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Abstract

Chemically sulfated polysaccharide (S-GAP-P) was derived from water-insoluble polysaccharide of Grifola frondosa mycelia. In this
research, we investigated the anticancer effects of S-GAP-P and its combination with 5-fluorouracil (5-FU) on human gastric carcinoma
SGC-7901 cells. Results showed that S-GAP-P distinctly inhibited SGC-7901 cells growth in a dose-dependent manner and induced cell
apoptosis evidenced by characteristic DNA ladder and sub-G0/G1 peak. Furthermore, the combination of S-GAP-P (10–50 lg/ml) with
1 lg/ml 5-FU resulted in a significant inhibition on SGC-7901 cells growth, meaning the beneficial interaction between the two drugs. All
these results suggested that S-GAP-P has evident anticancer activity through apoptotic induction and could significantly accelerate the
anticancer activity of 5-FU.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last decades, much attention has focused on the
biological properties of polysaccharides and their chemical
derivatives, especially sulfated derivatives (Han, Yao,
Yang, Liu, & Gao, 2005; Lee, Bae, & Pyo, 2003; Yang,
Du, Huang, Sun, & Liu, 2005; Xing et al., 2005). The roles
of sulfated polysaccharides in biological systems were
involved in several cellular processes, such as molecular
recognition, cell development and differentiation, and
cell–cell interaction. Many sulfated polysaccharides exerted
potent antioxidant, anticoagulant, antithrombotic and
antiviral activities (Han et al., 2005; Soeda, Ohmagari, Shi-
meno, & Nagamatsu, 1993; Urbinati, Bugatti, & Oreste,
2004; Xing et al., 2005). They are also known to inhibit
0144-8617/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carbpol.2006.08.003

* Corresponding author. Tel.: +86 756 8676888; fax: +86 756 8673989.
E-mail address: kxdss2000@126.com (B.J. Shi).
some tumor development (Peng, Zhang, Zeng, & Kennedy,
2005; Yang et al., 2005).

Grifola frondosa, one traditional and edible mushroom
in Southeast Asia, is commonly used in the treatment of
various diseases, due to its considerable biological activities
(Inoue, Kodama, & Nanba, 2002; Lee et al., 2003; Mayell,
2001). However the polysaccharides extracted with alkali
from G. frondosa are mainly insoluble in water and less
suitable for pharmaceutical study. Documents demonstrat-
ed that chemical sulfation of water-insoluble polysaccha-
ride should, not only enhance the water solubility but
also change the chain conformation, resulting in the alter-
ation of their biological activities (Wang, Zhang, Li, Hou,
& Zeng, 2004). For this reason, we had produced a sulfated
derivate (S-GAP-P) of water-insoluble polysaccharide from
G. frondosa mycelia by chemical modification.

In the present study, we carried out experiments to
investigate the growth inhibitory effects of S-GAP-P alone
and its combination with 5-fluorouracil (5-FU) against
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human gastric carcinoma SGC-7901 cells, and cell apopto-
sis was also detected.

2. Experiment

2.1. Microorganism and materials

The strain of G. frondosa GF9801 is preserved in Bio-
pharmaceutics Laboratory of Southern Yangtze University
(Wuxi, China). Medium RPMI1640 and fetal bovine serum
(FBS) were purchased from Gibco-BRL, Life Technolo-
gies, Inc., USA. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), sodium dodecyl sulfate
(SDS), ethidium bromide (EB), propidium iodide (PI), pro-
tease K and RNase A were purchased from Sigma Chem-
icals Co., USA. And 5-fluorouracil (5-FU) was from
Shanghai Xundonghaipu Pharmaceutical Ltd., China.
All other reagents were of analytical grade made in China.

2.2. Preparation and isolation of chemically sulfated

polysaccharide

The mycelia of G. frondosa GF9801 were obtained
through submerged cultivation (Cui et al., 2005), and
water-insoluble polysaccharide (GAP-P) was extracted as
described else (Shi, Xu, Ao, Sun, & Tao, 2003). Chemical
sulfation of GAP-P was carried out using the chlorosulfon-
ic acid/pyridine method (Yoshida, Yasuda, Mimura, &
Kaneko, 1995). Briefly, 200 mg GAP-P sample was sus-
pended in 20 ml anhydrous formanide, and the sulfation
reagent was added. The mixture was maintained at 45 �C
for 6 h, neutralized with 2.5 M NaOH, dialyzed against dis-
tilled water and precipitated with 95% ethanol. The precip-
itate was resolved in distilled water and centrifugated at
12,000 rpm. The resulting supernatant was loaded on to a
column (2.6 cm · 13 cm) of DEAE Sepharose Fast Flow
(Pharmacia Co., Sweden), followed by eluting at a flow rate
of 0.25 ml/min successively with distilled water and a gra-
dient of 0–2.0 M NaCl solution. Substance recovered from
the main peak was concentrated and lyophilized to give a
sulfated polysaccharide coded as S-GAP-P. FT-IR result
of S-GAP-P showed that the sulfation reaction had actual-
ly occurred, and S-GAP-P was determined to be a sulfated
glucan, with the average molecular weight of 28 kDa and
the sulfur content of 16.4% (Shi et al., 2003).

