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a  b  s  t  r  a  c  t

Four  polysaccharides  (GLP-I,  GLP-II,  GLP-III  and  GLP-IV)  were  obtained  from  fermented  soybean  curd
residue by  Ganoderma  lucidum,  and  then  purified  using  anion-exchange  DEAE  Sephadex  A-50.  Their
structural  characterization  was  conducted  by Fourier  transform  infrared  spectroscopy  (FTIR),  and  their
monosaccharide  compositions  were  determined.  The  results  demonstrated  that the  basic  structural
characterization  of  four  polysaccharides  were  similar,  however,  monosaccharide  compositions  of  four
kinds of polysaccharides  were  significant  difference.  GLP-III  and  GLP-IV  were  composed  of  six kinds
of  monosaccharide.  Nevertheless,  GLP-II  was  composed  of  three  kinds  of  monosaccharide.  Moreover,
their  antioxidant  activities  were  investigated  on  the  basis  of  hydroxyl  radical,  reducing  power,  DPPH
free  radical,  chelating  activity,  ABTS  radical-scavenging  and  SOD-like  activity.  The  results  showed  that
ntioxidant activities
mmunomodulation activity

four polysaccharides  exhibited  antioxidant  activities  in a concentration-dependent  manner.  Among  four
polysaccharides,  GLP-III  and  GLP-IV  exhibited  the  higher  scavenging  effects  on hydroxyl  radicals,  ABTS
radical,  DPPH  free  radical,  and  stronger  reducing  power  and  SOD-like  activity  than  GLP-I  and  GLP-II. In
addition, treatment  with  40 �g/mL of  GLP  showed  significant  stimulation  to the  macrophage  proliferation
and  higher  nitric  oxide  production.  Overall,  GLP  from  fermented  SCR  could  have  potential  applications
in  the  medical  and  food  industries.
. Introduction

Oxidation is an essential biological process to many living organ-
sms for the production of energy. However, the uncontrolled
roduction of oxygen-derived free radicals is hostile and damaging
o cells. It can also cause a chain reaction resulting to the mul-
iplication of new free radicals. The damage they cause includes
nterference and manipulation of protein, tissue loosening, genetic
amage and the promotion of disease and aging. In order to reduce
xidation damage to the human, many synthetic antioxidants are
idely used at present. However, recent researches suggested that

ynthetic antioxidants were restricted due to their potential haz-
rds to health, such as liver damage and carcinogenesis (Yuan,
hang, Fan, & Yang, 2008). Thus, it is essential to develop and uti-
ize effective natural antioxidants to protect the human body from

ree radicals and reduce risk of many diseases such as heart disease,
ancer, arthritis and the aging process (Nandita & Rajini, 2004).

∗ Corresponding author. Tel.: +81 29 853 4650; fax: +81 29 853 4650.
E-mail addresses: yo.innan.fu@u.tsukuba.ac.jp, yangjiayangjp@yahoo.co.jp

Y.  Yang).
1 Now at: Institute of Processing & Design of Agroproducts, Hainan Academy of
gricultural Sciences, Hainan 571100, PR China.

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.02.081
© 2013 Elsevier Ltd. All rights reserved.

Soybean curd reside (SCR), a byproduct of tofu, soymilk or soy
protein manufacturing, is treated as an industrial waste with little
market value because of its short shelf life. In fact, SCR generally
contains protein up to 28.4% (dry basis) with high nutritive quality
and a superior protein efficiency ratio, suggesting that it is a poten-
tial source of low-cost vegetable protein for human consumption
(Kasai, Murata, Inui, Sakamoto, & Kahn, 2004).

Ganoderma lucidum, a medicinal fungus called “Lingzhi” in China
and “Reishi” in Japan, is one of the most famous traditional Chinese
medicines. In regions of China and other Asian countries, G. lucidum
has been used as a remedy to promote health and longevity (Shiao,
2003). Modern pharmaceutical research shows that G. lucidum
polysaccharide (GLP) has several physiological and health effects,
including strong antioxidant activities (Xu et al., 2009), immuno-
modulating activities (Lin et al., 2006), and anti-tumor activities
(Paterson, 2006).

