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Abstract Based on our previous study evaluating the in vivo
cure efficacy of chitosan on bovine mastitis, a more water-
soluble chitosan-oligosaccharide (OCHT) with a high degree
of deacetylation and low molecular weight was prepared to
obtain high antibiotic efficacy. The growth of Staphylococcus
aureus isolated from bovine mastitis was inhibited within
10 min of treatment with OCHT in concentrations ranging
from 0.0001 to 0.5%. Additionally, electron microscopic
observation indicated that the surface of the OCHT-treated
bacteria was expanded, distorted, and lysed compared to that
of the control bacteria. In mice, the proportion of monocytes
was elevated, and the levels of interleukin-6 and interferon-γ
sharply increased l h after the peritoneal inoculation of the
OCHT (0.5 to 1 mg per mouse). Mice challenged intra-
peritoneally with S. aureus (2.5×108 colony forming units)
after oral treatment with OCHT (0.5 to 2 mg per day) for

7 days showed a higher survival rate (70–100%) than that of
the control (10%). We suggest that the OCHT prepared in
this study is a potential agent for the prevention and
treatment of bovine mastitis based on its strong antibacterial
activity against S. aureus as well as the immunostimulative
effect it exhibits on murine infection by S. aureus.
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Introduction

Mastitis is caused primarily by microbial intramammary
infection (IMI) and is a costly disease for dairy producers
(Ruegg 2003). Staphylococcus aureus can provoke clinical
mastitis but is more frequently associated with subclinical
infections that tend to become chronic and are difficult to
eradicate using conventional antimicrobial therapies (Sears
and McCarthy 2003). Bovine mastitis due to S. aureus
infection constitutes a major challenge to dairy producers
due to the frequent inability of both the immune response
and antibiotics to prevent infection and destroy the pathogen
in the intramammary environment. Further research must be
conducted to develop new prophylactic and therapeutic
agents to counteract the pathogenesis of intramammary S.
aureus infection (Brouillette and Malouin 2005).

Chitosan is one of the most abundant natural polymers
and has important industrial applications, including waste
water purification (Castellanos-Perez et al. 1988), chelation
of transition metals, coacervate formation for cell entrap-
ment, and seed coating for improved yield due to its unique
polycation nature (Hadwiger et al. 1984). In addition to its
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lack of toxicity and allergenicity, its biocompatibility,
biodegradability, and bioactivity make chitosan very attrac-
tive for a wide range of biomaterial, pharmaceutical, and
medical applications (Allan and Hadwiger 1979; Sudarshan
et al. 1992; Illum 1998; Singla and Chawla 2001).
Recently, increasing attention has been paid to the potential
use of chitosan in a number of veterinary applications,
including use as a wound healing agent, antimicrobial
agent, bandage material, skin grafting template, homeostat-
ic agent, and a delivery vehicle (Senel and McClure 2004).
There have also been numerous reports documenting the
effects of chitosan on inhibition of bacteria, such as S. aureus
and Escherichia coli, and fungi (Allan and Hadwiger 1979;
Sudarshan et al. 1992; Seo et al. 1992; Darmadji and
Izumimoto 1994), on the prevention of immunosuppression
after surgery (Kosaka et al. 1996), on wound healing in
cows (Okamoto et al. 1996), and on improvement of cure
rates in mastitic cows (Moon et al. 1998). Minami et al.
(1997) also observed that the number of phagocytes and
their oxidative activities in udder secretion increased only
1 day after chitosan administration in both normal and
mastitic cows.

The antibacterial effect of chitosan-oligosaccharides
(OCHT) has been shown to be greatly dependent on their
polymerization or molecular weight (MW; Jeon and Kim
2000). In addition, water-soluble OCHT may be an
advantageous antibacterial agent for use in in vivo systems
compared to water-insoluble chitosan (Park et al. 2002).
Due to the in vivo efficacy of chitosan on treatment of
bovine mastitis in our previous study (Moon et al. 1998),
this study was conducted to prepare water-soluble and low
MW OCHT from chitosan by treatment with chitosanase.
The antibacterial activity of OCHT against S. aureus
isolated from a mastitic cow and its immunostimulative
effects on Institute of Cancer Research (ICR) mice were
also investigated.

