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ABSTRACT

Chitosan oligomers show various biological activities. However, its molecular mechanisms remain
unknown in LPS-stimulated macrophages. Here, we explored the inhibitive effects of chitosan oligomers
on LPS-induced IL-6/TNF-a production in macrophages. The results indicated chitosan oligomers pre-
treatment effectively inhibited LPS-induced over-expression of both inflammatory cytokines. Signal
transduction studies show chitosan oligomers may repress not only the phosphorylation of p38, ERK1/2,
JNK, phosphatidylinositol 3-kinase (PI3K) and Akt, but also the activation of nuclear factor-kB (NF-«kB)
and activator protein-1 (AP-1). Furthermore, both the activation of NF-kB/AP-1 and the subsequent IL-
6/TNF-a over-expression in LPS-induced macrophages are inhibited by specific p38 inhibitor (SB203580),
ERK1/2 inhibitor (PD98059), JNK inhibitor (SP600125) and PI3K inhibitor (LY294002). In conclusion, our
investigation suggests chitosan oligomers inhibited the elevated expression of IL-6/TNF-a in LPS-induced

Macrophage cells

macrophages, regulated by MAPKs and PI3K/Akt pathways dependent on NF-kB/AP-1 activation.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Inflammatory response is the primary mechanism of host
defense against infection. By pro-inflammatory factor stimula-
tion, the micro-organ-induced pathogenic injury can be effectively
prevented in human body. However, high levels of inflamma-
tory cytokines in body circulation or in local inflammatory sites
will lead to the occurrence of severe diseases (Liu et al., 2005;
Serhan & Savill, 2005). For example, the over-production of TNF-
a will cause metabolic disorder, tissue injury and septic shock by
the induced body fever or inflammatory reactions (Ettinger et al.,
1998; Shohami, Ginis, & Hallenbeck, 1999). Like TNF-q, IL-6 is also
one of the most important mediators of fever and acute-phase
responses, which can be secreted by macrophages under specific
microbial molecules (Yoon et al.,2010). Therefore, it may be of great
pathological significance to inhibit the macrophage activation fol-
lowed by a series of inflammation cascades (Lee, Lee, et al., 2008).
Previous studies showed that inflammatory responses could be ini-
tiated by a variety of heterologous stimuli including pneumococcus,
influenza virus and Gram-positive/negative bacterial (Kukavica-
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Ibrulj et al., 2009; Lapara & Kelly, 2010; Schwerbrock, Karlsson,
Shi, Sheridan, & Beck, 2009). Among these inflammatory agents,
lipopolysaccharide (LPS), an integral part of Gram-negative bac-
teria, has been shown to induce production of pro-inflammatory
cytokines, chemokines, growth factors and many other factors in
macrophages, fibroblasts and monocytes, etc. (Schumann et al.,
1996). Further, LPS recognition and signaling have been proved to
be the key events in host defense against Gram-negative bacte-
ria. It was reported that LPS-induced inflammatory reaction was
mainly regulated by mitogen-activated protein kinases (MAPKs)
- and/or phosphatidylinositol 3-kinase (PI3K)-associated signaling
pathways in macrophage cells (Ku, Huang, Huang, & Chiou, 2008;
Mendes Sdos et al., 2009).

Chitosan oligomers have been shown various biological effects
including anti-microbial, anti-oxidative, anti-tumor and immuno-
promoting activities (Dou et al., 2007; Huang, Mendis, Rajapakse, &
Kim, 2006; Park, Je, & Kim, 2003; Yin, Du, & Zhang, 2009). Recently,
more attention was paid to the effects of chitosan oligomers on
inflammatory responses in macrophages. For example, chitosan
oligomers (~10kDa) have been found to inhibit NO and cytokine
expression in LPS-induced macrophages (Yoon, Moon, Park, Im, &
Kim, 2007). Chitosan with a molecular weight of 20 kDa displayed
inhibitive effect on NO production in resting macrophages, but
chitooligosaccharide mixture remarkably increased NO production
(Wu & Tsai, 2007). Also, the investigation by Han et al., sug-
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gests that chitosan oligomers (~1kDa) can activate macrophages
directly (Han, Zhao, Yu, Feng, & Yu., 2005). Based on these above-
mentioned, the anti-inflammatory activity of chitosan oligomers
may directly depend on its molecular weight and polymerization
degree composition. Hitherto, there is limited knowledge about the
anti-inflammatory effect of chitosan oligomers with low molec-
ular weight in macrophages. Further, the molecular mechanisms
through which chitosan oligomers exert their anti-inflammatory
effect remain to be known.

