
pubs.acs.org/JAFCPublished on Web 10/28/2009© 2009 American Chemical Society

J. Agric. Food Chem. 2009, 57, 10565–10572 10565

DOI:10.1021/jf902597w

Enhancement of Antitumor Activities in Sulfated and
Carboxymethylated Polysaccharides of Ganoderma lucidum

JIANGUO WANG,† LINA ZHANG,*,† YONGHUI YU,‡ AND PETER C. K. CHEUNG
§

†Department of Chemistry, Wuhan University, Wuhan 430072, People’s Republic of China,
‡Open Laboratory for Oversea Scientists, Center for Medical Research, Wuhan University,

Wuhan 430071, People’s Republic of China, and §Department of Biology,
The Chinese University of Hong Kong, Hong Kong, People’s Republic of China

Two water-soluble derivatives, sulfated and carboxymethylated Ganoderma lucidem polysacchar-

ides, coded as S-GL and CM-GL, were prepared using derivatization of water-insoluble polysac-

charides (GL-IV-I) extracted from the fruit body of G. lucidem. The degree of substitution (DS) of

S-GL and CM-GL was 0.94 and 1.09, respectively. The weight-average molecular mass (Mw) of GL-

IV-I, S-GL, and CM-GL was determined with light scattering to be 13.3 � 104, 10.1 � 104, and 6.3 �
104, respectively. S-GL and CM-GL inhibited the in vitro proliferation of Sarcoma 180 (S-180) tumor

cells in a dose-dependent manner, with an IC50 value of 26 and 38 μg/mL, respectively. They also

inhibited the growth of S-180 solid tumors implanted in BALB/c mice, with low toxicity to the animals.

Flow cytometric studies revealed that treatment of S-GL and CM-GL with S-180 tumor cells could

mediate the cell-cycle arrest in the G2/M phase. The expression of Bax increased, and the

expression of Bcl-2 decreased dramatically, as shown by immuno-histochemical staining of S-180

tumor tissue excised from the animals. The sulfated and carboxmethylated groups in the poly-

saccharides played an important part in enhancing their antitumor activities, leading to the potential

to be developed into antitumor drugs.

KEYWORDS: Polysaccharide conformation; antitumor activities; sulfated derivative; carboxymethy-
lated derivative; cell-cycle; apoptosis

INTRODUCTION

The global awareness of cancer as one of the leading causes of
death in people of various ages and racial backgrounds has led to
a great deal of research efforts and clinical studies in the fight
against the disease (1). Therefore, searching for anticancer drugs
with higher bioactivities and lower toxicity from nature has been
an extremely active domain. Nowadays, development of non-
invasive treatments of cancer is required because the traditional
cancer treatments are often toxic to normal cells and can cause
serious side effects (2). Natural products from plants, micro-
organisms, and marines are safe, biocompatible, and biodegrad-
able and have bioactivities, such as antioxidantion and immuno-
stimulatory effects (3-5). Mushroom, non-starch polysacchar-
ides, have been considered as natural antitumor agents, having
tumor-specific and immunomodulatory effects. It has been sug-
gested that the action of antitumor activities of polysaccharides
are not only immunomodulatory butmay also result fromadirect
cytotoxic effect on the tumor cells. It is generally believed that
polysaccharides do not induce direct toxicity on tumor cells, and
little is known about its exact mechanism (6, 7). To effectively
research and develop natural anticancer drugs, it is necessary to
elucidate the mechanism of the antitumor activities of polysac-

charides with an understanding of the effect of their chemical
structure, molecular weight, and chain conformation.

