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Abstract: The methods to obtain chitooligosaccharides are tightly related to the physicochemical
properties of the end products. Knowledge of these physicochemical characteristics is crucial to
describing the biological functions of chitooligosaccharides. Chitooligosaccharides were prepared
either in a single-step enzymatic hydrolysis using chitosanase, or in a two-step chemical-enzymatic
hydrolysis. The hydrolyzed products obtained in the single-step preparation were composed mainly
of 42% fully deacetylated oligomers plus 54% monoacetylated oligomers, and they attenuated
the inflammation in lipopolysaccharide-induced mice and in RAW264.7 macrophages. However,
chitooligosaccharides from the two-step preparation were composed of 50% fully deacetylated
oligomers plus 27% monoacetylated oligomers and, conversely, they promoted the inflammatory
response in both in vivo and in vitro models. Similar proportions of monoacetylated and deacetylated
oligomers is necessary for the mixtures of chitooligosaccharides to achieve anti-inflammatory effects,
and it directly depends on the preparation method to which chitosan was submitted.
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1. Introduction

Inflammation is a response of the organism to injury, and a prolonged or intense inflammatory
event can lead to the development of several diseases. Different cell types and inflammatory
mediators such as cytokines act in coordination to resolve the inflammatory event successfully [1].
Lipopolysaccharide (LPS) is a common pathogen-associated molecular-pattern contained in large
amounts in the cell walls of Gram-negative bacteria, and stimulates cells of the innate immune
system by its ligation to Toll-like receptor 4 (TLR4) [2]. Different cell types, such as neutrophils and
macrophages, respond to LPS by releasing potent inflammatory mediators [3,4]. Neutrophils are
typically the first leukocytes to be recruited to the inflammatory site and are capable of eliminating
pathogens by multiple mechanisms [5,6]. Macrophages are also inflammatory cells with the capacity
to acquire a variety of different functional phenotypes in response to the extracellular signals [7,8].

Mitogen-activated protein kinases (MAPKs) are highly conserved families of serine/threonine
protein kinases involved in a variety of fundamental cellular processes which play a key role in signal
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transduction [9,10]. These MAPK signaling pathways induce a secondary response by increasing the
expression of inflammatory cytokines and chemokines. The binding of LPS to TLR4 engages multiple
signal transduction pathways, including three groups of MAPK: extracellular-signal-regulated kinases
(ERKs); the cJun NH2-terminal kinases (JNKs); and the p38 MAP kinases [11]. The importance of the
different MAPKs in controlling cellular responses to the environment by regulating gene expression
has made them a priority for research related to many human diseases [9]. Indeed, the ERK, JNK,
and p38 pathways are all molecular targets for drug development [12].

Chitosan, the main derivative of chitin, is the essential polymer to produce chitooligosaccharides
(COSs), which are linear co-oligomers of N-acetyl glucosamine (GlcNAc) and glucosamine (GlcN)
units in varying proportions. COSs have been reported to exhibit numerous biological functions,
such as antibacterial, anti-inflammatory, antioxidant, immunity-enhancing, antitumor, etc. [13–16].
The biological effects of COSs depend on their degree of polymerization (DP) or average molecular
weight (Mw), the degree of N-acetylation (DA), and/or the pattern of N-acetylation (PA), which in turn
depends on the source of chitosan and, most importantly, on the hydrolysis strategy [17]. The relation
between the biological function and the structure of COSs is still not well understood [18], making
it difficult to establish a hypothesis about their structure–function relationship. The bioactivities of
COSs are often tested using relatively poorly characterized chitooligomers, so it is essential to use
well-defined and highly purified COS preparations with defined physicochemical characteristics to
understand their bioactivity [13].

Currently, COSs are produced by different physical and chemical methods [19–22], but enzymatic
procedures present significant advantages, especially when COSs will be used for biomedical
applications [23–25]. Partial enzymatic hydrolysis of chitosan with specific enzymes such as
chitosanases has been proposed as an alternative to the other hydrolysis methods [26] because the
resulting COS can be defined [27].