The traditional production of GLP is extracted from G. lucidum
fruiting bodies, however, the time of the incubation is more than 60
days, and the concentration of extracted polysaccharides is below
100 mg/g. GLP was produced from the mycelium using SCR as a
growth medium, which could not only greatly decrease the produc-

tion time of GLP, but also increase the development and utilization
of the agricultural waste and alleviate the pressure on the envi-
ronment (Shi, Yang, Guan, Wang, & Zhang, 2012a, 2012b). To date,
G. lucidum has been incubated in submerged culture using simple
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otato dextrose agar, however, there are few reports of the culture
f G. lucidum to yield polysaccharide using agricultural waste in
olid state fermentation. The curd polysaccharide of G. lucidum has
een obtained from fermented SCR and it has been confirmed that
he curd polysaccharide showed some antioxidant activity (data
ot shown), however, the antioxidant activity and immune activity
f purified polysaccharide need to be further study.

In the past decades, some natural polysaccharides have been
emonstrated to play an important role as free radical scavengers in
he prevention of oxidative damage in living organism, which could
e explored as novel potential antioxidants (Ge, Duan, Fang, Zhang,

 Wang, 2009; Matkowski, Tasarz, & Szypula, 2008). Moreover,
revious studies indicated that antioxidant activity of polysaccha-
ides might show the ability to improve the activity of antioxidant
nzymes, scavenge free radicals and inhibit lipid peroxidation
Chen et al., 2011). Antioxidant activities of polysaccharide can
e affected by many factors including its chemical components,
olecular mass, structure, conformation, even the culture condi-

ions of the mycelium, because different culture conditions could
upply the different nutrients. Although antioxidant activities of
he crude G. lucidum polysaccharide (CGLP) were investigated,
here was a dearth of information about the physiological prop-
rties and structure of CGLP. Therefore, isolation and purification
f CGLP were necessary and could to better understand structural
haracteristics, antioxidant and immunostimulating activity, and
he relationship between chemical characteristic and activity of
LP.

The aim of this study was to isolate and purify G. lucidum
olysaccharide from fermented SCR that was fermented to use SCR
s the main substance by G. lucidum. Furthermore, the antioxi-
ant (DPPH, ABTS and hydroxyl radical scavenging assay, reducing
ower and SOD-like activity) and immunomodulation activity (the
acrophage cells proliferation and nitric oxide release) were eval-

ated.

. Materials and methods

.1. Chemicals and reagents

SOD Assay Kit-WST was purchased from Dojindo Molecular
echnologies, Inc. (Kumamoto, Japan). Ascorbic acid, hydrogen per-
xide, chloride ferric, ferrous sulfate, trichloracetic acid, ethylene-
iaminetetraacetic acid (EDTA), potassium bromide, sodium salicy-

ate and trifluoroacetic acid and were purchased from Wako Pure
hemical, Osaka, Japan. 2,2′-Azino-bis(3-ethylbenzothiazoline-
-sulfonic acid) (ABTS), 2,2-diphenyl-1-picry-hydrazyl radical
DPPH) were purchased from Sigma Aldrich, Inc. (Saint Louis, MO,
SA). All other chemical reagents were of analytical grade.

.2. Preparation, isolation and purification of GLP

The fermented SCR was dried in a convection oven at 50 ◦C
nd ground to a powder. The crushed powder was removed the
mpurities for 24 h with 80% ethanol at room temperature. The
xtract was discarded and the residue was further extracted with
he optimal conditions of ultrasonic assisted extraction (30 min,
0 ◦C, 80 watt of power with 10 of the water to solid ratio).
hen, the extract was filtered and centrifuged at 7500 rpm for
0 min  at room temperature. The supernatant was  concentrated in

 rotary evaporator under reduced pressure at 50 ◦C and removed
ree protein layer by the use of method of Sevage. At last, the

bove extract was subjected to the precipitation with fourfold
olumes of ethanol. The curd polysaccharides were collected by
entrifugation, washed with ethanol twice, and then freeze-dried.