Ganoderma lucidum polysaccharides, one of the main effica-
cious ingredients of G. lucidum (Leyss, ExFr.) Karst (Gl), has
been under modern pharmacological research in recent 30 years
and has been reported to be effective in inhibiting tumor
growth (8). Its fruit body has long been used as a traditional
Chinese medicine to promote health and longevity, coded as
“elixir of youth” by ancient emperors. The earliest record of
“Lingzhi” was in the “Shen Nong’s Materia Medica” in the Han
Dynasty of China about 2000 years ago. However, the polysac-
charides extracted with alkali from G. lucidum are mainly water-
insoluble (1f 3)-β-D-glucan and less suitable for pharmaceutical
study because of its poor water solubility. In the last few decades,
much attention has focused on the biological properties of
polysaccharides and their chemical derivatives, especially sulfated
and carboxymethylated derivatives (9). It has been demonstrated
that chemical sulfation and carboxymethylation of water-insolu-
ble polysaccharide should not only enhance the water solubility
but also change the chain conformation, resulting in the improve-
ment of their biological activities (10-12). The objective of this
work was to prepare sulfated and carboxymethylated derivatives
from water-insoluble polysaccharides extracted from the fruit
body ofG. lucidum. Moreover, we investigated the effects of these
two derivatives on inhibiting cellular proliferation, cell-cycle
progression, and apoptosis against Sarcoma 180 (S-180) tumor
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to evaluate their bioactivities. This work can provide important
insight for the introduction of the charged group to polysacchar-
ides upon the enhancing of their antitumor activities and induc-
tion of apoptosis.

MATERIALS AND METHODS

Preparation of Derivatives and Characterization. A linear water-
insoluble (1 f 3)-β-D-glucan, coded as GL-IV-I, was isolated from the
fruit bodyofG. lucidumby extractingwith sodiumhydroxide solution (13).
The GL-IV-I polysaccharide was sulfated and carboxymethylated sepa-
rately, coded as S-GL and CM-GL, respectively, according to the
procedures of Yoshida et al. and Bao et al. (14, 15). Both of these two
derivatives were white scale-like samples. The degree of substitution (DS)
in the above two derivatives was determined with element analysis by the
following equation:

DS ¼ ð162�W% - MaÞ=ðWa - Ms �W%Þ ð1Þ
whereMa is the total atomic weight of the element from the original sugar
unit, Wa is the total atomic weight of the element from the substitution
group, and Ms is the molecular mass of a substitution group.

Infrared (IR) spectra of the samples were carried out with a Nicolet
Fourier transform infrared (FTIR) spectrometer (SpectrumOne, Thermo
Nicolet Co., Madison, WI) in the range of 4000-400 cm-1 using the KBr
diskmethod.High-resolution 13C nuclearmagnetic resonance (NMR)was
carried out with a Mercury 500 NMR spectrometer (Varian, Inc., Palo
Alto, CA) at room temperature. The concentrations of theGL-IV-I and its
derivatives were adjusted to 100mg/mL forNMR experiments.Me2SO-d6
was used as a solvent for GL-IV-I, and 99.96%D2O was used as a solvent
for the derivatives.

Size-exclusion chromatography combined with multi-angle laser light
scattering (SEC-LLS, λ = 633 nm Optilab, DAWN DSP, Wyatt
Technology Co., Santa Barbara, CA) measurements of the samples were
carried out to obtain the molecular mass of the samples. A P100 pump
(Thermo Separation Products, San Jose, CA) equipped with columns of
G4000PWXL (MicroPak, TSK) in 0.9% NaCl aqueous solution and a
columnofG4000HXL inMe2SOat 25 �Cwas used as the SEC instrument.
A differential refractive index detector (RI-150, Thermo Separation
Products, San Jose, CA) was simultaneously connected. The carrier
solutions were 0.9% NaCl aqueous solution and Me2SO. The solvents
and polysaccharide solutions were purified by a 0.2 μm filter and degassed
before use. The injection volumewas 200μL,with a concentration of 3mg/
mL for the sample, and the flow rate was 0.5 mL/min in 0.9% NaCl
aqueous solution and 0.5 mL/min in Me2SO. Astra software (version
4.90.07) was used for data acquisition and analysis.