RAW264.7 macrophage cells, derived from BALB/c mice ascites,
are commonly accepted as a tool to investigate the molecular mech-
anisms of macrophage involved in regulating immunity (Hartley
etal.,2008). In present study, we aimed to investigate the inhibitory
effects of chitosan oligomers on LPS-induced over-expression of IL-
6 and TNF-a in macrophages at both transcription and translation
levels. To explore the underlying action mechanisms of chitosan
oligomers, the involvement of MAPKs and PI3K/Akt signaling path-
way was studied, and the roles played by nuclear factor-kB (NF-kB)
and activator protein-1 (AP-1) were also elucidated.

2. Materials and methods
2.1. Chemicals and regents

Chitosan oligomers were prepared by our laboratory (the degree
of deacetylation was above 95%) (Zhang, Du, Yu, Mitsutomi, &
Aiba, 1999). The weight percentages of chitosan oligomers with
DP (degree of polymerization) 2-6 in oligomixture were 3.7%,
16.1%, 28.8%, 37.2% and 14.2%, respectively. RAW264.7 cell line
was purchased from Shanghai Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences. Lipopolysaccharide (LPS)
from Escherichia coli, MTT, 5,6-carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE), JNK/SAPK inhibitor (SP600125) and PI3K
inhibitor (LY294002) were obtained from Sigma. ERK1/2 inhibitor
(PD98059) and p38 MAPK inhibitor (SB203580) were purchased
from Invitrogen Corporation. Polyclonal antibody against NF-kB
was purchased from Beyotime Institute of Biotechnology (Jiangsu,
China). The other antibodies were purchased from Santa Cruz
Biotechnology. RPMI 1640 medium and fetal bovine serum (FBS)
were from Gibco.

2.2. Cell culture and drug treatment

Macrophages were cultured in RPMI 1640 medium supple-
mented with 10% FBS, 100 units/ml penicillin and 100 units/ml
streptomycin at 37 °C under 5% CO, and 95% air.

For most experiments, after growing to sub-confluence, cells
were pretreated with vehicle or various concentrations of chitosan
oligomers (50-200 pg/ml) in RPMI 1640 with 10% FBS for indicated
time. After that, the culture medium was removed as followed by
washing twice with phosphate buffered saline (PBS, pH 7.4), and
then the cells were exposed to LPS (100 ng/ml) diluted in culture
medium for different time intervals at 37 °C until further analysis.

2.3. Determination of cell viability

The viability of macrophages was measured using the MTT
assay. The absorbance was measured at 570nm using a Sun-
rise Remote Microplate Reader (Grodig, Austria). The viability of
macrophages in each well was presented as percentage of control
group (untreated).

2.4. Cell proliferation activity analysis

The proliferation activity of macrophages was evaluated by CFSE
assay (Parish, 1999). The cells (3 x 10° cells/ml) were sub-cultured

into 6-well culture plates for 24 h. Subsequently, the supernatant
was removed and the cells were incubated with CFSE (40 uM)
in culture medium at 37°C for 5h. After the PBS washing, cells
were pre-treated with chitosan oligomers (50-200 pg/ml) for 24 h
and then exposed to 100 ng/ml LPS for another 12 h. After that,
the cells were washed, harvested and re-suspended in culture
medium. The fluorescence in cells was quantitatively analyzed at
an emission wavelength of 530 nm and an excitation wavelength of
480 nm using a Vantage SE flow cytometer with fluorescence acti-
vated cell sorting (FACS) system (Becton Dickinson, San Jose, CA,
USA).