 g of crude polysaccharides was re-dissolved in 40 mL  distilled
mers 95 (2013) 200– 206 201

water and centrifuged at 4500 rpm for 15 min. The supernatant
was further purified using an anion-exchange DEAE Sephadex A-
50 column (50 cm × 2.6 cm)  equilibrated with distilled water. The
column was  eluted by distilled water, 0.1 M NaCl, 0.5 M NaCl and
1 M NaCl to yield GLP-I, GLP-II, GLP-III and GLP-IV, respectively.
6 mL/tube of eluent was  collected at a flow rate of 0.4 mL/min.
The polysaccharide concentration of the eluant in each tube was
determined by the phenol-sulphuric acid method (Dubois, Gilles,
Hamilton, Pebers, & Smith, 1956). GLP-I, GLP-II, GLP-III and GLP-
IV eluants were combined individually. Each fraction was  placed
in a regenerated cellulose bag filter (MWCO8000, Spectrum, USA),
and dialyzed against 4 ◦C distilled water for 3 days. The purified
fractions were further concentrated by a vacuum rotary evaporator
(BC-R203, Shanghai Biochemical Equipment Co., Shanghai, China)
at 55 ◦C. Concentrated fractions were lyophilized to fine powder
and stored in a desiccator at room temperature.

2.3. Monosaccharide composition of polysaccharide fractions

The GLP fractions (10 mg), dissolved in 2 M trifluoroacetic acid
(TFA, 2 mL), were hydrolyzed at 120 ◦C for 3 h in a sealed glass tube.
The hydrolyzate was repeatedly co-concentrated with methanol to
remove the excess acid at 50 ◦C, and then the hydrolyzed products
were prepared for acetylation. The acetylation was carried out with
10 mg  of hydroxylamine hydrochloride and 0.5 mL  of pyridine by
heating in a water bath for 30 min  at 90 ◦C. After the incubation,
the tubes were removed from the heat block, allowed to cool to
room temperature, and then 0.5 mL  of acetic anhydride was  added
and mixed thoroughly by vortexing. The tubes were sealed and
incubated in a water bath shaker set at 90 ◦C for 30 min  again.
After cooling, approximately 0.1 mL  of clear supernatant was  added
to the autosampler vials with inserts for injection into the gas
chromatograph on a GCMS-QP2010Plus (SHIMADZU, JAP) instru-
ment equipped with a hydrogen flame ionization detector, using
a DB-1 column (30 m × 0.25 mm  × 0.25 �m).  The following chro-
matographic conditions were used: high-purity helium was used
as the carrier gas at a flow rate of 1 mL/min. The temperature of
the injector and detector was  250 ◦C. An initial column tempera-
ture held at 100 ◦C followed by 10 ◦C/min to 280 ◦C. Injections were
made in the splitless mode. The temperature of mass spectrome-
ter ion source was  230 ◦C. 1 �L of the sample was injected into the
column with the split ratio of 10:1.

2.4. FT-IR

FT-IR spectrum of the sample was determined using a Fourier
transform infrared spectrophotometer (FT/IR 3000, Jusco, Japan).
The sample was  grounded with spectroscopic grade potassium
bromide (KBr) powder and then pressed into a 1 mm pellet for FT-
IR measurement in the frequency range 4000–400 cm−1 (Funami
et al., 2005).

2.5. Assay for antioxidant activities of the GLP fractions

2.5.1. HO• scavenging activity estimation
HO• scavenging activity was  measured according to a literature

procedure with a certain modifications (Nicholas & Quinton, 1989).
HO• were generated from FeSO4 and H2O2, and detected by their
ability to hydroxylate salicylate. The reaction mixture (2.5 mL)  con-

tained 0.5 mL  of FeSO4 (1.5 mM),  0.35 mL  of H2O2 (6 mM), 0.15 mL
of the sodium salicylate (20 mM),  and 1 mL  of the GLP fractions.
Ascorbic acid was  used as the positive control. After this incuba-
tion for 1 h at 37 ◦C, the absorbance of the hydroxylated salicylate
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omplex was measured at 562 nm.  The percentages of the scaveng-
ng effect were calculated as

HO• scavenged =
[

1 − A1 − A2

A0

]
× 100 (1)

here A1 was the absorbance of the sample or ascorbic acid, and
0 was the absorbance of the solvent control, whereas A2 was  the
bsorbance of the reagent blank without sodium salicylate.