The focus of this study was to clarify the relationship between the preparation methods of
COSs, their physicochemical structure, and their effects related to (anti)-inflammatory properties.
Our group optimized the reproducibility of COS preparation methods, and we prepared several
COSs by enzymatic depolymerization, with and without previous chemical degradation of chitosan.
The structure and composition of chitooligosaccharides were studied in detail and the roles of the
anti-inflammatory properties of these COSs using in vitro and in vivo models were evaluated.

2. Results

2.1. Structural and Physicochemical Characterization of COSs

The chitosanolytic activity was checked by HP-SEC, and COSs with lower Mw than initial
chitosan were successfully obtained by both methods (Table 1). Low molecular weight chitosan
(LMWC) with 32 kDa was obtained in the first step of the two-step process (P2), which led to P2COS
(Mw 5 kDa), with lower Mw than P1COS (Mw 8 kDa). In the 1H-NMR spectra, the proton signals
(H1–H6) showed the preservation of chitosan structure in both P1COS and P2COS (Figure 1). A slight
signal assigned to 5-hydroxymethyl-2-furfural (HMF) was observed in P2COS (Figure 1C). Using
13C-NMR, it was checked that the internal structures of P1COS and P2COS were not altered in their
preparation processes (Figure 2). The pattern of N-acetylation was 0.8 and 0.9 respectively for P1COS
and P2COS, corresponding to a random pattern of acetylated monomers distribution [28].
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Table 1. Average molecular weight (Mw), degree of N-acetylation (DA), zeta potential (ζ), pattern
of N-acetylation (PA), and percentage of acetylated oligomers. P1COS: chitooligosaccharide (COS)
prepared using the one-step method; P2COS; COS prepared using the two-step method.

Sample Mw (kDa) DA (%) ζ (mV) PA A0 (%) A1 (%) A2 (%) A3 (%) A4–A24 (%)

P1COS 8 13 56.4 ± 4.9 0.8 42 54 3 1 0
P2COS 5 11 33.1 ± 1.9 0.9 50 27 14 9 0

(A0), mono- (A1), di- (A2), and triacetylated (A3) oligomers.

Figure 1. 1H-NMR spectra. (A) Native chitosan; (B) P1COS; (C) P2COS. (B,C) show the signal of H1
corresponding to deacetylated reducing ends. (C): The assignments of 5-hydroxymethyl-2-furfural
(HMF) were H-1 (9.43 ppm), H-3 (7.51 ppm), and H-4 (6.66 ppm) [29].
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Figure 2. 13C-NMR spectra. (A) P1COS obtained in the one-step enzymatic method; (B) P2COS
obtained in the two-step chemical-enzymatic method.

Both P1COS and P2COS were analyzed by MALDI-TOF-MS to determinate their composition and
abundance of the degree of polymerization (Table 1 and Figure 3). COSs showed the typical profile
of molecular composition for chitooligosaccharides, and their DP ranged from 3 to 24 in P1COS and
from 3 to 17 in P2COS. This result is in concordance with the lower Mw determined previously for this
fraction by HP-SEC. Both COSs were composed of fully deacetylated oligomers (A0) and mono-(A1),
di-(A2), and tri-acetylated (A3) oligomers. Larger acetylated oligomers were not detected (Table 1).

Figure 3. The abundance of the percentage of the degree of polymerization present in both mixtures of
P1COS and P2COS.

2.2. Role of P1COS and P2COS in the Peritoneal Migration of Neutrophils

Intraperitoneal injection of LPS in mice induces the accumulation of neutrophils in the
peritoneum [30]. To test the implication of P1COS and P2COS in anti-inflammatory response in vivo,
we injected mice with LPS, P1COS, and P2COS, as well as LPS together with P1COS or P2COS.
Twenty-four hours later, the neutrophil population recruitment to the peritoneum was determined by
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flow cytometry (Figure 4). P1COS promoted a decrease in the neutrophil population in LPS-induced
mice, meaning that P1COS was able to attenuate the acute inflammatory response. Conversely,
P2COS generated the most elevated neutrophil recruitment to the peritoneum, even higher than
LPS, indicating a pro-inflammatory behavior for this COS. To further analyze the role of P1COS and
P2COS in inflammation, we next decided to study how they modulate the LPS response in vitro using
RAW264.7 macrophage.