2.5. Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was extracted from macrophages using TRIZOL
reagent (TaKaRa, Dalian, China) according to the protocol. RT-PCR
assay was performed to examine the alteration in target gene
expression. The primers for RT-PCR were used: 5-CTT CTT GGG
ACT GAT GCT GGT G-3' (sense), 5'-CGC TGG CTT TGT CTT TCT TGT
TA-3' (anti-sense) for IL-6 (383 bp); 5'-GGC GGT GCC TAT GTC TCA-
3’ (sense), 5'-GGC AGC CTT GTC CCT TGA-3' (anti-sense) for TNF-a
(363 bp); 5'-CGG TTG GCC TTA GGG TTC AGG GGG G-3’ (sense), 5'-
GTG GGC CGCTCT AGG CAC CA-3’ (anti-sense) for [3-actin (246 bp).
The PCR products were detected by electrophoresis in 1.5% agarose
gel containing 1% Goldview™. The band intensity was analyzed
with Image] system (NIH, USA) and presented as a fold of the control
group.

2.6. ELISA assay for detecting IL-6 and TNF-« production

Macrophages were pretreated with chitosan oligomers for 24 h
and then exposed to LPS (100 ng/ml) for 12 h. The culture media
were measured using commercially available ELISA kits. All pro-
cedures were performed as the protocol instructions strictly. The
samples were analyzed in triplicate.

2.7. Cell lysate preparation

For isolation of total cell extracts, the macrophages were
lysed in 200 .l of cell lysis buffer (20 mM Tris-HCl with pH 7.5,
150mM NaCl, 1mM NaEDTA, 1mM EGTA, 1% Triton, 2.5 mM
sodium pyrophosphate, 1 mM [(3-glycerophosphate, 1 mM Na3VO4
and 1 pg/ml leupeptin), to which 1 mM PMSF was added before
use. For cytoplasmic and nuclear extract isolation, the Nuclear
and Cytoplasmic Protein Extraction kit was used according to the
protocol (Beyotime Institute of Biotechnology, Jiangsu, China). Con-
centration of protein samples was determined with the use of
Bicinchoninic Acid Protein Assay kit (Biomed Biotech Co., Ltd.,
Beijing, China) and all samples were kept at —80°C until further
analysis.

2.8. Western blot analysis

For Western blot analysis, an aliquot of cell lysates containing
60 g of protein was separated on 8-12% sodium dodecyl sulphate-
polyacrylamide gels and transferred to 0.45pm polyvinylidene
fluoride membranes. The densitometric analysis was performed
with the use of PDI Imageware System (Bio-Rad, Hercules, CA, USA).

2.9. Statistical analysis

Statistical evaluation was performed using SPSS 10.0 package
(SPSS Inc., Chicago, IL, USA). Data were expressed as mean+SD
of 3-5 independent experiments. One-way ANOVA and Student’s
T-test followed by a Bonferroni correction were used to analyze
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Fig. 1. Effects of chitosan oligomers and/or LPS on cell viability of macrophages. (A) Cells were treated with LPS (0.01-100 pg/ml) alone for 12 h. (B) Cells were treated with
chitosan oligomers (50-200 pg/ml) alone for 24 h. (C) and (D) Cells were pretreated with chitosan oligomers (50-200 p.g/ml) for 24 h before exposure to LPS (100 ng/ml) for
12 h. Data are presented as means + SD (n=>5). ¥P<0.05 compared to the control group; *P<0.05 compared to the LPS-treated group, and **P<0.01 compared to the control
group.
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Fig. 2. Effects of chitosan oligomers on LPS-induced IL-6 and TNF-a expression in macrophages at mRNA and protein levels. (A) Cells were treated with LPS (100 ng/ml)
for the indicated time. (B) Cells were pretreated with chitosan oligomers (50-200 wg/ml) for 24 h followed by LPS (100 ng/ml) exposure for 12 h. (C) Cells were induced by
LPS (100 ng/ml) for the indicated time. (D) Cells were pretreated with chitosan oligomers (50-200 pg/ml) for 24 h and then exposed to LPS (100 ng/ml) for 12 h. Data are
represented as 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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Fig. 3. Inhibitive effects of chitosan oligomers on LPS-induced p38 MAPK (A), ERK1/2 (B) and JNK (C) phosphorylation in macrophages. Cells were pretreated with chitosan
oligomers (50-200 .g/ml) for 24 h before exposure to LPS (100 ng/ml) for 15 min. Data are expressed as 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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Fig. 4. Blocking effects of chitosan oligomers on LPS-stimulated PI3K (A) and Akt (B) phosphorylation in macrophages. Cells were pretreated with chitosan oligomers
(50-200 pg/ml) for 24 h before exposure to LPS (100 ng/ml) for 15 min. Data are presented as 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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(50-200 pg/ml) for 24 h and then exposed to LPS (100 ng/ml) for 30 min. Data were represented as 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.