Cytotoxicity and Cell Viability Analysis. Sarcoma tumor cell line
(kindly provided by Tongji Medical College of the Huazhong Uni-
versity of Science and Technology) was used to test the in vitro and
in vivo antitumor activities of the sample. Cells were grown in Roswell
ParkMemorial Institute (RPMI) 1640medium supplemented with 10%
fetal bovine serum (FBS), 100 μg/mL streptomycin, and 100 units/mL
penicillin. Cell viability of control and treated cells was evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay in triplicate. Briefly, an amount of 1 � 104 cells was
seeded in each well of a 96-well microplate. The cells were permitted to
adhere for 24 h and washed with phosphate buffer solution (PBS), and
fresh medium was added and then treated with S-GL and CM-GL,
dissolved in medium at the final concentration range of 1-500 μg/
mL (16). The treated cells were incubated for 24 h at 37 �C in a
humidified atmosphere of 5% carbon dioxide. After treatment, the
culture medium was replaced by fresh medium. Then, cells in each well
were incubated at 37 �C in 50 μL of MTT (5 mg/mL) for 4 h. After the
medium and MTT were removed, 200 μL of Me2SO and 25 μL of
glycine buffer (0.1 M glycine and 0.1MNaCl at pH 10.5) were added to
each well. Absorbance at 570 nm of the mixture was detected using a
microplate ELISA reader (MRX II, DYNEX Technologies, Chantilly,
VA). The absorbance of untreated cells was considered as 100%. The
results were determined by three independent experiments. The relative
cell viability was calculated as

cell viability ð%Þ ¼ ðOD570ðsamplesÞÞ=ðOD570ðcontrolÞÞ � 100 ð2Þ

where OD570(control) was obtained in the absence of polymers and
OD570(samples) was obtained in the presence of polymers.

In Vivo Antitumor Activity Assay. A total 32 BALB/c female mice,
weighing 20.0 ( 2.0 g, were randomly divided into 4 groups (n = 8) and
allowed free access to a standard laboratory diet and water. S-180 cells
(about 1.5� 106) were subcutaneously implanted into the right-hand groin
of the mice. 5-Fluorouracil (5-Fu) and the tested polysaccharides were
dissolved in 0.9% aqueous sodium chloride solution and were injected
intraperitoneally daily (once starting 24 h after tumor inoculation). The
same volume of 0.9% aqueous sodium chloride solution was injected
intraperitoneally similar to the controlled group. After 8 days of admin-
istration, the tumors were removed from themice andweighed. The tumor
weight was compared to those in the controlled group of mice. The
inhibition ratio (ξ) and the enhancement ratio of the body weight (j) were
calculated as follows:

ξ ¼ ½ðWc - WtÞ=Wc� � 100% ð3Þ

j ¼ ½ðWa - WbÞ=Wb� � 100% ð4Þ
where Wc is the average tumor weight of the control group, Wt is the
average tumor weight of the tested group, and Wa and Wb are the body
weight of the mice after and before the treatment, respectively.

Cell-Cycle Analysis. The effects of S-GL and CM-GL on S-180 cell-
cycle were assessed by flow cytometry. The cells (5 � 104 cells/mL) were
incubated on a 6-well plate with polysaccharide samples (at final con-
centrations of 0.02 mg/mL) for 24 h. After the incubation, the cells were
washed with phosphate-buffered saline (PBS) twice, fixed in 70% cold
ethanol, and stored at-20 �C overnight. Prior the analysis, the fixed cells
were washed with PBS twice and stained with 50 μg/mL propidium iodide
(PI). The stained cells were then transferred to flow tubes by passing
through nylon mesh with a pore size of 40 μm. Flow cytometric analysis
was performed on a flow cytometer (Beckman Coulter, Epics XLMCL).
Apoptotic cells were determined by their hypochromic sub-diploid stain-
ing profiles. The distribution of cells in the different cell-cycle phases was
analyzed from the DNA histogram using Multicycle software (Phoenix
Flow Systems, San Diego, CA)

Detection of Apoptosis. Shrinkage of cells and disorganization of
chromatin are usually related to apoptosis. Simultaneous staining with
Annexin V-FLOUS and PI distinguished between intact cells, early
apoptosis, late apoptosis, or cell death (6). Annexin V-FLOUS, a
calcium-dependent phospholipid binding protein with a high affinity for
phosphatidylserine, was used to detect cell apoptosis. Treated S-180 cells
(1.5 � 105) were plated onto a gelatinized culture flask in RPMI 1640
containing 20% fetal bovine serum (FBC) and incubated at 37 �C and 5%
CO2 for 24 h. Themediumwas replacedwith 1mLofRPMI 1640with 5%
FBC and polysaccharide samples (at final concentrations of 0.02 mg/mL)
for 24 h and incubated at 37 �C and 5%CO2 for 48 h. Treated and control
S-180 cells were labeled with Annexin V-FLOUS (10 μg/mL) and PI
(20 μg/mL) prior to harvesting. After labeling, all plates were washed
with binding buffer and harvested by scraping. Cells were resuspended in
binding buffer at a concentration of 2 � 105 cells/mL before analysis by
flow cytometry (FACScan). Data analysis was performed using standard
Cell Quest software (Becton-Dickinson).

