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Abstract

Chitooligosaccharides (COS) have been shown to regulate various cellular and biological functions. However, the effect of COS on
apoptosis of hepatocellular carcinoma cells remains unclear. In this study, the activity and mechanism of COS against human hepato-
cellular carcinoma cells (SMMC-7721 cells) were investigated in vitro. The experiments showed that COS notably induced the apoptosis
of SMMC-7721 cells and increased the cleavage of poly(ADP-ribose) polymerase. It presented a dose-dependent manner, and the apop-
totic rate amounted to about 38% after treatment with 0.8 mg/ml COS for 72 h. The mRNA and protein levels of Bax were up-regulated
by COS. These results demonstrated that COS induced apoptosis of SMMC-7721 cells. The possible mechanism is that COS up-regulate

pro-apoptotic protein Bax, and trigger the cells a start-up of the apoptosis program.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most
common solid tumors (Farmer, Rosove, Shaked, & Busut-
til, 1994) and it has the characteristics of long delitescence,
rapid growth rate, strong malignance, easy invasion and
metastasis, bad prognosis and so on. The treatment of
inoperable HCC remains unsatisfactory. To improve the
prognosis and the quality of life in those patients with
inoperable HCC, it is necessary to search for effective
drugs. As thus, induction of apoptosis in hepatoma cells
with anticancer drugs would be probably a promising
approach of liver cancer’s therapy and it also may provide
a new clew to the treatment of other cancers.
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Chitosan, composed of B-(1 — 4)-linked N-acetyl-p-glu-
cosamine (GIcNAc unit) and deacetylated glucosamine
(GIcNH, unit) are obtained by deacetylation of chitin, a
major component of exoskeleton in crustaceans and also a
cell wall component of fungi. Chitooligosaccharides (COS)
are partially hydrolyzed products of chitosan, which have
various biological activities including antimicrobial activity
(Choi et al., 2001; Tarsi, Corbin, Pruzzo, & Muzzarelli,
1998), antioxidant activity (Park, Je, & Kim, 2003; Xie,
Xu, & Liu, 2001), immuno-enhancing effects (Feng, Zhao,
& Yu, 2004), and antitumor activity (Tsukada et al., 1990).
Those activities attracted more attentions, especially the
activity of antitumor. The antitumor activity of COS was
first reported in early 1970s (Muzzarelli, 1977). This activity
was suggested mainly due to its cationic property exerted by
amino groups, and later it was accepted that the molecular
weight also plays a major role for the antitumor activity
(Qin, Du, Xiao, Li, & Gao, 2002). Recently, it was proved
that strong electronic charge is an important factor for anti-
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cancer activity of COS (Huang, Mendis, Rajapakse, & Kim,
2006). In addition, immunostimulation property of COS is
also thought to be responsible for antitumor activity (Suzuki
etal., 1986). Furthermore, some researchers found that anti-
tumor effects of COS were due to increased activity of natural
killer lymphocytes as observed in Sarcoma 180-Bearing Mice
(Maeda & Kimura, 2004).

Though the antitumor activity of COS has been studied
in vivo and in vitro, the molecular mechanisms of the anti-
tumor are still unclear. In the present study, we investi-
gated the activity of COS against the human
hepatocellular carcinoma cells (SMMC-7721 cells) and
apoptosis mechanism.

2. Materials and methods
2.1. General chemicals

Human hepatocellular carcinoma cells (SMMC-7721
cells) were obtained from the Shanghai Institute of Cell
Biology, Chinese Academy of Sciences (Shanghai, China).
Chitooligosaccharides were prepared from enzymatic
hydrolysis of chitosan (the degree of N-acetylation is below
5%) and separated with membrane according to the report
(Zhang, Du, Yu, Mitsutomi, & Aiba, 1999). The TOF-MS
profiles of COS showed the sample was composed mainly
of chitooligosaccharides having degree of polymerization
(DP) 3-9 (Zhao, She, Du, & Liang, 2007). Fetal calf serum,
Dulbecco’s modified Eagle medium (DMEM), and Trizol
reagent were purchased from Gibco/BRL. 3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT),
B-tubulin antibody, propidium iodide (PI), and Hoechst
33258 were purchased from Sigma Chemical. Anti-poly
(ADP-ribose) polymerase (PARP) and anti-Bax antibodies
were purchased from Cell Signaling. Goat anti-rabbit and
rabbit anti-mouse horseradish peroxidase (HRP) second
antibodies and enhanced chemiluminescence (ECL) assay
kit were purchased from Amersham.