Materials and methods

Preparation of the chitosan-oligosaccharides

Taehoon Bio. (Seoul, Korea) donated the chitosan powder
(degree of deacetylation, 70–100%; average MW,
207,954 Da; viscosity, 5 cP), which was prepared from
crab shells from the East Sea in the Republic of Korea. The
chitosan solution was prepared by dispersing 140 g of
chitosan powder into 997 ml of distilled water and 3 ml of
acetic acid with continuous stirring. A saturated sodium
bicarbonate solution was used to adjust the pH to 5.8.

The OCHT used for this study was prepared via
enzymatic hydrolysis of chitosan using the method de-
scribed by Kim (1998). Briefly, the chitosan solution [14%

(w/v)] was hydrolyzed by chitosanase (1 unit/g chitosan)
treatment at 55°C for 5 h and terminated by boiling at 100°C
for 10 min. The mixture of OCHT was obtained by filtration
using filter paper no. 2. Finally, the improved solubility in
acetone was used to separate the OCHT based on the
differences of MWs in the mixture so the OCHT with the
highest antibacterial activity could be determined.
The OCHT was precipitated with acetone, centrifuged
(50,000×g, 30 s), and dried to obtain a water-soluble white
powder with a quantitative yield of 65.8 g.

The properties of the OCHT prepared in this study were
analyzed using Fourier-transformed infrared (FT-IR) spec-
tra, which were obtained on FT/IR-300E and Micro-FT/IR
(Model-300E, Jasco, Tokyo, Japan) using the potassium
bromide (KBr) disk sandwiched technique (2 mg sample in
200 mg KBr). The %T mode was applied within an
absorption wavelength ranging from 400∼4,000 to 1 cm−1

of the resolution. Commercial chitosan (C-3646, Sigma
Chemical, St. Louis, MO, USA) was used as the standard
control to examine the constitutional transformation of the
chitosan (Taehoon Bio.) into OCHT. OCHT [0.5% (w/v)]
dissolved in 1% acetic acid solution (w/v) was measured at
20°C using a physical viscometer (Model SM-HM Mc10,
Frankfurt, Germany). The degree of deacetylation of the
OCHT was determined using the method described by Kina
et al. (1974). The distribution of MW of the OCHT was
analyzed by gel permeation chromatography (Model LCSS-
90, Jasco), using a system comprised of three coupled
columns (Shodex OHpak SB-801, SB-802 and SB-803), a
pump (Jasco PU-980), and an internal refractive index (RI)
detector (Jasco RI-930). The samples were analyzed using a
0.1 M sodium chloride/0.2% acetic acid aqueous solution
as eluant at a flow rate of 1 ml/min. Monodispersed
pullulan (Jasco) of different MWs (5,800; 12,200; 23,700;
48,000; 100,000; 186,000; 380,000; 1,660,000) and a
commercial OCHT kit from chitosan-dimer to chitosan-
pentamer (Suisankagaku Industry, Tokyo, Japan; MWs,
322, 483, 645, 806) were used as calibration standards.

Antibacterial activity of the chitosan-oligosaccharides
against S. aureus

S. aureus (American Type Culture Collection [ATCC]
29213) obtained from the National Veterinary Research
and Quarantine Service (Anyang, Korea) as well as a field
isolate that originated from bovine subclinical mastitis
(Moon et al. 1998) were used for this experiment because
they had the highest pathogenicity in our preliminary study.
The S. aureus cells were cultured aerobically in nutrient
broth (Difco, Detroit, MI, USA) at 37°C for 36 h and then
adjusted to 2×107 colony forming units (CFU)/ml. After
dilution with fresh nutrient broth, they were cultured with
OCHT dissolved in 0.1 M phosphate-buffered saline
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(pH 7.2) at one of the following final concentrations: 0.5,
0.1, 0.01, 0.001, and 0.0001% (w/v). One milliliter from
each of these cultures was separately sampled from the
same vial at 5, 10, and 30 min, then 1, 4, and 18 h after
inoculation, and diluted 1:100 in 0.1 M phosphate-buffered
saline (pH 7.0). Each of these 50-μl mixtures was then
spread onto plate count agar (Difco) and incubated at 37°C
for 24 h and the viable colonies counted.