Immunohistochemistry for Apoptosis-Related Proteins Bax and

Bcl-2. The tests of Bax and Bcl-2 immunohistochemistry were performed
by the peroxidase-labeled streptavidin-biotin method with microwave
antigen retrieval (17-19). Paraffin in the sections were removed by
treating with xylene for 15min twice and then gradually hydrated through
a series from 95, 80, to 70% of graded ethanol (2 min each) and distilled
water (2 min). Endogenous peroxidase was blocked by incubation in 3%
hydrogen peroxide (H2O2) for 10 min at 37 �C, followed by washing for 4
times with PBS (5 min each). Antigen retrieval was carried out in a
microwave oven. Briefly, the sections were heated to 95 �C in 0.01 M
citrate buffer (pH 6.0) andweremaintained at this temperature for 10min,
followedby rinsing inwarm tapwater. Then, the sectionswere treatedwith
normal goat serum for 10 min at 37 �C to reduce non-specific staining.
Subsequently, the rabbit anti-mouse Bax and Bcl-2 polyclonal antibodies
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) as primary antibodies
were added in optimal dilution, and the sections were incubated overnight
in a humidified chamber at 4 �C. This step and each of the following were
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succeeded by washing for 4 times in PBS for 5 min each. The sections were
incubated for 10 min at 37 �C in a humidified chamber with biotinylated
goat anti-rabbit IgG (ZhongshanGolden Bridge Biotechnology Co., Ltd.,
Beijing, China; 1:200) as secondary antibodies, followed by exposure to
streptavidin horseradish peroxidase (Zhongshan Golden Bridge Biotech-
nology Co., Ltd., Beijing, China) for 10 min at 37 �C. The color was
developed using a solution containing 0.05% diaminobenzidine (DAB) as
chromogen and 0.02% H2O2. After visualization of horseradish-perox-
idase activity by color reaction with DAB, the sections were weakly
counterstained with hematoxylin, mounted, and examined using a light
microscope equippedwith a 40� objective. To confirm immunospecificity,
negative controls consisted of sections in which the primary antibody was
omitted and replaced by a buffer or non-immune IgG. Formalin-fixed,
paraffin-embedded sections of normal human lymph node served as
positive controls. Both the number of immuno-reactive cells and the total
number of cells (at least 500 cells) were determined to calculate the
percentage of Bax and Bcl-2 positive cells by visual inspection of six
different fields per section. To assess the apoptosis, ratios of Bcl-2/Bax
were determined.

Statistical Analysis. The mean values and standard deviations of the
data between the control and the treatment groups were analyzed by
Dunnett’s test, and the p values for any significant differences between
means were set at less than 0.05. The flow cytometric analyses were
repeated twice to confirm the findings.

RESULTS AND DISCUSSION

Chemical Structure. The FTIR spectra of the native GL-IV-I
and its derivatives are shown in Figure 1. All samples exhibited
the characteristic IR absorption of polysaccharides at 1250 and
1650 cm-1.The native GL-IV-I exhibited absorption peaks at
890 cm-1, which is the characteristic absorption peak of the
β configuration of glucan (20). In comparison to GL-IV-I, the
characteristic peak of the β configuration of S-GL at 890 cm-1

disappeared and two new absorption peaks at 813 and 1210 cm-1

appeared for the sulfated derivative, which corresponds to
C-S-C symmetrical vibration and SdO asymmetrical stretch-
ing (21). This indicated that the sulfated derivative had been

successfully synthesized from GL-IV-I. For CM-GL, two new
absorption peaks appeared at 1603 and 1430 cm-1, assigned to
the asymmetrical -COO stretching vibration. The symmetrical
-COO stretching and the new peak at 1340 cm-1 were assigned
to the -CH2 group (22-25).