2.2. SMMC-7721 cells culture

Human hepatocellular carcinoma cells (SMMC-7721
cells) were cultured in DMEM containing 10% fetal calf
serum, 100 U/ml penicillin, and 100 pg/ml streptomycin.
Cultures were maintained at 37 °C in 5% CO, incubator.

2.3. Analysis of viability of cells

Viability of cells was evaluated by monitoring the capac-
ity of the cells to reduce the MTT. SMMC-7721 cells were
cultured in 96-well plate in DMEM for 24 h, then replaced
the medium with DMEM containing different concentra-
tions of COS and cultured continuously. SMMC-7721 cells
without treatment with COS would be used for control. Six
replicate wells were used in each point in the experiments.
The extent of MTT reduction was measured spectrophoto-
metrically at 570 nm (Mosmann, 1983) by using a Bio-Rad

550 ELISA microplate reader. The inhibition rate of cell
growth was calculated by the following formula: mean value
of (control group-treated group)/control group x 100%.

2.4. Analysis of nuclear morphology by fluorescence staining

SMMC-7721 cells grown on the glass coverslips were
treated with different dose of COS for 72 h and then the
fluorescence staining (Hoechst 33258) was performed as
previously described (Li et al., 2005).

2.5. Detection of apoptosis by flow cytometry

Apoptotic cells were detected by flow cytometry using
propidium iodide. Briefly, after a treatment with different
dose of COS for 72 h, adherent and non-adherent cells
were collected and processed as previously described (Li
et al., 2005). Stained cells were analyzed on a FACScan
flow cytometer (Becton—Dickinson FACStar). The percent-
age of apoptosis was quantified from sub-G; events.

2.6. RNA extraction and RT-PCR analysis

RT-PCR was performed to determine changes in p53,
Fas, Bcl-2, and Bax genes expression. After treatment with
COS, total SMMC-7721 cells mRNA samples were pre-
pared with Trizol reagent according to manufacturer’s
instructions. Samples (1.0 pg) were used as templates to
perform the RT-PCR assay. The RT-PCR was performed
according to the manual (TaKaRa). The cDNA was sub-
jected to denaturation at 95 °C for 5 min, followed by 35
cycles (94 °C 45, 53 °C 455, and 72 °C 1 min) and incu-
bated at 72°C for 10min and 4°C for 5min. The
sequences of the primers used were as follow Table 1.
PCR products were electrophoresed on a 1.5% agarose
gel containing 0.5 pg/ml ethidium bromide.

2.7. Western blot analysis

SMMC-7721 cells were treated with different concentra-
tions of COS for 72 h, and then protein of each group was
collected. Equal amounts of protein were separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto a PVDF mem-
brane. The membrane was blocked for 2 h in a non-fat
dried milk solution (5% in Tris-buffered saline) containing
0.5% Tween 20. The membrane was then incubated for 2 h
at room temperature with primary antibody diluted 1:2000.
Membrane-bound horseradish peroxidase-labeled protein
bands were monitored with enhanced chemiluminescent
reagents and chemiluminescent signals were detected using
X-ray film.

2.8. Statistical analysis

The results were presented as means + SD. Significant
differences were evaluated with Student’s ¢ test.
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Table 1

The sequences of the primers

Gene Sense and antisense PCR product (bp) Reference

pS3 5'-ctgaggttggctctgactgtaccaccatee-3’ 371 Wang et al. (2005)
5’-ctcattcagetcteggaacatctcgaageg-3'

Bcl-2 5'-ttgtggecttetttgagtteg-3’ 332 Agarwal et al. (1999)
5'-tactgctttagtgaacctttt-3’

Fas 5’-agactgcgtgecctgecaaga-3’ 413 Agarwal et al. (1999)
5'-caggatttaaggttggagatt-3’

Bax 5’-accagctctgagcagatcatg-3’ 626 Zhang et al. (2006)
5'-gggattgatcagacacgtaag-3’

B-Actin 5'-gggtcagaaggattcctatg-3' 237 Wang et al. (2005)

5'-ggtctcaaacatgatetggg-3’

3. Results and discussion

3.1. COS led SMMC-7721 cells viability decline and
morphology changes

The effect of COS on the cells viability was measured by
the MTT assay, which reflects the cellular reducing activity.
MTT assay as shown in Fig. 1 indicated that COS inhibited
the SMMC-7721 cells proliferation in a concentration and
time dependent manner. Morphological changes of cells
were examined to investigate whether the observed cells
death caused by COS related to apoptosis or not.
SMMC-7721 cells cultured with different concentrations
of COS for 72 h showed condensed nuclear morphology,
increased fluorescence of the chromatin, and the presence
of apoptotic bodies (as arrows shown in the Fig. 2). These
results indicated that the cells were probably undergoing
apoptosis.