.5.2. Ferrous metal ions chelating activity assay
Ferrous metal ions chelating activity of the GLP fractions

as measured according to a literature procedure with a few
odifications (Decker & Welch, 1990). Sample or ethylenedi-

minetetraacetic acid (EDTA) solution (1 mL)  were mixed with
0 �L of ferrous chloride (2 mM)  and 0.2 mL  of ferrozine (5 mM),
haken vigorously, allowed to stay still for 10 min  at room tempera-
ure, and the absorbance of the mixture was determined at 562 nm.
DTA was included as the positive control. The ion-chelating activ-
ty was calculated as

helating rate (%) =
[

1 − A1 − A2

A0

]
× 100 (2)

here A0 was the absorbance of the control (without sample) and
1 was the absorbance in the presence of the sample, A2 was the
bsorbance without ferrozine.

.5.3. DPPH free radical-scavenging assay
DPPH radical-scavenging activities of the GLP fractions was

easured according to the method described by Shi et al. (2012a,
012b).

IC50 value (mg  extract/mL) was the effective concentration at
hich DPPH radicals were scavenged by 50% and was obtained by

nterpolation from the linear regression analysis.

.5.4. Determination of SOD-like activity
The levels of SOD-like activity in the GLP fractions were mea-

ured using the SOD Assay Kit-WST according to the technical
anual (Shi et al., 2012a, 2012b).

.5.5. Reducing power
The reducing power of the GLP fractions was measured accord-

ng to the method of Yen and Chen (1995) with slight modifications
Yen & Chen, 1995). An aliquot of each sample (1 mL), with dif-
erent concentrations, was mixed with 1 mL  of phosphate buffer
200 mM,  pH 6.6) followed by 1 mL  of 1% potassium ferricyanide
K3Fe(CN)6]. The mixture was incubated for 20 min  in a water bath
t 50 ◦C. After this incubation, 1 mL  of 1% trichloroacetic acid (TCA)
as added, followed by centrifugation at 6000 g for 10 min. The

upernatant (2 mL)  was mixed with 2 mL  of distilled water and
.4 mL  of 0.1% ferric chloride (FeCl3), then the absorbance was mea-
ured at 700 nm against a blank in the spectrophotometer. A higher
pectrophotometrical absorbance meaned a higher reducing power
ctivity.

.5.6. ABTS radical-scavenging activity
ABTS was dissolved in distilled water at a final concentra-

ion of 7 mM and mixed with a potassium persulphate solution
t a final concentration of 2.45 mM.  The reaction mixture was
eft to settle at room temperature for 12–16 h in the dark before
se (Trishna et al., 2011). For each experiment, freshly prepared
BTS•+ solution was diluted with methanol (99.7%) to adjust its

bsorbance to within 0.70 ± 0.02 at 734 nm wavelength. 0.15 mL  of
arious concentrations of the sample was subsequently mixed with
.85 mL  of ABTS•+ solution. Finally, the absorbance was  measured at
34 nm after the incubation at room temperature for 10 min. The
mers 95 (2013) 200– 206

scavenging activity of ABTS free radical was  calculated using the
following equation:

ABTS scavenging activity (%) = (C − D) − (A − B)
(C − D)

× 100 (3)

where A = absorbance of ABTS solution + sample/standard,
B = absorbance of potassium persulphate + sample/standard,
C = absorbance of ABTS solution + distilled water/methanol and
D = potassium persulphate + distilled water/methanol.