The heteronuclear multiple-quantum coherence (HMQC) and
double quantum filter (DQF) were described previously (13). The
results could confirm that GL-IV-I was a linear (1 f 3)-
β-D-glucan (26). The 13C NMR spectra for the native sample
GL-IV-I and its derivatives (S-GL and CM-GL) are shown in
Figure 2, and their chemical shifts are listed inTable 1. The 13CNMR
spectrum of the native GL-IV-I exhibited six signals around 103.9,
86.9, 77.1, 73.6, 69.2, and 61.6 ppm, attributed to C-1, C-3, C-5, C-2,
C-4, andC-6, respectively, indicating the characteristic of (1f 3)-
β-D-glucan (22). In comparison to the native GL-IV-I sample,
there were several new signals caused by sulfated groups in S-GL.
The peak at 67.9 was assigned to the signal of C-6s; the peak at
79.7 was assigned to the signal of C-2s; and the peak at 76.2 was
assigned to the signal of C-4s. The peak at 61.4 was weakened,
indicating that C-6 had been substituted by the sulfated group,
whereas C-2 and C-4 have been partially substituted. Because

Figure 1. FTIR spectra of the native GL-IV-I and its sulfated (S-GL) and
carboxymethylated (CM-GL) derivatives.

Figure 2. 13C NMR spectra for native sample GL-IV-I in Me2SO-d6 and
its sulfated (S-GL) and carboxymethylated (CM-GL) derivatives in D2O at
25 �C.

Table 1. 13C NMR Chemical Shifts for Native Sample GL-IV-I and Its
Derivatives

δ (ppm)

sample C-1 C-10 C-2 C-2s C-3 C-30 C-4 C-4s C-5 C-50 C-6 C-6s

GL-IV-I 103.9 73.6 86.9 69.2 77.1 61.6

S-GL 103.8 101.3 73.7 79.7 86.9 69.1 76.2 77.0 72.8 61.4 67.9

CM-GL 103.1 73.7 82.1 86.4 85.2 69.0 74.5 76.5 74.1 61.5 68.9
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their strong peaks existed in theNMRspectrum, the peaks at 79.7
for C-2s and 76.2 for C-4s were much weaker than that of C-6s at
67.9. We could conclude that the C-6 position was more active
than the C-2 and C-4 positions as a result of the steric hin-
drance (27). The downfield shift of the carbon atoms linked with
the sulfur groups was about 6-7 ppm (28). Furthermore, a new
peak appeared at 101.3, and the native C-1 peak at 103.8 became
weaker in NMR spectra of S-GL. This could be explained by the
fact that C-2 andC-6 had been substituted, which could influence
the adjacent C-1 to split into two peaks. The upfield shift from
C-1 toC-10 was about 2.5 ppm,which is somewhat in linewith the
description by Gorin (28). With the same situation to C-5, the
peak at 72.8 is for C-50 of S-GL. In comparison to the native GL-
IV-I, a new strong peak at 175.7 for CM-GL could be attributed
to the CdO carbon of the carboxymethyl group, indicating the
successful carboxymethylation of GL-IV-I. Peaks for C-6s, C-4s,
andC-2s were at 69.0, 74.5, and 82.1, and the peak intensity was in
the order C-6s>C-4s>C-2s. From 13CNMR results, we could
conclude that non-selectivity substitution occurred on the active
hydroxyl groups of GL-IV-I and the multi-substitution at C-2,
C-4, and C-6 exhibited different reaction activity. The yields,
water solubility, and DS of the native polysaccharide and its
derivatives are summarized in Table 2. The DS of the derivatives
was calculated from the NMR data according to the method
reported by Zhou et al. (27). In brief, the total DS of each kind of
derivative was the summation of the DS for C-6, C-4, and C-2,

and the relativeDS values at the C-2, C-4, and C-6 positions were
calculated from the relative intensities of peaks C-2, C-2s, C-4,
C-4s, C-6, andC-6s. TheDS ofC-6, C-4, andC-2 calculated from
13C NMR for S-GL and CM-GL were 0.68:0.12:0.04 and
0.62:0.28:0.19, respectively. Reaction activity of the active hydro-
xyl groups was in the order of C-6 > C-4 > C-2 on the whole.
This could be explained by the fact that the steric hindrance led to
the different activities of C-6, C-4, and C-2. The substitution
further caused the adjacent C-1, C-3, and C-5 to split into two
peaks, with the upfield shift of 2-3 ppm.

