-labelled U937 cells for 1 h. 
Intensities were measured in a fluorescence microplate reader with 488-nm excitation and 510-nm emission filters. Data are presented as the means ± SD (n=3). 
##P<0.01 compared to the control group; *P<0.05 and **P<0.01 compared to the LPS-treated group.
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cells by inhibiting the activation of the MAPK and NF-κB 
signaling pathways and the consequent adhesion of mono-
cytes to endothelial cells. Our results demonstrated that LPS 
induced the mRNA expression of E-selectin and ICAM-1 by 
activating the p38 MAPK/ERK1/2 and NF-κB signaling path-
ways in PIECs. In line with these observations, the inhibtion 
of LPS-induced p38 MAPK/ERK1/2 and NF-κB signaling by 
COS resulted in a decrease in the mRNA levels of E-selectin 
and ICAM-1 in PIECs.

One of the major findings of the present study is that COS 
significantly inhibited the LPS-induced mRNA expression of 
E-selectin and ICAM-1 in a dose-dependent manner, but had no 
effect on PIEC viability. The binding of circulating leukocytes 
to the microvascular endothelium is the initial event in leuko-
cyte emigration and extravasation (35). The binding is mediated 
by endothelial ligands, such as E-selectin at the initial stages 

and ICAM-1 at subsequent stages (23,36). The high expression 
of the adhesion molecules, E-selectin, ICAM-1 and VCAM-1, 
can promote endothelial cell migration and leukocyte adhesion 
to endothelial cells (37), which initiates the interaction between 
endothelial cells and leukocytes following tissue damage 
and is coupled with the induction of a variety of immune 
responses  (23,24). In our study, COS significantly reduced 
monocyte (U973 cell) adhesion to PIECs, which was induced 
by LPS. This result highlights the protective role of COS in 
LPS-induced inflammatory response in endothelial cells.

We also demonstrated that COS inhibited MAPK phos-
phorylation and NF-κB translocation, which was induced by 
LPS in PIECs. Consistent with previous reports demonstrating 
that the tyrosine phosphorylation of p38 MAPK and ERK is 
involved in signal transduction occurring in LPS-stimulated 
endothelial cells  (23,38), and further mediates cellular 

Figure 8. Lipopolysaccharide (LPS)-induced nuclear factor‑κB (NF-κB) translocation is suppressed by chitosan oligosaccharides (COS) in a dose-dependent 
manner in porcine iliac artery endothelial cells (PIECs). The cells were pre-treated with or without COS (50-200 µg/ml) for 24 h prior to exposure to LPS 
(1 µg/ml) for 1 h. The nuclear fraction was subjected to western blot analysis for the detection of (A) IKKα and (B) NF-κB (p65). Histone H3 and β-actin were 
used as loading controls. Data are presented as the means ± SD (n=3). ##P<0.01 compared to the control (untreated) group; **P<0.01 compared to the LPS-treated 
group. (C) Localization of NF-κB (p65) as observed in immunocytochemistry using rabbit anti-p65 monoclonal primary antibody and FITC-conjugated goat 
anti-rabbit IgG secondary antibody (x400). Nuclei were stained with Hocehst 33258 (blue color). Merge, superposition of p-65 and Hocehst 33258 fields.
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responses through the NF-κB, AP‑1 and activating transcrip-
tion factor 2 (ATF2) transcription factors (29). We found that 
the inhibition of p38 MAPK/ERK1/2 signaling suppressed the 
LPS-induced NF-κB nuclear translocation in PIECs, leading 
to the reduced expression of E-selectin and ICAM-1; these 
results are in line with those of other studies, showing that the 
expression of E-selectin and ICAM-1 is associated with NF-κB 
activation, since the NF-κB upstream promoter region contains 
binding sites for these two adhesion molecules  (10,11,30). 
Again in accordance with these reports, we found that COS 
inhibited the LPS-induced phosphorylation of p38 MAPK and 
ERK1/2 in PIECs, resulting in the observed dose-dependent 
suppression of the translocation of NF-κB into the nucleus. The 
latter can explain the inhibitory effects of COS on the mRNA 
expression of E-selectin and ICAM-1, which also showed dose-
dependence.

In conclusion, our results demonstrate that COS exerts 
its anti-inflammatory effects by inhibiting the acvitation of 
the LPS-induced p38 MAPK/ERK1/2 and NF-κB signaling 
pathways, and consequently, the mRNA levels of E-selectin 
and ICAM-1, as well as monocyte adhesion to endothelial cells 
in vitro. Thus, COS may represent a promising therapeutic 
agent for the prevention of inflammatory responses in systemic 
diseases.
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