2.6. Cell evaluation

2.6.1. Chemicals and reagents
Minimum Essential Medium Eagle (MEM)  medium, Griess

reagent and fetal bovine serum (FBS), were purchased from Sigma
Aldrich, Inc. (Saint Louis, MO,  USA); and the Cell Counting Kit-8
(CCK-8) was purchased from Dojindo Molecular Technologies, Inc.
(Kumamoto, Japan).

2.6.2. Cell lines
The murine macrophage cell line, RAW 264.7, was  obtained

from the Riken Cell Bank (Tsukuba, Japan) and maintained in MEM
medium containing 10% fetal bovine serum, 100 U/mL penicillin,
and 100 �g/mL of streptomycin at 37 ◦C in a humidified 5% CO2
atmosphere (ESPEC CO2 incubator). The cells were cultured for 2–3
days to reach the logarithmic phase and then used for experiments.

2.6.3. Activation assay
The effect of the GLP fractions on the proliferation of RAW 264.7

cells was  estimated using the Cell Counting Kit-8 (CCK-8), and the
method described by Shi et al. (2012a, 2012b).

2.6.4. Measurement of nitric oxide production
The nitrite accumulation was measured using Griess reagent

and used as an indicator of nitric oxide (NO) production in the
medium (Shi et al., 2012a, 2012b). NaNO2 was used as a standard
to calculate the nitrite concentrations.

2.7. Statistical analysis

All experiments were performed at least in duplicate, and anal-
yses of all samples were run in four replicates and averaged.
Statistical analysis involved use of the DPS statistical analysis (DPS,
version 13.5) software package. The results were presented as
means of three determinations ± SD (standard deviation). Signif-
icant differences of each GLP fractions between two means were
determined by Duncan multiple-range tests. Means were com-
pared by the least significant difference test at 0.05 significant
levels.

3. Results and discussion

3.1. Fractionation of GLP-I–IV

The crude polysaccharide, a water-soluble gray powder, was iso-
lated from fermented SCR by G. lucidum using ultrasonic assisted
extraction with a yield of 11.55% ± 0.03%. Four fractions consec-
utively eluted by distilled water, 0.1 M NaCl, 0.5 M NaCl and 1 M
NaCl through an anion-exchange column were respectively coded
as GLP-I, GLP-II, GLP-III and GLP-IV. As shown in Fig. 1, four fractions
of GLP exhibited different peak in the profile of anion-exchange
chromatogram implying that four fractions were clearly separated.

The tube number of four fractions was 1–20, 50–90, 125–170 and
215–250, respectively. GLP-I was  a neutral polysaccharide, and
other three eluted by NaCl solution were acidic polysaccharides.
The yield of GLP-I–IV, respectively, accounted for 5.95%, 15.69%,
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Table 1
The monosaccharide composition of GLP.

Sample Composition Molar ratio

GLP-I Ara, Rha, Xyl, Man, Glu 4.66:1.23:3.14:0.61:1.29
GLP-II Ara, Xyl, Glu 2.82:1.33:0.87
y  phenol-sulphuric acid method at 490 nm.  Column: DEAE52-cellulose
50 cm × 2.6 cm); flow rate: 0.4 mL/min; fraction volume: 5 mL.  GLP I–IV were
luted by distilled water, 0.1 M NaCl, 0.5 M NaCl and 1 M NaCl, respectively.

3.58% and 37.27% of the crude polysaccharide extract, indicating
hat GLP-III and GLP-IV were the major components of the polysac-
harides. In addition, the protein was not detected in all fractions.

.2. FT-IR spectrum characterization

Carboxylate groups showed two bands: an asymmetrical
tretching band near 1638 cm−1 and a weaker symmetric stretch-
ng band near 1407 cm−1 (Rao, 1967). Fig. 2 showed the spectra of
olysaccharide samples. The spectra peaks occurring in the range
ear 3480 cm−1 may  result from the presence of O H group. The
and at the range 2958 cm−1 indicated that CH2, H C O groups
ere present. The band at about 1638 cm−1 could indicate the pres-

nce of C O groups or C C groups vibration in structures. Two
ther bands at 934 and 615 cm−1 likely related to sugar cycles were
lso observed (Fig. 2). The 1200–1000 cm−1 region was  dominated
y sugar ring vibrations overlapping with stretching vibrations of
C OH) side groups and the (C O C) glycosidic bonds vibration
Casu, Scovenna, Cifonelli, & Perlin, 1978).