2.3. Assay of cell growth

Human gastric carcinoma SGC-7901 cells were obtained
from Shanghai Institute of Cell Biology (China). The cells
were cultured in RPMI1640 medium containing 10% FBS
in a humidified atmosphere of 5% CO2 at 37 �C.

The cell growth was determined by the MTT cellular
viability assay method (Cheng, 2000). 1 · 104 SGC-7901
cells were placed into 96-well microplates and cultured
for 24 h prior to treatment. The cells were treated with var-
ious concentrations of S-GAP-P and/or 5-FU. At the end
of treatment, 10 ll MTT solution (5 mg/ml) was added to
each well and incubated for another 4 h. The medium
was removed and 150 ll dimethylsulfoxide (DMSO) was
added to the wells. Then the absorbance was measured at
570 nm using an ELISA reader (Bio-Tek EL · 800,
USA). All determinations were conducted in triplicate.
The inhibition of cell growth was calculated by following
formula: inhibition (%) = (1�OD/OD0) · 100, where OD
and OD0 indicated the absorbance of treated cells and
untreated cells, respectively.

2.4. DNA agarose gel electrophoresis

The isolation of fragmented DNA was carried out
according to the procedure of Brown, Sun, and Cohen
(1993). SGC-7901 cells were treated with various concen-
trations of S-GAP-P and/or 5-FU for 48 h. 1 · 106 cells
were harvested and suspended in 0.5 ml DNA lysis buffer
(10 mM Tris–HCl, pH 8.0; 150 mM NaCl; 10 mM EDTA;
0.4%SDS; 100 lg/ml protease K), then incubated at 50 �C
for 3 h. DNA was extracted with a mixed solvent system,
which was made of phenol and equal volume of chloro-
form–isopropyl alcohol (24:1, v/v), then precipitated with
0.1 volume of sodium acetate buffer (3 M, pH 5.2) and
2.5 volume of ethanol at �20 �C overnight. After centrifu-
gation, crude DNA was dried in air and dissolved in TE
buffer (10 mM Tris–HCl, pH 8.0; 1 mM EDTA) containing
20 lg/ml RNase A. The mixture was incubated at 37 �C for
1 h. DNA dissolved in loading buffer were loaded on a
1.5% (w/v) agarose gel containing EB and subjected to elec-
trophoresis at 75 V for 1–2 h. Separated DNA fragments
were visualized at 254 nm.

2.5. Flow cytometric analysis

Apoptotic cells were detected by flow cytometry using
propidium iodide (Nicoletti, Migliorati, Pagliacci, Grig-
nani, & Riccardi, 1996). SGC-7901 cells were treated
with various concentrations of S-GAP-P and/or 5-FU
for 48 h. 1 · 106 cells were harvested and fixed in 70%
ice-cold ethanol, then stored at �20 �C for 24 h. After
centrifugation, the cells were suspended in 1 ml phos-
phate buffered saline (PBS; 0.01 M, pH 7.2) containing
0.1 mg/ml RNase A and 0.1 mg/ml PI, and incubated
for 30 min in the dark. Then the cell suspensions were
filtrated and analyzed by a FACScan flow cytometry sys-
tem (Becton Dickinson, USA). Data from 10,000 cells of
each sample were collected for evaluation. Sub-G0/G1

DNA content was taken as a basis for calculating the
percentage of apoptotic cell.

2.6. Statistical analysis

The data obtained were expressed as mean ± SD and
analyzed statistically by ANOVA method. Significance of
any differences between groups were evaluated using Stu-
dent’s t-test.
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3. Results and discussion