Figure 4. Neutrophils population from mice treated with lipopolysaccharide (LPS), P1COS, P2COS,
LPS plus P1COS, and LPS plus P2COS. Mice received an intraperitoneal injection of LPS (1 mg/kg)
or of either P1COS or P2COS (10 mg/kg) alone or together with LPS, and 24 h later the levels of
circulating neutrophils Ly6G+ cells were analyzed by flow cytometry. (A–F) Representative flow
cytometry graphs showing the percentage of circulating Ly6G+ cells. (A) Control group; (B) P1COS;
(C) P2COS; (D) LPS; (E) LPS and P1COS; (F) LPS and P2COS. (G) The means ± SD (n = 6) of the
frequency of cells relative to the total number of circulating cells. Asterisks represent the significance
with respect to the control LPS-induced mice and “&” with respect to the control without LPS. The
100% inflammation corresponds to 2.1 × 105 ± 2.5 × 104 Ly6G+ cells. ND: not detectable.

2.3. Role of P1COS and P2COS on LPS-Activated RAW264.7 Macrophage Cells

First, we analyzed the cytotoxicity of P1COS and P2COS on RAW264.7 cells by assaying the
viability of the cells incubated with different concentrations of both compounds. P1COS did not affect
the viability of the cells at any of the concentrations tested (Figure 5). On the contrary, P2COS affected
the viability of macrophage at 5 mg/mL, decreasing the cell survival about 60%. Therefore, 2 mg/mL
of P2COS was used for in vitro experiments.
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Figure 5. Effects of P1COS and P2COS on the viability of RAW264.7 cells. Cells were treated for 4 h
with P1COS or P2COS (0–5 mg/mL), and relative cell viability was measured. The panel shows the
mean ± SD from three independent experiments relative to the total cell viability in non-treated cells.
Asterisk represents the significance with respect to the non-treated control.

Subsequently, RAW264.7 macrophage cells were treated with P1COS or P2COS, with or without
LPS, to assess the effect on the activation state of ERK, JNK, and p38α by Western blotting.
The activation levels of these kinases were evaluated by determining their phosphorylation state [9].
Both P1COS and P2COS significantly attenuated the activation of ERK and JNK in LPS-induced
macrophage (Figure 6B,D). On the other hand, p38α was attenuated by P1COS but not by P2COS,
which promoted a strong increase in its activation levels (Figure 6C). Interestingly, stimulation of cells
with P2COS increased the phosphorylation of both p38α and ERK. Indeed p38α phosphorylation
was even higher when it was stimulated with P2COS rather than with LPS. However, P1COS did not
activate any of the MAP kinases in this cell system.

Figure 6. Extracellular-signal-regulated kinase (ERK), cJun NH2-terminal kinase (JNK), and p38α
phosphorylation levels in RAW264.7 cells treated with P1COS or P2COS with or without LPS. Cells
were stimulated with LPS (300 ng/mL) or either P1COS or P2COS (2 mg/mL) with or without LPS
for 30 min. P-ERK, P-JNK, and P-p38α were analyzed by Western blots, and the total protein ERK2
was analyzed as loading controls. (A) Representative Western blots of all experimental conditions.
(B–D) The graphs show the means ± SD (n = 3) of protein levels fold induction relative to the
total of phosphorylated protein in LPS-induced cells, after normalizing values. Asterisk represents
the significance with respect to the control LPS-induced cells and “&&” with respect to the control
without LPS.
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To investigate whether P2COS activates RAW264.7 in the same way as LPS, cells were
pre-incubated with two different compounds: polymyxin-B, known to inhibit TLR4 activation [31],
and cytochalasin-B, as an actin cytoskeleton disruptor [32], and then stimulated with P2COS.
The presence of polymyxin-B did not affect the activation of p38α and ERK promoted by P2COS
in RAW264.7 cells (Figure 7A,B). However, the presence of cytochalasin-B was able to partially inhibit
the effect of P2COS, drastically decreasing activation levels of ERK and p38α (Figure 7C,D).