3.2. COS induced apoptosis in SMMC-7721 cells

Apoptosis is a form of self-regulated cell death, which
differs from necrosis. The characteristics of morphological
changes of cell apoptosis include membrane blebbing,
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Fig. 1. SMMC-7721 cells proliferation was inhibited by COS. The
inhibition rate of COS on SMMC-7721 cells proliferation was determined
using the MTT method. SMMC-7721 cells were incubated with COS (0.1,
0.4, and 1.6 mg/ml) for 24, 48, and 72 h. Control cells were incubated in
the absence of COS. The results were presented as mean + SD of data
from six independent experiments. Statistical significance *P <0.05 or
**P <0.01 as compared to the control.

chromatin condensation, and the formation of apoptotic
bodies. Apoptosis, essential in controlling cell number in
many developmental and physiological settings, has been
found to be impaired in many human tumors, suggesting
that disruption of apoptotic function contributes substan-
tially to the transformation of a normal cell into a tumor
cell (Johnstone, Ruefli, & Lowe, 2002). To further confirm
the apoptosis in SMMC-7721 cells was caused by COS, the
DNA hypoploidy and cell cycle phase were analyzed by a
flow cytometric method. In ethanol-fixed cells, the intensity
of propidium iodide staining correlates with DNA content.
Analysis of cell cycle distribution after SMMC-7721 cells
cultured with COS for 72 h indicated that COS altered cell
cycle progression. The apoptotic fraction visible as a sub-
Gy/ G, peak was 4.95% in the untreated cells. After the cells
treated with COS at the concentration of 0.8 mg/ml, the
apoptotic fraction increased to 37.87% (Fig. 3). Using flow
cytometry, a typical apoptotic peak was observed. SMMC-
7721 cells incubated with COS also were revealed to have
morphological changes under fluorescent microscopy
(Fig. 2). These results indicated that COS could stimulate
apoptosis of SMMC-7721 cells. Some papers also
described the antitumor potential and inducing apoptosis
of COS using different cell lines. Pae et al. demonstrated
that water-soluble chitosan oligomer induced HL60 cell
differentiation to a granulocytic pathway in 4 days and
apoptosis in 6 or 8 days (Pae et al., 2001). Huang et al.
reported that chitooligosaccharides derivatives had anti-
cancer activities in HeLLa, Hep3B and SW480 three cancer
cell lines (Huang et al., 2006). However the molecular
mechanisms of the antitumor are still to be investigated.

3.3. Effect of COS on p53, Fas, Bcl-2, and Bax mRNA
expression

There are two pathways in apoptosis in mammalian
cells. In the extrinsic death receptor pathway, caspase acti-
vation occurs as a direct consequence of death receptor
ligation with upstream caspase-8 cleaving and activating
effector caspases (caspase-9 and caspase-3) (Orrenius,
Zhivotovsky, & Nicotera, 2003). In the intrinsic mitochon-
drial pathway, various death signals induce mitochondrial
membrane potential (MMP) disruption, cytochrome c
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Fig. 2. Morphology changes of SMMC-7721 cells treated with COS. Hoechst 33258 staining of nuclei from SMMC-7721 cells was observed. SMMC-7721
cells were treated with COS at the concentrations of 0, 0.1, 0.2, 0.4, 0.8, and 1.6 mg/ml for 72 h (above a—f). Images were visualized at 200x using a

fluorescent microscope.
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Fig. 3. Effect of COS on SMMC-7721 cells assayed by flow cytometry. The cells were incubated for 72 h with (a) medium alone, (b) 0.1 mg/ml COS, (c)
0.4 mg/ml COS, and (d) 0.8 mg/ml COS. Results were expressed as a percentage of the sub-G; population obtained from the cells of flow cytometry data of

propidium iodide fluorescence.