.3. Monosaccharide compositions
To further investigate effect of different sources on monosac-
haride compositions in GLP-I, GLP-II, GLP-III and GLP-IV, GC–MS
nalysis were used. As shown in Table 1, GLP-I was composed
f arabinose, rhamnose, xylose, mannose and glucose, with the

Fig. 2. FT-IR of black G. lucidum polysaccharides.
GLP-III Ara, Rha, Xyl, Gal, Man, Glu 5.09:0.52:1.07:1.29:0.48:2.76
GLP-IV Ara, Rha, Fuc, Xyl, Man, Glu 4.73:0.65:0.72:2.27:0.52:0.92

molar ratio of 4.66:1.23:3.14:0.61:1.29. GLP-II was mainly com-
posed of three monosaccharides, i.e. arabinose, xylose and glucose,
in the molar ratio of 2.82: 1.33: 0.87. There were no rhamnose and
mannose detected in GLP-II. GLP-III was  found consist of arabi-
nose, rhamnose, xylose, galactose, mannose and glucose, with the
molar ratio of 5.09:0.52:1.07:1.29:0.48:2.76. GLP-IV showed differ-
ence monosaccharide composition, with the presence of arabinose,
rhamnose, fucose, xylose, mannose and glucose, in the molar
ratio of 4.73:0.65:0.72:2.27:0.52:0.92. Furthermore, monosaccha-
ride compositions of GLP-III and GLP-IV were more than those of
GLP-I and GLP-II. The diversity of monosaccharide compositions
could be the reason that antioxidant and immunostimulating activ-
ity of GLP-III and GLP-IV were higher than those of GLP-I and GLP-II.

3.4. Antioxidant activities analysis

3.4.1. Scavenging effects on hydroxyl radicals
Hydroxyl radical (•HO) can easily cross cell membranes, read-

ily react with most biomolecules including carbohydrates, proteins,
lipids, and DNA in cells, and cause tissue damage or cell death (Yuan
et al., 2008). Thus, removing •HO is important for the protection of
living systems. The results of hydroxyl radical scavenging activities
of the GLP-I, GLP-II, GLP-III, GLP-IV and ascorbic acid were given
in Fig. 3A. Among all samples, the scavenging ability on hydroxyl
radical decreased in the following order: GLP-III > GLP-IV > GLP-
I > GLP-II. However, the scavenging activities of all samples were
weaker than that of ascorbic acid (P < 0.05). At a concentration of
10 mg/mL, the scavenging activities were 68.47%, 66.10%, 98.19%,
95.13% and 99.41% for the GLP-I, GLP-II, GLP-III, GLP-IV and ascorbic
acid, respectively. The results demonstrated that the polysaccha-
rides from fermented SCR possessed •HO scavenging activities,
especially purified fraction of GLP-III showed the strongest activ-
ities. The antioxidant mechanism may  be due to the supply of
hydrogen by polysaccharide, which combines with radicals and
forms a stable radical to terminate the radical chain reaction. The
other possibility is that polysaccharide can combine with the rad-
ical ions which are necessary for radical chain reaction, and the
reaction is terminated. However, the exact mechanism underlying
the free-radical scavenging activity exerted by polysaccharides is
still not fully understood.