Molecular Mass and Chain Conformation. SEC-LLS, as an
absolutemethod, is a convenientmethod for the determination of
the true molecular mass and its distribution. The molecular mass
and chain conformation parameters of GL-IV-I and its deriva-
tives are summarized in Table 3. The SEC patterns of GL-IV-I in
Me2SO and the two derivatives in 0.9% NaCl aqueous solution
analyzed by the LLS (detector d11 = 90�) at 25 �C are shown in
Figure 3. Obviously, there were single peaks with good symmetry
detected by LLS in GL-IV-I and its derivatives. The weight-
average molecular mass (Mw) of GL-IV-I, S-GL, and CM-GL
were 13.3 � 104, 10.1 � 104, and 6.3 � 104, respectively. The
molecular mass of S-GL and CM-GL is lower than that of GL-
IV-I because of the chain degradation during the reaction.

From the SEC chromatogram detected by LLS, we could
obtain the Mw and ÆS2æz1/2 values of numberless fractions. The
Mw-ÆS2æz1/2 relationship from many experimental points in the
SEC can give conformation parameters (29). From data of Mw

and ÆS2æz1/2, the power law describing the relationship between
Mw and ÆS2æz1/2 (ÆS2æz1/2 � Mw

R) can be created. Usually, the
chain conformation of the polymer in solution can be estimated
by the value of exponent (R). Usually, the R value is 0.3 for
globular shape, 0.5-0.6 for flexible chain conformation in good
solvent, and 0.6-1 for a semi-flexible or stiff chain (30). The
log-log plots of ÆS2æz1/2 � Mw

R for GL-IV-I in Me2SO and its
derivatives in 0.9% NaCl are shown in Figure 4. The R value for
GL-IV-I was 0.47, indicating that the glucans existed as a flexible

Figure 3. SEC patterns of GL-IV-I in Me2SO (left) and its sulfated (S-GL) and carboxymethylated (CM-GL) derivatives in 0.9%NaCl aqueous solution (right)
from LLS (detector 11) at 25 �C.

Figure 4. Dependence of ÆS2æz1/2 on Mw for GL-IV-I in Me2SO and its sulfated (S-GL) and carboxymethylated (CM-GL) derivatives in 0.9% NaCl aqueous
solution at 25 �C.

Table 2. Yield, Solubility, and DS for the Derivatives

solubilitya DS from 13C NMR

sample

yield

(%)

0.9%

NaCl Me2SO

DS from

EA result C-6 C-4 C-2

total

DS

GL-IV-I 7.6 - þ
S-GL 86.3 þþ - 0.94 0.68 0.12 0.08 0.88

CM-GL 95.1 þþ - 1.18 0.62 0.28 0.19 1.09

a-, insoluble; þ, soluble; þþ, good solubility.
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chain conformation in Me2SO at 25 �C. The R values for S-GL
and CM-GLwere 0.61 and 0.56, respectively. This suggested that
the chain stiffness of the two derivatives was slightly higher than
that of the native glucan. Namely, the derivatives existed as
relatively expanded flexible chains in 0.9% NaCl aqueous solu-
tion at 25 �C, as a result of the steric hindrance of the substituted
groups in S-GL and CM-GL. The introduction of the charged
groups, such as sulfated and carboxymethylated groups, im-
proved the water solubility and increased the chain stiffness.

Antiproliferative Effect of S-GL and CM-GL on S-180. The
antiproliferative effect of S-GL and CM-GL on the S-180 tumor
cell line was investigated. Cells were treated at different concen-
trations of these two derivatives (0-500 μg/mL) for 24 h.Figure 5
shows the percentage of viability of S-180 cells in the presence of
S-GL and CM-GLwith different concentrations. Cells incubated
with 0.2%Me2SO were used as a control. The median inhibitory
concentration (IC50) values of S-GL and CM-GL tested against
S-180 cancer cells were 26 and 38 μg/mL after 24 h of treatment.
Therefore, S-GL and CM-GL could inhibit the in vitro prolifera-
tion of S-180 tumor cells in a dose-dependent manner.