3.1. Growth inhibitory effects of S-GAP-P on SGC-7901

cells

A literature survey indicated that chemical sulfation of
water-insoluble polysaccharide might lead to anticancer
activity (Du et al., 2004; Lin, Zhang, Chen, & Jin,
2004;Wang et al., 2004; Williams et al., 1991). In the pres-
ent study, the growth inhibitory effects of the chemically
sulfated polysaccharide (S-GAP-P) against SGC-7901 cells
were first examined. As shown in Table 1, S-GAP-P inhib-
ited SGC-7901 cells growth in a dose-dependent manner.
After 48 h treatment, S-GAP-P demonstrated distinct inhi-
bition at the concentrations ranging from 50 to 500 lg/ml,
and the IC50 for 48 h treatment was 264.28 lg/ml; whereas
the growth inhibitory effects for 24 h treatment were not
significant. It was reported that the introduction of sulfate
groups to polysaccharide should change its physicochemi-
cal characterization and chain conformation, and the forc-
es among sulfate groups result in a relatively expanded and
stiff chain in aqueous solution; the relatively high chain
stiffness and good water solubility of sulfated polysaccha-
Table 1
Growth inhibitory effects of S-GAP-P on SGC-7901 cells

S-GAP-P concentration (lg/ml) Inhibition of cell growth (%)

24 h 48 h

10 2.88 4.92
20 3.56 13.37
50 5.07 25.35*

100 10.34 36.76*
250 18.80 48.84**
500 25.88* 59.62**

SGC-7901 cells were treated with various concentrations of S-GAP-P for
24 or 48 h, and the cell growth was determined by MTT assay. The data
were expressed as mean ± SD of three experiments. Significant differences
from the control were evaluated using Student’s t-test: *p < 0.05,
**p < 0.01.
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Fig. 1. Growth inhibitory effects of combined treatment with S-GAP-P and 5-F
5-FU for 48 h, and the cell growth was determined by MTT assay. Significant d
Student’s t-test: a: p < 0.05, b: p < 0.01; significant differences between the co
Student’s t-test: m: p < 0.05, n: p < 0.01.
rides are beneficial to the enhancement of their antitumor
effect (Lin et al., 2004; Wang et al., 2004).

3.2. Growth inhibitory effects of S-GAP-P combined with

5-FU on SGC-7901 cells

Combination therapy of two or more drugs is frequently
used in cancer treatment and thought to have greater ben-
eficial effects (Chopin, Slomianny, Hondermarck, & Le
Bourhis, 2004; Kanzawa, Akiyama, Saijo, & Nishio,
2003; Notarbartolo et al., 2005). 5-Fluorouracil is one of
the most effective anticancer drugs used in the chemother-
apy against a variety of solid tumors including gastric can-
cer (Longley, Harkin, & Johnson, 2003), but continuous
use of 5-FU is not always feasible because of cumulative
toxicities and the development of drug resistance. Consid-
ering that some polysaccharides are believed to affect the
sensitivities of many cancers to chemotherapy besides their
biological activities (Wang, Wang, Huang, Wu, & Xu,
2002), it is interesting to research the combined treatment
of S-GAP-P and 5-FU in SGC-7901 cells.

In the combination studies, we investigated the effects of
various concentrations of S-GAP-P on SGC-7901 cell
growth in the presence of 1 lg/ml 5-FU. As illustrated in
Fig. 1, combined treatment with 10–50 lg/ml S-GAP-P
and 1 lg/ml 5-FU resulted in a significant inhibition on
SGC-7901 cells growth, compared with the controls or cells
treated either drug on its own. Especially, S-GAP-P at
10 lg/ml significantly enhanced the 5-FU-induced cytotox-
icity from 14.33% to 43.32%. On the other hand, the
interaction between S-GAP-P at higher concentration
(100–500 lg/ml) and 1 lg/ml 5-FU were not effective.
The combination of 100–500 lg/ml S-GAP-P and 1 lg/ml
5-FU, only produced a little increase of the inhibitory
effects on SGC-7901 cells, compared with the cells treated
with S-GAP-P alone. Taking into account the fact that
S-GAP-P at higher concentration exerted significant anti-
cancer activity, we presumed that the stimulative effect
between two drugs might be concealed and S-GAP-P
 (µg/ml)

5-FU(1µg/ml)

S-GAP-P

S-GAP-P combined
with 1µg/ml 5-FU

bb

500250

U on SGC-7901 cells. The cells were treated with S-GAP-P and/or 1 lg/ml
ifferences between the combination and 1lg/ml 5-FU were evaluated using
mbination and S-GAP-P at the same concentration were evaluated using
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Fig. 2. Measurement of apoptosis by visualization of internucleosomal
DNA ladders. DNA samples from SGC-7901 cells treated with S-GAP-P
and/or 5-FU for 48 h were analyzed by agarose gel electrophoresis. Lane 1
was DNA marks, lane 2 represents result obtained with untreated cells,
lanes 3–7 with cells treated with S-GAP-P at 10, 20, 50, 100 and 250 lg/ml,
lane 8 for cells treated with 5-FU (1 lg/ml), lane 9 for cells treated with the
combination of S-GAP-P (10 lg/ml) and 5-FU (1 lg/ml).
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played the man role in the combined treatment. All of these
results suggested that S-GAP-P at low concentration (10–
20 lg/ml) could synergistically enhance anticancer activity
of 1 lg/ml 5-FU.
Control 10µg/ml S-G