3.4.2. Ferrous metal ions chelating activities
Metal chelating capacity is important since it reduces the con-

centration of transition metals that may  act as catalysts to generate
the first few radicals and initiate the radical-mediated oxidative
chain reactions in biological or food systems. Ion-chelating agents
also may  inhibit Fenton reaction and hydroperoxide decomposi-
tion. The antioxidant capacities of GLP-I, GLP-II, GLP-III and GLP-IV
were shown in Fig. 3B and compared with EDTA as a positive con-
trol. The antioxidant capacities of all the samples correlated well
with increasing concentration. The antioxidant capacities of puri-
fied fractions GLP-III and GLP-IV were significant higher than these
of GLP-I and GLP-II. The chelating abilities of GLP-I, GLP-II, GLP-III,

GLP-IV and EDTA were 30.48%, 25.18%, 39.76%, 42.00% and 98.87% at
the concentration of 10 mg/mL, respectively. These results clearly
demonstrated that all the samples possessed antioxidant capaci-
ties. The activities of antioxidants have been attributed to various



204 M. Shi et al. / Carbohydrate Polymers 95 (2013) 200– 206

0 

20 

40 

60 

80 

100 

0.156   0.313   0.62 5 1.25 2.5 5 10

%
 H

O
• 

Sc
av

en
ge

d

Concentra�on  (mg/mL)

A B

C D

E F

GLP-I

GLP-II

GLP-II I

GLP-IV

Ascorbic  acid

0 

20 

40 

60 

80 

100 

0.15 6 0.31 3 0.62 5 1.25 2.5 5 10

Ch
el

a�
ng

 a
c�

vi
ty

 
%

Concentra�on  (mg/mL)

GLP-I

GLP-II

GLP-III  

GLP-IV

EDTA

0 

20 

40 

60 

80 

100 

0.15 6 0.31 3 0.62 5 1.25 2.5 5 10

%
 In

hi
bi

�o
n 

of
 D

PP
H 

Ra
di

ca
l 

Concentra�on  (mg/mL)

GLP-I
GLP-II
GLP-II I
GLP-IV
Ascorbic  acid

0 

20 

40 

60 

80 

100 

0.15 6 0.31 3 0.62 5 1.25 2.5 5 10

SO
D-

lik
e 

ac
�v

ity
 (%

)

Concentra�on  (mg/mL)

GLP-I

GLP-II

GLP-II I

GLP-IV

Ascorbic  acid

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

0.15 6 0.31 3 0.62 5 1.25 2.5 5 10

Ab
so

rb
an

ce
 a

t 7
00

 n
m

Concentra�on  (mg/mL)

GLP-I

GLP-II

GLP-II I

GLP-IV

Ascorbic  acid

0 

20 

40 

60 

80 

100 

0.15 6 0.31 3 0.62 5 1.25 2.5 5 10

AB
TS

 sc
av

en
gi

ng
 a

c�
vi

ty
 (%

)

Concentra�on  (mg/mL)

GLP-I

GLP-II

GLP-II I

GLP-IV

Ascorbic  acid

F ating 

p atme
r e the p

m
s
o
s

3

p
s
D
p
m
r
s
a
f
G
D
a
e

ig. 3. Antioxidant activities of GLP. Hydroxyl radical scavenging activity (A); chel
ower  (absorbance at 700 nm)  (E); and ABTS radical-scavenging capacity (F). All tre
epresented the standard deviation of each data point. Ascorbic acid and EDTA wer

echanisms, such as prevention of chain initiation, binding of tran-
ition metal ion catalysts, decomposition of peroxides, prevention
f continued hydrogen abstraction, reductive capacity and radical
cavenging (Zou et al., 2008).

.4.3. Scavenging effects on DPPH radicals
DPPH (1,1-diphenyl-2-picrylhydrazyl) is a free-radical com-

ound that has been widely used to determine the free-radical
cavenging ability of various samples. The method of scavenging
PPH• is based on the reduction of DPPH• ethanol solution in the
resence of a hydrogen donating antioxidant, resulting in the for-
ation of the non-radical form DPPH-H. DPPH• is a stable free

adical and can accept an electron or hydrogen radical to become a
table diamagnetic molecule. Therefore, the antioxidant activity of

 substance can be expressed as its ability in scavenging the DPPH•

ree radical. As shown in Fig. 3C, the results indicated that, GLP-I,

LP-II, GLP-III and GLP-IV showed obvious scavenging activity on
PPH radical in a concentration-dependent manner. Furthermore,
t relatively low concentration range 0.156–1.25 mg/mL, the scav-
nging activities of GLP-III and GLP-IV increased significantly with
activity (B); DPPH radical-scavenging capacity (C); SOD-like activity (D); reducing
nts were conducted in triplicate, and mean values were reported. The vertical bars
ositive controls.