In Vivo Antitumor Activities. To investigate the antitumor
activities of S-GL and CM-GL, the sample solutions were
injected intraperitoneally (40 mg/kg) once daily for 8 days after
S-180 tumor cell inoculation for 24 h. The inhibitions of tumor
growth in vivo and enhancement ratio of body weight are
summarized inTable 4. The nativeGL-IV-I showed no antitumor

activity because of the poor water solubility. However, the
inhibition ratios of S-GL and CM-GL were 55.6 ( 2.1 and
51.3 ( 1.3%, respectively. The growth of the S-180 solid tumors
was markedly inhibited by S-GL and CM-GL. It is worth noting
that the two derivatives exhibited relatively high inhibition on the
tumor growth, only slightly lower than that of 5-Fu. Figure 6

shows pictures of the tumors of the control group treated with
0.9%NaCl aqueous solution and the experimental groups treated
with S-GL and CM-GL. Although the 5-Fu group exhibited
more effective results, its body weight enhancement ratio was
28.2 ( 1.7%, which was much lower than that of S-GL and
CM-GL groups (48.5 ( 1.5 and 45.7 ( 2.7%, respectively).
Besides, the enhancement ratio of the bodyweight ofmice treated
with S-GL and CM-GL groups was almost equal to the control
group. Therefore, our findings indicated that S-GL and CM-GL
are potential antitumor agents, having high bioactivities and low
toxicity. S-GL had a lower IC50 value than that of CM-GL,
implying that the introduction of sulfated groups is more con-
ducive to the enhancement of the antitumor activity of the
polysaccharides.

Cell-Cycle Arrest and Apoptosis Induction by Polysaccharides.

Apoptosis is a physiological and crucial process that is regarded
as the preferred way to eliminate cancer cells (31, 32). Figure 7

shows the effect of (a) CM-GL and (b) S-GL on the cell-cycle
phases (G0/G1, S, and G2/M) of S-180 cells. S-GL and CM-GL
induced accumulation of S-180 cells in the sub-G1 peak, indicat-
ing apoptotic phenomenon, as well as led to the G2/M phase
arrest. In the cell-cycle analysis, a significant increase of the cell
population in the G2/M phase was observed from 16.1( 1.4%of
the control group to 33.5( 2.4% for S-GL and 29.7( 1.5% for
CM-GL, with the concentration of 0.02 mg/mL. These results
suggested that the S-GLandCM-GLderivatives could inhibit the
growth of S-180 cells through cell-cycle arrest in the G2/M phase
and induced the apoptosis. Figure 8 shows representative dot
plots of fluorescence intensities of S-180 cells labeled with
Annexin V/PI. The percentage of surviving (Annexin V and PI
negative, AnVK/PIK) and apoptotic (Annexin V positive and PI
negative, AnVC/PIK) cells was indicated in the quadrants. The
percentage of apoptosis in control S-180 cells (2.57( 0.39%) was
significantly (p< 0.05) lower than that of S-GL (17.9 ( 1.98%)
and CM-GL (14.1( 2.67%). Treatment with S-GL and CM-GL
resulted in a significant increase in the percent of apoptosis of S-
180 cells. The percentage of surviving cells in the three groupswas
inversely related to the percentages of apoptotic cells. In view of
the results, S-GL and CM-GL exhibited a significant increase of
apoptosis and decrease in the survival of S-180 cells.

The proto-oncogene Bcl-2 protects cells against apopto-
sis, whereas Bax promotes cells against apoptosis (33).

Table 3. Experiment Results from LLS, SEC-LLS, and Viscosity for GL-IV-I and Its Derivatives

LLS SEC-LLS

sample solvent Mw (�10-4) (g mol-1) A2 (�104) (mol mL g-2) ÆS2æz1/2 (nm) Mw (�10-4) (g mol-1) Mw/Mn R [η] (cm3 g-1)

GL-IV-I Me2SO 12.4 3.67 53.5 13.3 1.37 0.47 27.8

S-GL 0.9% NaCl 12.5 2.14 56.6 10.1 1.86 0.61 29.3

CM-GL 0.9% NaCl 5.2 3.56 35.7 6.3 1.62 0.56 39.7

Table 4. Results of in Vivo Antitumor Activities and the Enhancement Ratio of the Body Weight of S-GL and CM-GL Compared to 5-Fua

sample dose (mg/kg � days) inhibition ratio (%) enhancement ratio of body weight (%) complete repression

S-GL 40� 8 55.6( 2.1 48.5( 1.5 0/8

CM-GL 40� 8 51.3( 1.3 45.7( 2.7 0/8

5-Fu 40� 8 61.9( 3.8 28.2( 1.7b 0/8

0.9% NaCl 40� 8 46.4( 2.7 0/8

aResults are expressed as mean ( SD (n = 8). b p < 0.01 (Dunnett’s test).