Observation of S. aureus treated with the chitosan-
oligosaccharides by electron microscopy

The morphological features of S. aureus treated with OCHT
were examined using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) using the
method described by Yun et al. (1999). Briefly, a
suspension of S. aureus that had been incubated for 12 h
on Luria-Bertani (LB) agar (Difco) was evenly distributed
onto new LB agar plates that contained holes filled with
30 μl of 0.0005% OCHT solution. After incubation at 37°C
for 36 h, the zones of inhibition on each plate were cut to a
size of 0.5∼1 mm3, added to a 2.5% (w/v) glutaraldehyde
solution in 100 mM phosphate buffer (pH 7.2) for 3 h, and
then washed three times with 100 mM of phosphate buffer
solution (pH 7.2) for 15 min. After being fixed with 1%
osmium tetroxide (w/v) for 1 h and sequentially dehydrated
with 30 to 100% ethanol, the specimens were immersed
into isoamyl acetate and propylene oxide for observation by
SEM (Hitachi, S-2500C, Tokyo, Japan) and TEM (Carl
Zeiss, TEM 109, Oberkochen, Germany), respectively.

Immunostimulative activity of the chitosan-
oligosaccharides in mice

ICR male mice (4–5 weeks old) were provided by the
National Veterinary Research and Quarantine Services
(Anyang). All mice were cared for according to the
guidelines for good animal laboratory practices set by the
National Veterinary Research and Quarantine Services.
The immunostimulative effect of the OCHT treatment was
examined in mice that were divided into three groups
comprising of either 40 mice for cytokine analysis or 25
mice for hematological analysis. The mice were intra-
peritoneally injected with 0.5 or 1.0 mg of OCHT or a
control (physiological saline). Mice undergoing cytokine
analysis were injected once, and those being analyzed for
hematological changes were injected daily for 5 and
10 days.

The amount of OCHT administered was determined
based on a finding reported by another study in which the
migratory activity of canine neutrophils was maximized
when the concentration of chitin was 1.0 mg/ml in blood
(Usami et al. 1994). Five mice per group were killed and

blood collected for cytokine analysis at 0, 1, 2, 4, and 8 h
after treatment with OCHT. Additionally, ten mice per group
were bled for hematological analysis at 5 and 10 days after
treatment with OCHT. Ethylenediamine tetraacetic acid-
treated blood samples were examined using an automatic
blood cell counter (Serono System 9018, Japan) and stained
using the Giemsa staining method to allow for the differen-
tial counting of white blood cells under a microscope. The
concentration of cytokines, including interleukin-1α (IL-
1α), IL-2, and IL-6, interferon-γ (IFN-γ), and tumor
necrosis factor-α (TNF-α) in the serum was measured using
the double sandwich enzyme-linked immunosorbent assay
technique (Endogen, Woburn, MA, USA).

Curative and protective effect of the chitosan-
oligosaccharide against S. aureus infection in mice

Five mice in each group were also intraperitoneally infected
with 1.0×108 CFU of S. aureus, the minimum lethal dose
determined in our preliminary study, to investigate the
curative effect of the OCHT against S. aureus. These mice
were then treated intraperitoneally with 0.5 ml of OCHT
solution (0.05, 0.1, 0.5, and 5%) or a control (physiological
saline solution) 1 h after infection (Isenberg et al. 1982).
The survival status of the infected mice was assessed twice
a day for 7 days.

The mice were divided into four groups of ten mice that
each received 0.5, 1, and 2 mg OCHT daily or saline (for
the control group) to investigate the preventive effect of
OCHT against S. aureus. After oral administration of
OCHT for 7 days, the mice were intraperitoneally chal-
lenged with a field isolate of S. aureus (2.5×108 CFU) that
originated from bovine subclinical mastitis (Moon et al.
1998), then observed twice daily for 7 days. An amount of
S. aureus 2.5 times greater than the minimum lethal dose
was used because the mice were 1 week older than those
used to determine the curative effect of OCHT, and
challenge with 1.0×108 CFU S. aureus after daily con-
sumption of the OCHT produced the same survival rate,
100%.

Statistical analysis

The number of viable S. aureus, white blood cell (WBC)
data, and cytokine concentrations between different groups
were compared using an independent samples t-test, and a
paired samples t-test was used to analyze any significant
differences in the data that originated from the same group
but were determined at a different time. Other hematolog-
ical data (excluding WBC) between the control and one of
treatment groups were compared by Kruskal–Wallis one-
way analysis of variance (ANOVA) by ranks, and signif-
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icant differences in data that originated from the same
group, but were determined at a different time, were
analyzed by a Wilcoxon signed-ranks test. All statistical
analyses were carried out using commercially available
software (Analyse-it software). The level of significance
was set at p<0.05.