100µg/ml S-GAP-P 1µg/m

Fig. 3. Flow cytometric analysis of human gastric carcinoma cells. SGC-7901
fixed with 70% ethanol, stained with PI and analyzed by flow cytometry.
3.3. Apoptotic induction in SGC-7901 cells by S-GAP-P and

its combination

Programmed cell death (apoptosis) is a physiological
and crucial process that is regarded as the preferred way
to eliminate cancer cells (Mukhtar & Ahmad, 1999). Many
polysaccharides have been found to induce apoptosis in
cancer cells (Sogawa et al., 2000; Zhang & Huang, 2005).
After treating SGC-7901 cells with S-GAP-P and its com-
bination, DNA agarose gel electrophoresis and flow cyto-
metric analysis were conducted.

As illustrated in Fig. 2, the treatment of S-GAP-P at
high concentrations (100 and 250 lg/ml) resulted in the
induction of DNA fragmentation, which is a characteristic
feature of cell apoptosis (Brown et al., 1993). DNA frag-
mentation was also observed in SGC-7901 cells treated
with the combination of S-GAP-P (10 lg/ml) with 5-FU
(1 lg/ml), but not found in the cells treated with individual
drug at that concentration.

Apoptotic induction was also confirmed by flow cyto-
metric analysis of cell cycle. S-GAP-P has been shown to
induce a dose-dependent accumulation of SGC-7901 cells
in sub-G0/G1 peak indicating apoptotic phenomenon and
AP-P

l 5-FU 10µg/ml S-GAP-P+1µg/ml 5-FU

20µg/ml S-GAP-P

cells were treated with S-GAP-P and/or 5-FU for 48 h. Then the cells were



Table 2
Effect of S-GAP-P and its combination with 5-FU on SGC-7901 cell
apoptosis

Treatment % Apoptotic population

Control 1.2 ± 0.05
S-GAP-P (10 lg/ml) 2.1 ± 0.16
S-GAP-P (20 lg/ml) 6.8 ± 0.52*
S-GAP-P (100 lg/ml) 13.9 ± 0.71**
5-FU (1 lg/ml) 5.9 ± 0.28
S-GAP-P (10 lg/ml) + 5-FU (1 lg/ml) 14.3 ± 0.65**,b,n

SGC-7901 cells were treated with S-GAP-P and/or 5-FU for 48 h. The
cells were then fixed with 70% ethanol, stained with PI and analyzed by
flow cytometry. The data were expressed as mean ± SD of three experi-
ments. Significant differences from the control were evaluated using Stu-
dent’s t-test: *p < 0.05, **p < 0.01; significant differences between the
combination and 1lg/ml 5-FU were evaluated using Student’s t-test: -a:
p < 0.05, b: p < 0.01; significant differences between the combination and
10 lg/ml S-GAP-P were evaluated using Student’s t-test: -m: p < 0.05, n:
p < 0.01.
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a progressive loss of G0/G1 phase (Fig. 3), and the apopto-
tic content in SGC-7901 cells exposed to 10, 20 and 100 lg/
ml S-GAP-P were 2.1%, 6.8% and 13.9%, respectively
(Table 2). These results suggested that S-GAP-P inhibited
the growth of gastric carcinoma cells through apoptotic
induction. Furthermore, the combination of 10 lg/ml
S-GAP-P and 1 lg/ml 5-FU performed a significant higher
apoptosis of SGC-7901 cells, compared with the controls
or cells treated with either drug on its own. This result fur-
ther substantiated the beneficial interaction between the
two drugs. The beneficial effects might attribute to the sen-
sitivity improvement of SGC-7901 cells to 5-FU (Park
et al., 2004; Terashima, Irinoda, Fujiwara, Nakaya, & Tak-
agane, 2002).

4. Conclusion

The chemically sulfated polysaccharide (S-GAP-P) was
derived from water-insoluble polysaccharide of Grifola

frondosa mycelia by chlorosulfonic acid/pyridine method.
S-GAP-P has shown evident growth inhibition on human
gastric carcinoma SGC-7901 cells through apoptotic induc-
tion, and could significantly enhance the anticancer activity
of 5-FU. The use of S-GAP-P as an adjuvant drug in com-
bination with chemotherapeutic agents may potentially
represent an interesting approach for cancer treatment.
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