Figure 5. Percentage of viability of S-180 cells treated with sulfated
(S-GL) and carboxymethylated (CM-GL) derivatives of GL-IV-I at different
concentrations. Data are shown as mean ( standard deviation (SD)
(n = 3).
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We investigated alterations in the expression of apoptosis-related
proteins Bcl-2 and Bax in S-180 tumor treated by intraperitoneal
injection of the S-GLandCM-GLaqueous solution intoBALB/c
femalemice. Figures 9 and 10 show the apoptosis-related proteins
Bax and Bcl-2 immunostain in S-180 tumor of the untreated
control mice, 5-Fu group, and S-GL and CM-GL treated mice.
The results revealed a significant difference in the expression of
the proteins in the control and S-GL and CM-GL groups. In the
control group, Bax was not detected, whereas Bcl-2 immunostain
was strong in the S-180 tumor. However, the mice treated with
S-GL and CM-GL exhibited a significantly decreased expression
of Bcl-2 and increased expression of Bax. The uniquely high Bax

expression with low Bcl-2 immunostain indicated that the poly-
saccharide derivatives induced apoptosis of S-180 tumor cells
probably by upregulating the expression of Bax to counteract the
effect of Bcl-2. The results from the quantitative analysis of the
Bax and Bcl-2 immunostain for the S-180 tumor in the control
and S-GL and CM-GL groups are summarized in Table 5. The
expression levels of the two apoptotic proteins led to a signifi-
cantly lower Bcl-2/Bax ratio, suggesting a favorable therapeutic
response to S-GLandCM-GLandan increase of the survival rate
in mice transplanted with S-180 tumors. Furthermore, a high
expression level of Bax accompanied by a low Bcl-2 immuno-
reactivity could sustain a lowBcl-2/Bax ratio in favor of apoptosis,

Figure 7. Representative cytograms show the effect of (a) sulfated (S-GL) and (b) carboxymethylaed (CM-GL) derivatives of GL-IV-I on the cell-cycle phases
(G0/G1, S, and G2/M) and apoptosis (sub-G1) of S-180 cells. The cells were incubated for 24 h without (control) and with S-GL and CM-GL at a final
concentration of 0.02 mg/mL.

Figure 6. Mice injected with sulfated (S-GL) and carboxymethylated (CM-GL) derivatives of GL-IV-I or 5-Fu intraperitoneally had significantly smaller tumor
volumes compared to control mice on day 8. Average tumor weights of mice treated with S-GL or CM-GL were significantly reduced compared to that in the
control group.

Figure 8. Fluorescence-activated sorting analysis of Annexin V and PI for induced apoptosis in S-180 cells treated with sulfated (S-GL) and
carboxymethylaed (CM-GL) derivatives of GL-IV-I. The percentage of apoptosis was determined by flow cytometry. (A) Control S-180 cells. (B and C)
Cells after 24 h of treatment with S-GL and CM-GL (0.02 mg/mL), respectively. The data shown are representative of three independent experiments.
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or alternatively, it could effectively antagonize the anti-apoptotic
levels of the Bcl-2. The immuno-histochemical results indicated
that both S-GL and CM-GL could induce apoptosis in xenograft
S-180 tumor cells by upregulating Bax and downregulating Bcl-2,
while S-GL showed a better therapeutic effect than CM-GL.

On the basis of the results mentioned above, the water-soluble
derivatives of polysaccharides having charged groups and relatively
expanded chain conformation exhibited high antitumor activity.
Therefore, the introduction of the sulfated and carboxymethylated
groups could improve the water solubility and increase the chain
stiffness, leading to the enhancement of the antitumor activities.
The relatively extended chain conformation of carboxymethylated
β-glucan from sclerotium of P. tuber-regium and extracellular

polysaccharides from Ganoderma tsugae mycelium correlated with
their relatively higher antitumor activity. This could be explained
by the fact that charged groups and relatively expanded flexible
chains of polysaccharides have more opportunities to bind with
receptors on the cell than the compact conformation.
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