Figure 7. Protein levels of P-ERK and P-p38α in RAW264.7 after P2COS treated (2 mg/mL) for 30 min.
Cells were pre-incubated or not with polymyxin-B (1 µg/mL) or cytochalasin-B (10 µg/mL) for 30 min
before stimulation with COS, after which the levels of P-ERK and P-p38 were determined by Western
blot analysis. As a loading control, membranes were blotted with anti-α-tubulin. (B,D) Representative
Western blots of all experimental conditions. (A,C) The graphs show the means ± SD (n = 3) of protein
levels fold induction relative to the total phosphorylated protein in LPS-induced cells, after normalizing
values. Asterisk represents the significance with respect to the non-treated cells and “&&” with respect
to the P2COS plus polymyxin-B or cytochalasin-B respectively.

3. Discussion

3.1. The Relation between P1COS and P2COS Preparation Methods and Their Composition

Due to the action of the chitosanase, which specifically breaks glycosidic bonds GlcN–GlcN
or GlcN–GlcNAc, higher-intensity signals corresponding to the new deacetylated reducing ends
generated (5.4 ppm, assigned to H-1 of GlcN) were detected in P1COS and P2COS [26,33], and a slight
increase of this signal was seen in P2COS. In the acidic hydrolysis step of P2, major unstable
2,5-anhydro-D-mannose reducing ends would be produced, leading to the generation of Schiff bases
that in turn contribute to HMF formation [29]. The intermediate products of Maillard reactions are
advanced glycation end products (AGEs) that emit fluorescence [34], but we found a negligible signal
in P2COS. The random pattern of acetylation determined for P1COS and P2COS suggests that the
preparation methods did not affect the internal structure of COSs.
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As in the chitosanolytic hydrolysis, the GlcN–GlcN or GlcN–GlcNAc glycosidic bonds are attacked
by the nitrous acid [29], decreasing the substrate viscosity. Therefore, the double hydrolysis of P2
facilitates the production of COS with lower Mw. The molecular composition was described as Dn-mAm,
where m has values between 0 and 3 and n has values between the minimum and the maximum
DP [23,35]. P2COS had a slightly higher percentage of fully deacetylated sequences (A0 = 50%) than
P1COS (A0 = 42%), in concordance with results obtained by 1H-NMR. Conversely, monoacetylated
oligomers (A1 = 54%) were dominant in P1COS and more abundant than in P2COS (A1 = 27%).
Therefore, COSs with a higher percentage of A0 oligomers and lower Mws were generated in P2 as we
previously described for chitosan from another source [36].

3.2. Role of P1COS and P2COS in LPS-Induced Mice and LPS-Activated RAW264.7 Macrophage Cells

It has been reported that the Mw and DP distribution of COSs influence their anti-inflammatory
capacity [37,38] and that this is dose-dependent [39], showing a better anti-inflammatory activity for
COS with Mw lower than 10 kDa. It has been proposed that the anti-inflammatory effects of COS in
LPS-induced mice could be due to the formation of a stable water-soluble COS–LPS complex through
electrostatic interactions [40], making the interaction between LPS and its receptor TLR4 [41] difficult
and promoting a partial inhibition of its effect. The interaction of COS–LPS significantly depends on
the LPS structure, concentration, COS Mw, and the parameters of the medium where the complexing
occurs [42]. Hydroxyl groups of COS would be donors of a proton to form hydrogen bonds, and their
N-acetyl groups would be collaborating in the hydrophobic interaction that together would stabilize
the complex [43,44].

The protein ERK is involved in the regulation of main functions in differentiated cells (e.g., mitosis
or apoptosis), and many different stimuli activate the ERK pathway [9,45–47]. JNK and p38α MAPK,
also called stress-activated protein kinases, have been implicated in a variety of cellular processes,
including cell proliferation, differentiation, and death [48]. The natural peptide polymyxin-B is a
potent antibiotic that binds to LPS and neutralizes it [31]. P2COS was able to activate inflammation
in a TLR4-independent way since ERK and p38α were activated in the presence of polymyxin-B
(Figure 7A,B). However, the inflammation promoted by P2COS was significantly attenuated in the
presence of cytochalasin-B since the activation levels of P-ERK1 and P-p38α decreased drastically
(Figure 7C,D), meaning that this P2COS needs to be internalized by the macrophage to promote
inflammation. The attenuation of p38α was stronger than ERK, which remained active. Therefore,
it seems that the activation promoted by P2COS is not exclusively by phagocytosis, since significant
levels of P-ERK were detected.