statistical significance. Values of P<0.05 were considered to be
statistically significant.

3. Results and discussions

3.1. Effect of chitosan oligomers pretreatment on cell viability of
LPS-induced macrophages

The effect of chitosan oligomers pretreatment on cell viabil-
ity of LPS-induced macrophages was evaluated by MTT assay. As
shown in Fig. 1A, LPS treatment (0.1-100 pg/ml) for 12h obvi-
ously enhanced the cell viability in a concentration-dependent
manner, which was reversed by chitosan oligomers pretreatment
(50-200 pg/ml) for 24 h (Fig. 1C). In parallel, the same results were
obtained by CFSE proliferation assay (Fig. 1D). It should be noted
that this inhibitory effect was not due to cytotoxic and cytostatic
activities of chitosan oligomers, because the cell viability was not
affected by chitosan oligomers treatment alone (Fig. 1B).

3.2. Inhibition of chitosan oligomers pretreatment on
LPS-induced IL-6 and TNF-« production in macrophages

To investigate the inhibitory effect of chitosan oligomers
on LPS-induced IL-6 and TNF-a expression in macrophages,
we first performed the time-response studies of IL-6 and
TNF-a mRNA levels by RT-PCR. As indicated in Fig. 2A, the
expression of both IL-6 and TNF-a was sharply increased
after LPS treatment (100 ng/ml), while chitosan oligomers pre-
treatment (50-200 wg/ml) for 24h effectively down-regulated
LPS-induced over-expression of both inflammatory cytokines
(Fig. 2B).

Also, we further explored the effects of chitosan oligomers on
LPS-induced production of IL-6 and TNF-« at translation level by
ELISA analysis. Results suggested that chitosan oligomers exerted
marked suppressive effect on LPS-induced IL-6 and TNF-a secretion
in macrophages (Fig. 2C and D), and the result was consistent with
that determined by RT-PCR assay.
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Fig. 6. Effects of MAPK and PI3K/Akt pathways on LPS-induced NF-«kB and AP-1 activation in macrophages. Four specific inhibitors, i.e. SB203580 (10 wM), PD98059 (25 uM),
and SP600125 (20 uM) and LY294002 (50 wM), pre-incubated cells for 1h followed by LPS (100 ng/ml) exposure for 30 min. Data were presented as means+SD (n=3).
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Fig. 7. Roles of MAPK and PI3K/Akt pathways on inhibiting LPS-induced over-
production of IL-6 and TNF-a mRNA levels in macrophages. Four specific inhibitors,
LY294002 (50 uM), SB203580 (10 M), PD98059 (25 wM), and SP600125 (20 wM),
pre-incubated macrophages for 1h followed by LPS (100 ng/ml) exposure for12 h.
Data were represented as 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.