release, and Apaf-1 activation followed by pro-caspase-9
and caspase-3 activation (Orrenius et al., 2003). To clarify
the apoptosis pathway of SMMC-7721 cells induced by
COS, we assayed the levels of p53, Fas, Bcl-2, and Bax
mRNA, respectively. Total RNA was isolated after 72 h
incubation. Fig. 4a showed that p53 and Fas mRNA levels
remained slightly changed after COS treatment as com-
pared with control. However, the Bax mRNA expression

in the cells treated with COS was enhanced in a concentra-
tion-dependent manner, but the Bcl-2 mRNA change was
unconspicuous (as shown in Fig. 4b). The functional activ-
ity of p53 most closely associated with tumor suppression is
its role as a sequence-specific DNA binding protein and
transcription factor that controls the expression of a large
panel of gene products implicated in engagement of apop-
tosis (Dlamini, Mbita, & Zungu, 2004). Fas binding to its
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Fig. 4. Qualitative evaluate of p53, Fas, Bcl-2, and Bax mRNA in
SMMC-7721 cells upon COS exposure. SMMC-7721 cells were treated
with COS at the concentrations of 0, 0.1, 0.4, 0.8, and 1.6 mg/ml for 72 h
(lanes 1-5). Total RNA was extracted and subjected to RT-PCR. The
agarose gels were photographed and scanned. (a) p53 and Fas mRNA
expression. (b) Bcl-2 and Bax mRNA expression.

ligand (Fasl) initiate the cell apoptosis. Fas receptor, which
belongs to the tumor necrosis factor (TNF) receptor fam-
ily, is activated by Fas ligand (Xiang, Fan, & Xu, 2003).
Bcl-2 and Bax belong to Bcl-2 family. The over-expression
of anti-apoptotic Bcl-2 has been shown to block the release
of cytochrome c in response to a variety of apoptotic sig-
nals. On the contrary, the pro-apoptotic Bax promote cyto-
chrome ¢ release from the mitochondria (Budihardjo,
Oliver, Lutter, Luo, & Wang, 1999). These result suggested
that COS induced apoptosis were mainly mediated by
mitochondrial pathways.

3.4. COS up-regulated Bax in pro-apoptosis pathway

Bax is a pro-apoptotic Bcl-2 family protein (Oltvai, Mil-
liman, & Korsmeyer, 1993) that resides in the cytosol and
translocates to mitochondria upon induction of apoptosis.
It has been suggested that Bax can form a transmembrane
pore across the outer mitochondrial membrane, leading to
loss of membrane potential and efflux of cytochrome ¢ and
caspases activation (Dlamini et al., 2004). Mitochondria
are the target of the pro-apoptotic protein Bax (Er et al.,
2006). From the Fig. 4b, we proved that COS could up-reg-
ulate the Bax mRNA expression, whether the Bax protein
expression also could be regulated by COS? As the
Fig. 5a shown, the expression of Bax protein was promi-
nently up-regulated in the cells treated with different con-
centrations of COS. PARP is an 116 kDa nuclear
poly(ADP-ribose) polymerase involved in DNA repair
and cell proliferation. It can be cleaved into two parts
(24 kDa and 89 kDa) by caspase-3, and serve as a marker
of cells undergoing apoptosis. As shown in Fig. 5b, the
89 kDa fragment of PARP in cells treated with COS was
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Fig. 5. Effect of COS on Bax expression and PARP cleavege. SMMC-
7721 cells were treated with COS at the concentrations of 0, 0.1, 0.2, 0.4,
0.8, and 1.6 mg/ml for 72 h (lanes 1-6). Then the cells were harvested and
analyzed by western bolt. (a) Protein levels of Bax were analyzed with anti-
Bax antibody. (b) PARP cleavages were analyzed with anti-PARP
antibody. B-Tubulin served as a loading control.

much more compared to the control, and the increase
was in line with the Bax increasing. Therefore, these results
indicated that the COS induced apoptosis in SMMC-7721
via the up-regulation of Bax expression and activation
caspases.

4. Conclusion

To our knowledge, we firstly reported that chitooligo-
saccharides could induce human hepatocellular carcinoma
cells (SMMC-7721 cells) apoptosis in the present study and
the possible mechanism is that COS up-regulate the Bax
expression, trigger the cells a start-up of the apoptosis pro-
gram. It may provide a new clew to the treatment of
hepatoma.
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