Results

Analysis for selection of the optimal chitosan-
oligosaccharides

MWs of the different pilot OCHTs were analyzed by gel
permeation chromatography based on a standard calibration
curve generated using two kinds of standards, commercial
pullulan (Jasco), and OCHTs (Suisankagaku Industry;
Fig. 1a). The MW of chitosan, which had 70–100%
deacetylation and 5 cP of viscosity, ranged from 49,012 to
235,448 Da (Fig. 1b). However, the MW of the OCHT
changed to between 279 and 17,853 Da (Fig. 1c) and to
between 300 and 12,796 Da (Fig. 1d) at 12 and 24 h after
treatment with the chitosanase enzyme, respectively. The
proportion of OCHTs with less than ten oligosaccharides
was 74 and 87.6% at 12 and 24 h after enzymatic treatment,
respectively. When analyzed by FT-IR, the same patterns of
spectra (%T mode) among commercial chitosan (Sigma
Chemical), raw chitosan (Taehoon Bio.), and three kinds of
pilot OCHTs were observed (Supplementary Fig. 1),
indicating that there was no constitutional transformation
from the raw chitosan (Taehoon Bio.) into OCHT. Finally,
96% deacetylated OCHT with 2.02 cP viscosity and a mean
MW of 1,088 Da ranging from 300 to 12,796 Da
(supplemental Table. 1), consisting mostly of 1–16 oligo-
saccharides (98.8%), was selected for use in this study due
to its water solubility and non-precipitation under alkaline
conditions (pH>8).

Antibacterial activity of the chitosan-oligosaccharides
against S. aureus

In our study, three kinds of pilot OCHTs were produced and
screened to evaluate their antibacterial effects against S.
aureus. The viable number of both the reference strain of S.
aureus (ATCC 29213) and an isolate from a mastitic cow
was markedly reduced 10 min after treatment (p<0.05), and
no viable organisms were observed after 18 h when treated
with various concentrations of the OCHT (0.5, 0.1, 0.01,
0.001, and 0.0001%), whereas the viable number of
bacteria in the control group increased continuously with
time. However, there was no statistical difference in
antibacterial effect against S. aureus among the groups
treated with different concentrations of OCHT (Table 1).

Electron microscopic features of S. aureus treated
with the chitosan-oligosaccharides

The features of S. aureus grown in LB medium containing
a sublethal dose of OCHT, as observed by SEM and TEM,
were markedly different, both internally and externally,
than those of the normal strains (Fig. 2a–d). The bacterial
cells treated with chitosan were severely damaged, having a
swollen cell wall and an irregular shape as determined by
SEM. In addition, when viewed using TEM, the outer
membrane of the cell was expanded and distorted and cells
appeared to be lysed.

Hematological changes and cytokine production in mice
induced by chitosan-oligosaccharides

It is important to consider suitable therapeutic levels of
chitosan. The mice in our study showed no significant
difference in the total number of leukocytes between the
treatment and control group (Table 2). Although the
number of neutrophils in mice treated with 0.5 mg OCHT
was significantly reduced, the number of monocytes
increased significantly in mice injected with OCHT at both
5 and 10 days after treatment compared to the control group
(p<0.05). The increase in the number of monocytes was
greater in the group of mice treated with 0.5 mg of OCHT
for 10 days than those treated for 5 days (p<0.05).

The concentrations of various cytokines, including IL-
1α, IL-2, IL-6, IFN-γ, and TNF-α, in mice treated with
OCHT, were measured at different time intervals in our
study. Among the cytokines tested, the concentration of IL-
6 and IFN-γ significantly increased at 1 h, peaked 2 h after
treatment (p<0.01), and then, gradually dropped (p<0.05).
The concentrations of the two cytokines became similar to
the initial concentrations before the treatment at around 4 to
8 h after administration (Fig. 3). However, the levels of IL-
1α and TNF-α production were relatively low (less than 1.0
and 3.0 pg/ml, respectively) until 8 h after OCHT
stimulation. In addition, no significant difference in the
concentration of IL-2 was observed between the 0.5 and
1.0 mg OCHT treatment and control group (that is 20.2,
24.1, and 21.8 pg/ml 2 h after treatment, respectively;
p>0.05).