Both P1COS and P2COS showed similar DA (Table 1), but P1COS contained a higher proportion
of fully deacetylated (A0) and monoacetylated (A1) oligomers (42% and 54%, respectively) than P2COS,
which was composed of 50% of A0 and 27% of A1 oligomers. The higher proportion of A0 and A1
oligomers of P1COS could be crucial to establishing a stable complex with the LPS. This composition
would contribute to stabilizing the LPS–COS complex. P1COS prepared by the enzymatic single-step
method seems to be an optimal option to produce COSs with anti-inflammatory activity, and the
different composition of P2COS would not promote the LPS–COS complex formation, making it
difficult to attenuate the inflammatory response.

The composition of P2COS probably allows it to complex with LPS as described above, promoting
the attenuation of MAPK in LPS-induced RAW264.7 cells (Figure 6). However, preparation method
P2 would influence its pro-inflammatory behavior, promoting the activation of ERK and p38 MAPK,
and resulting in P2COS being recognized by cells as an alarm signal. Compared to P1COS, the higher
presence of deacetylated reducing ends would also contribute to pro-inflammatory effects. The HMF
detected, a common product of Maillard reactions and generated by heat in some food [49], showed
no evidence of toxicity [50]. However, the participation of this compound in more advanced stages
of Maillard reactions cannot be discarded [51,52]. This fact could contribute to the pro-inflammatory
effects shown for P2COS in mice and in the RAW264.7 macrophage. The AGEs are produced in the cell
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as a consequence of carbohydrate and protein degradation promoted by cellular aging. The negligible
presence of AGEs that are closely related to cardiovascular diseases [34] could contribute to the
pro-inflammatory response of P2COS. Many intracellular receptors recognize different exogenous
molecules [53]. Macrophages have receptors for AGEs (RAGEs) [54] through which they activate
the ERK pathways between others [55]. These RAGEs could recognize part of P2COS, but more
experiments would be needed to investigate this interaction. Based upon this observation, it seems
that the preparation of COSs by a single-step process based on an enzymatic hydrolysis of chitosan is a
better option for the generation of COSs with anti-inflammatory properties.

4. Materials and Methods

4.1. Preparation of COSs

Two kinds of COS were prepared from chitosan (89 kDa; DA 17%) obtained from fresh North
Atlantic shrimp shells Pandalus borealis (Novamatrix, Sandvika, Norway). This chitosan (0.5%, w/w in
0.5 M acetic acid) was filtered through a series of glass Buchner funnels (250 to 16 µm), precipitated
with 10% (w/v) NaOH aqueous solution, and washed to neutrality with distilled water before its use.
One Mw range fraction of COS (Mw 5–10 kDa) was enzymatically prepared using chitosanase EC
3.2.1.132 from Streptomyces griseus (Sigma-Aldrich, St. Louis, MO, USA) in the single-step process (P1).
The COS was named P1COS, was dialyzed against distilled water until complete salt elimination,
and freeze-dried. The other method to prepare COS was performed in two steps (P2). In the first stage,
chitosan was depolymerized with nitrous acid [56] to obtain a low molecular weight chitosan (LMWC),
which was enzymatically degraded in the second stage with chitosanase EC 3.2.1.132. One Mw
range fraction of COS (Mw 5–10 kDa) was isolated, dialyzed, and freeze-dried, and it was named
P2COS. All details of preparation methods were previously reported [36]. Prior to stimulation of
the anti-inflammatory effect, an exhaustive physicochemical characterization of COS was performed.
Both processes were monitored by HP-SEC, and a standard chitosan curve was used to determine the
Mw of LMWC, P1COS, and P2COS [57].

4.2. Structural and Physicochemical Characterization of COS

1H-NMR spectra were obtained on a 300 MHz Bruker Advance Spectrometer (Bruker Ettinglen,
Bremen, Germany). Chitooligosaccharides were dissolved (0.5%, w/v) in 1% DCl/D2O (Sigma-Aldrich),
measurements were recorded at 25 ◦C, the acquisition time was 1 s with 32 scans, and DA was determined
according to [58]. 13C-NMR spectra were obtained on an Agilent DD2 600 Spectrometer (Agilent
Technologies, Santa Clara, CA, USA). Samples were prepared as described above. The acquisition time
was 1.5 s with 5788 scans and 600 MHz. The PA was determined as described in [28]. MALDI-TOF-MS
was performed in a Bruker Ultraflex MALDI-TOF mass spectrometer (Bruker-Daltonik, Bremen, Germany)
in positive ion mode as detailed by Madhuprakash, El Gueddari, Moerschbacher, and Podile [59].