3.3. Inhibitory effects of chitosan oligomers pretreatment on
LPS-induced MAPK phosphorylation in macrophages

MAPKs, mainly composed of three sub-families including p38
MAPK, ERK1/2 and ]NK, are serine/threonine-specific protein
kinases, which can be triggered by various extracellular stimuli
such as mitogens or pro-inflammatory cytokines (Pearson et al.,
2001). To determine the inhibitory effect of chitosan oligomers on
MAPK activation in macrophages induced by LPS, cells were pre-
treated with chitosan oligomers (50-200 p.g/ml) for 24 h before
exposure to LPS (100 ng/ml) for 15 min. As shown in Fig. 3, LPS
induced a sharp increase in the phosphorylated levels of p38
MAPK, ERK1/2 and JNK, and all of which were reverted by chi-
tosan oligomers pretreatment to certain extent. Noticeably, the
LPS-induced JNK phosphorylation was entirely suppressed by chi-
tosan oligomers. Based on the above results, it can be suggested
that chitosan oligomers prevented macrophages from LPS-induced
MAPK activation.

3.4. Suppression of chitosan oligomers pretreatment on
LPS-induced PI3K/AKT phosphorylation in macrophages

PI3K is a family of enzymes involved in various cellular func-
tions, and Akt is the effector of PI3K. It was reported that the
PI3K/Akt signaling pathway could be activated in response to
LPS (Kim et al., 2008). So far, the role of PI3K/Akt signals in
regulation of inflammatory response still remains to be con-
troversial. For example, Luyendyk et al. and Tsukamoto et al.
demonstrated that PI3K/Akt pathway negatively regulated LPS-
induced inflammatory response (Luyendyk et al., 2008; Tsukamoto
et al., 2008), while the studies by other groups indicate that LPS
led to inflammation in macrophages by activating the PI3K and
Akt signals (Lee, Vinodhkumar, et al.,, 2008; Martins, Ferracini,
Ravanelli, Landgraf, & Jancar, 2008; Pan et al., 2008). Since PI3K/Akt
pathway played an important role in regulating the inflam-

mation responses in macrophage cells, we next examined the
effects of chitosan oligomers on PI3K/Akt signaling pathway in
LPS-induced macrophages. Cells were pretreated with chitosan
oligomers (50-200 pg/ml) for 24 h before LPS (100 ng/ml) expo-
sure for 15 min. As shown in Fig. 4, LPS induced rapid increase in the
levels of both p-PI3K and p-Akt in macrophage cells. On the con-
trary, chitosan oligomers displayed marked inhibitory effects on
the phosphorylation of both kinases in a concentration-dependent
manner.

3.5. Inhibition of LPS-induced NF-«B and AP-1 activation of
macrophages, by chitosan oligomers pretreatment

NF-kB is an important transcription factor in mediating the pro-
inflammatory responses. In quiescent cells, NF-kB is located in the
cytoplasm as an inactive complex bound to the inhibitor of kB
(I-kB). After the activation by phosphorylation or ubiquitination,
NF-kB will disassociate with I-kB and translocate into nucleus to
initiate the transcription of target genes (Liu et al., 2010). Also,
AP-1 is another major transcription factor, mainly consisting of
homodimers or heterodimers of jun, fos or activating transcrip-
tion factor (ATF) proteins. Once exposure to stimuli, both c-jun
and ATF2 will be rapidly phosphorylated followed by AP-1 acti-
vation. Although the jun protein forms very stable heterodimers
with the other members of the AP-1 family, they can also homod-
imerize among themselves to function as a transcription factor
(Karin, 1995; Karin, Liu, & Zandi, 1997). It has been widely con-
firmed that both NF-kB and AP-1 will be activated and induce
inflammation reaction in response to exogenous stimuli (Ortiz-
Lazareno et al., 2008). Particularly, Studies show that both NF-«kB
and AP-1 played key roles in LPS-induced over-production of IL-6
and TNF-« in macrophage cells (Kim et al., 2007; Wu, Chen, Ueng,
& Chen, 2008). Thus, the inhibition of two transcription factors
might be a critical step in suppressing LPS-induced inflammatory
responses in macrophages. We, here, investigated whether chi-
tosan oligomers pretreatment could suppress LPS-induced NF-kB
and AP-1 activation in macrophages. Results showed that LPS stim-
ulation (100 ng/ml) for 30 min markedly promoted the levels of
p-c-Jun in the nucleus and the translocation of NF-kB into nucleus
of macrophages (Fig. 5). However, chitosan oligomers pretreatment
(50-200 pg/ml) for 24 h led to a significant down-regulation of both
proteins in the nucleus. In addition, we explored the involvement
of c-fos, another member of the AP-1 family, which can be induced
transcription rapidly and transiently by many different stimuli,
such as LPS, followed by combination with c-jun proteins to form
AP-1 dimers (Lee et al., in press). Moreover, the result seemed to
be consistent with the above ones, chitosan oligomers could effec-
tively suppress LPS-induced c-fos expression in macrophages in
a concentration-dependent manner (unpublished data). Therefore,
chitosan oligomers may be a potential inhibitor against NF-kB- and
AP-1-mediated inflammation responses in macrophages.