Curative and protective effect of the chitosan-
oligosaccharides against murine infection by S. aureus

The curative effect of OCHT against S. aureus, shown by
the survival rate of mice, is summarized in Table 3.
Although all mice in the control group treated with
physiological saline died, 20–100% of the mice inoculated
intraperitoneally with 0.25, 0.5, 2.5, and 25 mg of OCHT
were still alive at 5 days posttreatment. Based on these
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Fig. 1 Gel permeation chroma-
tography analysis of the OCHT
of low MW prepared by the
treatment of the raw chitosan
(70–100% deacetylation, 5 cP
of viscosity, and MW of 49,012
to 235,448 Da; Taehoon Bio.)
with chitosanase. a MW cali-
bration curve of calibration
standards (monodispersed pul-
lulan [Jasco] of different MW
[a 1,660,000; b 380,000; c
186,000; d 100,000; e 48,000;
f 23,700 g 12,200 h 5,800] and
commercial OCHT from chito-
san-pentamer to chitosan-dimer
[Suisankagaku Industry; MW,
i 806; j 645; k 483; l 322]), gel
permeation chromatography
analysis of the raw chitosan
(deacetylation 96%, viscosity
2.02 cP, Taehoon Bio.; b) and
the OCHT prepared in this study
following enzymatic treatment
for 12 h (c) and 24 h (d)
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results, we investigated the preventive effect of OCHT
against S. aureus in mice. The mice were orally adminis-
tered 0.5, 1, and 2 mg of OCHT once daily for 7 days, then
intraperitoneally challenged with S. aureus (2.5×108 CFU).
The survival rates in those treatment groups were 70–
100%, compared to 10% for the mice in the control group
(Table 4).

Discussion

The antimicrobial activity of chitosan against several
bacteria has been recognized; however, this activity is
influenced by a number of factors, including type of
chitosan, degree of polymerization, and other various

chemical and physical properties (Choi et al. 2001; No et
al. 2002). The antibacterial effect of chitosan and chitosan
oligomers has also been reported to be dependent on MW
(Uchida et al. 1989; Jeon and Kim 2000; No et al. 2002)
and degree of deacetylation (Saito et al. 1994). Some
studies have suggested that chitosans with a low MW are
more effective at inhibiting the growth of S. aureus,
Escherichia coli, Saccharomyces cerevisiae, Candida albi-
cans, and Fusarium culmorum than chitosans with high
MWs (Yun et al. 1999; Jung et al. 2002). Therefore, in our
study, the chitosan deacetylated from chitin was hydrolyzed
by chitosanase to obtain a more purified form (Fig. 1), and
the OCHTwith the lowest MW was then separated from the
mixture based on its high solubility in acetone. In a recent
study, Chung et al. (2004) reported that the amount of

Table 1 The number of Staphylococcus aureus ATCC 29213 and S. aureus isolated from a mastitic cow before and after treatment with various
concentrations of the chitosan-oligosaccharides prepared in this study

Concentration of the
OCHT

No. of bacteria (CFU/ml) after OCHT treatment

0 5 min 10 min 30 min 1 h 4 h 18 h

A B A B A B A B A B A B A B

Control NT 1,888 NT 1,934 2,590 3,920 2,977 4,232 3,919 4,997 3,440 5,582
0.5% NT 21 NT 2 22 19 3 10 11 11 0 0
0.1% 1,465 1,824 NT 12 NT 7 11 6 0 2 0 0 0 0
0.01% NT 15 NT 1 28 2 7 0 0 0 0 0
0.001% 56 1 13 3 16 0 12 0 0 0 0 0
0.0001% NT 1 NT 1 24 0 5 0 0 0 0 0

NT Not tested in this study; A number of Staphylococcus aureus ATCC 29213; B S. aureus isolated from a mastitic cow; OCHT chitosan-
oligosaccharides

Fig. 2 Features of normal
Staphylococcus aureus (a, b)
and S. aureus treated with 30 μl
of 0.0005% OCHT for 30 min
(c, d) analyzed by SEM (a, c)
and TEM (b, d). Arrows indicate
the lysis of S. aureus treated
with OCHT
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chitosan adsorbed by different bacterial cells was the same
order of magnitude determined for the antibacterial activity
of chitosan on these bacteria and that chitosans with a high
degree of deacetylation would result in greater amounts of
adsorption. The OCHT prepared in this study was highly
deacetylated (96%), and this may be one of the reasons for
its relatively high antibacterial activity.