4.3. Animal Model

Wild type C57BL/6 mice between the ages of 10–12 weeks were used for in vivo experiments.
The animals were handled in accordance with Institutional Guidelines for the Care and Use of
Laboratory Animals in research, the relevant European Council Directive (2010/63/EU), and Spanish law
(R.D.1201/2005), with the approval of the Ethics Committee of the Consejo Superior de Investigaciones
Científicas. Mice were intraperitoneally injected with LPS (Salmonella enterica serotype Typhimurium,
Sigma-Aldrich, 1 mg/kg) alone or together with P1COS or P2COS (10 mg/kg), which were previously
dissolved in PBS and sterilized by filtration through a 0.2 µm filter. After 24 h, peritoneal cells were
isolated and stained with Anti-Gr1 (Ly6C/Ly6G) FITC (Bioscience, Madrid, Spain). The neutrophil
population was determined by flow cytometry (FC 500 MPL, Beckman-Coulter, Indianapolis, IN, USA).
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4.4. Cell Culture, Stimuli, and Western Blotting Analysis

Murine RAW264.7 macrophage was cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 25 mM HEPES, 100 U/mL
penicillin, 0,5 µg/mL streptomycin, and 2 mM glutamine. Cells were cultured at 37 ◦C in a
humidified atmosphere (5% CO2). For in vitro studies, COSs were prepared in culture medium
and sterilized by filtration. Prior to stimulation with P1COS or P2COS, non-toxic concentrations of
COSs were selected after evaluating their cytotoxicity in the range 0.2 to 5 mg/mL for 4 h [60] by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test. For experiments, raw cells
were cultured overnight in DMEM with 0.1% FBS. Subsequently, cells were treated with 2 mg/mL of
P1COS or P2COS with or without LPS (300 ng/mL) for 30 min. After that, cells were collected and protein
extracts were generated and subjected to Western blot analysis [61] using anti-phospho-Erk1/2 (P-ERK,
P-p44/42MAPK, Cell-Signaling, Leiden, The Netherlands), anti-phospho-p38α (P-p38, P-T180/Y182,
Cell Signaling, Leiden, The Netherlands), and anti-phospho-Jnk1/2 (P-JNK, P-T183/Y185 JNK1/2,
Promega-Biotech, Madrid, Spain) antibodies. In some experiments, cells were pre-treated with 1 µg/mL of
polymyxin-B (Sigma-Aldrich, St. Louis, MO, USA) or 10 µg/mL of cytochalasin-B (Drechslera dematioidea,
Sigma-Aldrich, St. Louis, MO, USA) for 30 min before COS treatment.

4.5. Statistical Analysis

Statistical significance was determined by applying student’s t-test using GraphPad-Prism
software. Results shown are mean ± standard error. p-values are represented in the figures with
asterisks: * p < 0.05, ** p < 0.01, and *** p < 0.001.

5. Conclusions

P1COS prepared by the single-step enzymatic method was able to attenuate the inflammatory
response in LPS-induced mice and in LPS-activated murine RAW264.7 macrophage cells. Preparation
of COS by this method generates oligomers with a lower proportion of fully deacetylated oligomers
compared to our proposed two-step methods. Moreover, its balance with acetylated oligomers seems
to be a crucial requirement for using P1COSs as anti-inflammatory agents. On the contrary, the high
proportion of fully deacetylated reducing ends and the lower percentage of acetylated oligomers
of P2COS could contribute to destabilizing the LPS–COS complex, decreasing its anti-inflammatory
effect. In addition, the intermediate products of the Maillard reactions of P2COS could contribute to
its pro-inflammatory action in vivo and in vitro. The development of detailed methods to prepare
COSs and to study their physicochemical structure is essential to establishing a relationship with their
biological function. The use of COSs as anti-inflammatory agents in biotechnological applications will
depend on a good knowledge of the structure–function relation.
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