3.6. Roles of MAPK and PI3K/Akt signaling pathways in
LPS-induced NF-kB and AP-1 activation in macrophages

In the present study, chitosan oligomers displayed remarkable
inhibitive effects on LPS-induced MAPKs and PI3K/Akt phosphory-
lation in macrophages. It was proved that MAPKs played a critical
role in LPS-induced NF-kB/AP-1 activation and subsequent pro-
inflammatory cytokine over-expression (Lee & Lim, 2009; Ock, Kim,
& Suk, 2009). In parallel, PI3K/Akt pathway has been documented
to positively regulate NF-kB or AP-1 activation in LPS-stimulated
monocyte/macrophage cells (Guha & Mackman, 2002; Lai et al.,
2009). Therefore, to confirm the roles of MAPK and PI3K/Akt sig-
naling pathways played in the NF-kB and AP-1 activation induced
by LPS in macrophages, the specific kinase inhibitors were used in
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Fig. 8. Diagram of the underlying molecular mechanisms about the effects of chi-
tosan oligomers on anti-inflammation in LPS-induced macrophages.

present study. As shown in Fig. 6, after the cells were pretreated for
1 h with p38 MAPK inhibitor (SB203580, 10 M), ERK1/2 inhibitor
(PD98059, 25 M), JNK inhibitor (SP600125, 20 wM) and PI3K
inhibitor LY294002 (50 wM) separately, the LPS-induced NF-kB
and AP-1 activation in macrophage cells were effectively inhibited
to certain extents, which implies that MAPK and PI3K/Akt path-
ways may act upstream of NF-kB and AP-1, and be involved in the
LPS-induced activation of both transcription factors in macrophage
cells.

3.7. Roles of MAPKs and PI3K/Akt signaling pathways in
LPS-induced over-expression of IL-6 and TNF-« in macrophages

To clarify whether MAPK and PI3K/Akt signaling pathways
were involved in LPS-induced IL-6 and TNF-a production, the
macrophages were pretreated with four inhibitors as described
before and then exposed to LPS (100 ng/ml) for 12 h. The results
suggested that all the four inhibitors could suppress LPS-induced
over-expression of IL-6 and TNF-a at transcription level (Fig. 7),
indicating that MAPK and PI3K/Akt signaling pathways may be
responsible for the suppressive effects of chitosan oligomers on
LPS-induced over-production of both pro-inflammatory cytokines
in macrophage cells.

4. Conclusions

In this study, our findings indicated that chitosan oligomers
suppressed LPS-induced over-expression of IL-6 and TNF-a in
macrophage cells at both transcription and translation levels. As
shown in Fig. 8, the underlying molecular mechanisms may be that,
chitosan oligomers inhibited the LPS-induced IL-6 and TNF-o pro-
duction in macrophages by down-regulating the phosphorylated
levels of MAPK and PI3K/Akt signaling pathways and subsequent
NF-kB and AP-1 activation.
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