The growth of S. aureus isolated from bovine mastitis
was inhibited within 10 min of treatment with OCHT
(Table 1). Tsai et al. (2000) also reported that the chitosan
mixture prepared by cellulase digestion of shrimp chitosan
caused a rapid reduction in the number of the Staphylococ-
cus species in raw milk. The OCHT prepared in this study
showed inhibitory activity against S. aureus from a
concentration of 0.0001%, which is much lower than
concentrations reported to have inhibitory effects in other
studies, including water-soluble chitin derivatives (0.6–
2.5%), partially deacetylated chitins (0.13–0.5%), and
chitosan oligomers (0.025–0.05%; Stossel and Leuba
1984; Saito et al. 1994; Yun et al. 1999). This concentration
is also far lower than that reported in another study in
which the minimum inhibitory concentration of chitosans
against four species of Gram-negative bacteria (E. coli,
Pseudomonas flurescens, Salmonella typhimurium, and
Vibrio parahaemolyticus) and seven species of Gram-
positive bacteria (Listeria monocytogenes, Bacillus mega-
terium, B. cereus, S. aureus, Lactobacillus plantarum, L.
brevis, and L. bulgaricus) ranged from 0.05 to >0.1% (No
et al. 2002). Discrepancies have also been reported in
concentrations showing the antimicrobial activity of chito-
san or its derivatives (Papineau et al. 1991; Sudarshan et al.
1992; Wang 1992; Yang et al. 2005).

Electron microscopic observation indicated that the
surface of the OCHT-treated bacteria was expanded and

Table 2 The hematological changes (mean ± standard error) in mice at 5 and 10 days after intraperitoneal injection with the chitosan-
oligosaccahrides compared with control mice

Parameters Control (n=10, each day) Treatment group with 0.5 mg
OCHT per day (n=10, each day)

Treatment group with 1 mg
OCHT per day (n=10, each day)

A B A B A B

WBC (×103/μl) 6.09±0.18 6.38±0.08 6.20±0.16 6.40±0.05 6.23±0.16 6.18±0.06
Neutrophil (%) 43.25±0.95 44.40±0.67 37.65±1.19a, b 35.95±0.79a, b 42.75±0.95 42.70±0.77
Lymphocyte (%) 50.15±0.94 50.00±0.71 48.45±0.80 44.95±0.90a, b, c 47.90±0.89 48.20±0.80
Monocyte (%) 5.50±0.19 4.80±0.25 13.10±0.64a, b 18.30±0.85a, b, c 8.55±0.49a 7.90±0.52a

Eosinophil (%) 1.10±0.14 0.80±0.12 0.90±0.14 0.80±0.14 0.80±0.14 1.20±0.19

Significant differences in hematological data between groups or time (5 and 10 days; p<0.05)
A Hematological changes in mice at 5 days, B 10 days; OCHT chitosan-oligosaccahrides
a Significant difference between control and one of treatment groups analyzed by an independent samples t-test (for WBC) or Kruskal–Wallis one-
way ANOVA by ranks (for other data except WBC);

b Significant difference between two treatment groups;
c Significant difference in hematological data originated from the same group but determined at a different time analyzed by a paired samples t-test
(for WBC) or a Wilcoxon signed-ranks test (for other data except WBC)

Fig. 3 The changes in the concentration of IFN-γ (a) and IL-6 (b) in
mice after the administration of the OCHT (0.5 and 1.0 mg) and the
saline control. Each bar represents the mean ± standard error from
five replicates. Significant differences between the groups were
analyzed by independent sample t-tests and are indicated (a, asterisk,
p<0.01): a significant difference between control and one of treatment
groups; asterisk significant difference between two treatment groups
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distorted and that cells appeared to be lysed when
compared to that of the control bacteria (Fig. 2). This
finding is similar to that of a previous study conducted by
Yun et al. (1999) who described that such morphological
changes were presumably induced by chitosan and that the
antibacterial activity of chitosan might work via the same
mechanism. EI-Ghaouth et al. (1992) asserted that the
cationically charged amino group in chitosan reacted with
anionic components, such as N-acetyl muramic acid, sialic
acid, and neuraminic acid, on the bacterial cell surface by
electrostatic interaction altered cell permeability and that
such interactions further prevented the entry of material or
resulted in the leakage of material. The close relationship
between the antibacterial activity of chitosan and the
surface characteristics of the bacterial cell wall has also
been demonstrated in a recent study in which Chung et al.
(2004) reported that chitosan made changes to the structure
of the cell wall and the permeability of the cell membrane
and that both adverse effects resulted in bacterial death.

The proportion of monocytes in mice was elevated after
peritoneal inoculation of OCHT in this study (Table 2).

Monocytes constitute up to 10% of blood leukocytes and
migrate into almost all tissues, where they develop into
macrophages. Macrophages play a key role in the immune
system as antigen presenting cells by ingesting and process-
ing non-self antigens from infected bacteria and viruses.
There have also been studies reporting that chitosan treatment
may enhance the activity of polymorphonuclear leukocytes
(PMN) and macrophages in cows (Usami et al. 1994) and
that chitosan induced migration and activation of macro-
phages in dogs (Kosaka et al. 1996). Recently, Mori et al.
(2005) reported that the mechanism of macrophage activation
by chitin derivatives resulted in accelerated wound healing.

A previous study demonstrated that intraperitoneal admin-
istration of chitosan enhanced the oxidative activity of PMN,
but did not affect their numbers inmice (Suzuki et al. 1984). In
this study, the effect of chitosan on the change in the number
of neutrophils was different between the two treatment
groups of mice administered either 0.5 or 1 mg of OCHT
(Table 2). The increase in the number of monocytes was
more than 1.8-fold greater in groups of mice administered 0.5
or 1.0 mg OCHT compared to the control group. By contrast,
the number of neutrophils in mice treated with 0.5 mg of
OCHTwas significantly reduced and followed by an increase
in monocytes by 2.4- and 3.8-fold at 5 and 10 days after
intraperitoneal injection. Therefore, the reduction in neutro-
phils should have been relative to the increase in monocytes
because the total WBC counts were consistent.

Cytokines are small proteins that act as intercellular
communication signals in hematopoiesis, stress, inflamma-
tion, immunity, and tissue repair (Belardelli and Ferrantini
2002). The identification of a large number of cytokines and
disclosure of their pathophysiological mechanisms has
opened innovative frontiers in diagnosis and therapy
(Alluwaimi 2004). Lipopolysaccharide stimulation of a
mammary gland epithelial cell line induced IL-6 in a dose-
dependent manner (Okada et al. 1999). IL-6 expression was
detected in mammary glands as early as 14 h postinfection
with E. coli (Shuster et al. 1997). In this study, the levels of
IL-6 and IFN-γ sharply increased 2 h after peritoneal
inoculation of OCHT (0.5 to 1 mg per mouse; Fig. 3). It
has been postulated that IL-6 facilitates transition of the
inflammatory process from an influx of neutrophils to
monocytes. A shift from neutrophils to monocytes is
essential for suitable immune responses and to decrease the
noxious effect of neutrophils (Kaplanski et al. 2003). A
previous study demonstrated that it took approximately 6 h
to induce apoptosis in 50% of macrophages when stimulated
with chitosan (Mori et al. 2005). IFN-γ is an important
mediator in the activation of recruited neutrophils and
macrophages as well as the enhancement of their phagocy-
tosis (Riollet et al. 2000; Wedlock et al. 2000).

In addition, Nishimura et al. (1984) revealed that, of the
many chitin derivatives, 70% of deacetylated chitins

Table 3 The cure efficacy against Staphylococcus aureus by
treatment of the chitosan-oligosaccharides in mice

Dosage of treatment No. of
tested mice

No. of dead mice
at the days after
infection with S.
aureus (days)

Survival
rate (%)

1 2 3 5

0.9% Saline (control) 10 10 0 0 0 0
0.25 mg of OCHT 5 4 0 0 0 20
0.5 mg of OCHT 5 0 0 0 0 100
2.5 mg of OCHT 5 3 0 0 0 40
25 mg of OCHT 5 3 0 0 0 40

Mice were infected with 1.0×108 CFU (minimum lethal dose to mice)
of S. aureus and then intraperitonially administered with 0.5 ml of
the OCHT solution at various concentrations (0.05, 0.1, 0.5, and 5%)
per head 1 h after infection.

Table 4 The preventive effect of the chitosan-oligosaccharides on
murine infection by Staphylococcus aureus

Dosage of
treatment

No. of
tested
mice

No. of dead mice at the
days after infection with
S. aureus (days)

Survival
rate (%)

1 2 3 5 6 7

0.9% Saline
(control)

10 9 0 0 0 0 0 10

0.5 mg of OCHT 10 0 0 0 0 0 0 100
1 mg of OCHT 10 3 0 0 0 0 0 70
2 mg of OCHT 10 1 0 0 0 0 0 90

Mice were orally administered with 0.5 to 2 mg of the OCHT for
7 days and then challenged with 2.5×108 CFU of S. aureus.
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promote the production of circulating antibodies, induce
delayed-type hypersensitivity, enhance helper T cell activ-
ity, stimulate generation of alloreactive cytotoxic T lym-
phocytes, facilitate natural killer cell activity, and induce
cytotoxic macrophages in mice. Similar studies have also
reported that chitosan activates the immune system by
enhancing production of IFN-γ, lysozyme (Fletcher and
White 1973), IL-1, TNF-α, granulocyte macrophage colony
stimulating factor, nitric oxide, and IL-6 from macrophages
(Peluso et al. 1994; Tokro et al. 1998; Jeong et al. 2000;
Feng et al. 2004). Thus, our data suggest that the OCHT
prepared in this study may act as an immunopotentiator for
the production of monocytes IFN-γ and IL-6, which can
play important roles in the initial host defense against
infectious disease in mice. However, the detailed mecha-
nism of immune system activation and host resistance
against S. aureus infection remains unclear in cows.

The protective and curative effects of the 0.5-mg OCHT
treatment against S. aureus infection in mice showed a
higher survival rate than other treatment groups in this
study (Tables 3 and 4). No direct relationship between the
administered amounts of chitosan and its efficacy was also
found in other studies that demonstrated that, when the
sarcoma 180 tumor cell-bearing BALB/c mice were treated
with OCHT intraperitoneally once a day for a period of
14 days and antitumor effect was examined at doses of 50,
20, and 10 mg kg−1 day−1 chitosan, there was a significant
difference in inhibition of tumor growth and increase in
weight of immune organs, such as spleen and thymus, with
the highest efficacy being found in the group treated with
20 mg of OCHT (Jeon and Kim 2001). The survival rate of
white shrimp that received chitosan at a dose of 2, 4, and
6 μg/g (body weight) were significantly higher than that of
the control group after 1–6 days. Conversely, there was no
significant difference in survival rates among groups
administered 2 to 6 μg/g of chitosan (Wang and Chen
2005). Further research is needed to determine suitable
therapeutic levels of chitosan, including an administration
pathway, dosage, and interval.

Using infection of laboratory animals with S. aureus
originating from a mastitic cow as an experimental IMI
model of bovine mastitis, we can expect chitosan to act as
both an effective agent for prevention and a cure of bovine
mammary gland infection by S. aureus. This was already
demonstrated in our previous study, in which 56 cows with
IMI from nine farms were selected and subjected to diets
that contained 15–20 g of chitosan per day for 5–7 days.
The cure rates of chitosan against S. aureus, coagulase-
negative Staphylococci, Streptococci spp., other Gram-
positive bacteria, and coliforms in bovine mastitis were
30.4, 42.8, 33.3, 66.6, and 54.6%, respectively (Moon et al.
1998). An important factor in the resistance against IMI is
the ability of inflammatory cells to initiate and maintain an

immune response. PMN and macrophages in the mammary
gland are the major immune cells acting as the initial host
defense against organisms that cause mastitis. Chitosan is
also capable of activating these PMNs and macrophages in
the host defenses to prevent infection. Additionally, chitin,
chitosan, and their derivatives have shown extensive
antibacterial activity against pathogenic microbes (Senel
and McClure 2004). The protective and curative effects of
the OCHT may be partially due to chitosan inducing
accelerated wound healing resulting in a satisfactory
healing surface, as well as the many other positive effects
OCHT has on the immune system (Mori et al. 2005).

In conclusion, the water-soluble OCHT prepared in this
study exhibits strong antibacterial activity against S. aureus
isolated from mastitic cows and can act as an immunopo-
tentiator for the activation of nonspecific immune cells by
increasing the number of monocytes and stimulating the
secretion of IFN-γ as well as IL-6 in mice. Therefore, our
results indicate that the OCHT prepared in this study can be
applied as an effective agent for the prevention and cure of
bovine IMI by S. aureus after adjustment of its concentra-
tion and administration route to the mastitic cow.
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