increasing concentrations. The scavenging activity of GLP-IV was
the strongest, followed by GLP-III, GLP-II and GLP-I, which were
lower than that of ascorbic acid. At 1.25 mg/mL, scavenging activi-
ties of GLP-I, GLP-II, GLP-III and GLP-IV were 30.62%, 49.13%, 88.38%
and 98.48%, respectively. The antioxidant activity of the polysac-
charides may  be related to monosaccharide component, molecular
size, structure and conformation. These monosaccharides in the
polysaccharides are reductive agents as they can supply hydro-
gen, which can combine with radical and form a stable radical to
terminate the radical reaction. It has been reported that cysteine,
glutathione, ascorbic acid, tocopherol, polyhydroxy aromatic com-
pounds and aromatic amines could reduce and decolourize DPPH•

by their hydrogen donating ability (Li, Zhou, & Li, 2007). These
results indicate that the GLP-IV might act as electron or hydrogen
donator to scavenge DPPH•.
3.4.4. SOD-like activities assay
All living bodies have a complex antioxidant defence system that

includes various antioxidant enzymes, such as superoxide dismu-
tase and catalase. A rapid and facile method for the assay of SOD-like
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Table 2
Effects of various polysaccharides on the proliferation of the macrophages and the
production of the nitric oxide.

Treatment Concentration
(�g/mL)

The proliferation of
the macrophages
(%)

The production of
the nitric oxide
(�M)

Control – 100.43 ± 0.60 6.30 ± 0.34
LPS 1 170.26 ± 2.48 15.02 ± 0.66

GLP-I 2.5  118.79 ± 9.83**,a 10.00 ± 0.73**,a

5 124.51 ± 10.07**,a 13.24 ± 0.55**,b

10 141.88 ± 5.98**,b 13.40 ± 0.63**,b

20 148.38 ± 3.07**,c 14.95 ± 0.59**,c

40 155.40 ± 5.72**,d 16.23 ± 0.49**,d

GLP-II 2.5 131.77 ± 1.18**,a 13.92 ± 0.19**,a

5 143.24 ± 2.30**,b 14.16 ± 0.48**,a

10 160.71 ± 5.46**,c 14.80 ± 0.95**,b

20 167.81 ± 3.51**,d 15.03 ± 0.77**,b

40 177.95 ± 9.33**,e 16.07 ± 0.80**,c

GLP-III 2.5 126.04 ± 2.14**,a 11.95 ± 0.68**,a

5 142.23 ± 6.37**,b 14.59 ± 0.75**,b

10 147.56 ± 5.93**,b 15.27 ± 0.47**,b

20 149.55 ± 2.08**,b 16.54 ± 0.55**,c

40 159.73 ± 4.97**,c 16.39 ± 0.49**,c

GLP-IV 2.5 117.64 ± 2.73**,a 12.03 ± 0.73**,a

5 124.39 ± 1.62**,b 14.11 ± 0.97**,b

10 136.29 ± 2.96**,c 15.07 ± 0.66**,b

20 145.12 ± 3.18**,d 16.37 ± 0.49**,c

40 161.03 ± 1.13**,e 17.26 ± 0.56**,d

Cells were incubated for 24 h with the indicated concentrations of GLP fractions.
Values were mean ± SD of four replicates. Control cells were incubated with medium
alone. LPS was  the positive control.
Values bearing different letters within columns were significantly different between
groups (P < 0.05). The same letters suggested differences between groups were not
M. Shi et al. / Carbohydrat

ctivity, based on the ability to inhibit the auto-oxidation of pyro-
allol, is widely used to predict antioxidant capability. Since an SOD
tandard with a known activity was used in this study, it was  pos-
ible to calculate the enzyme activity directly from the standard
urve. In the present study, the ascorbic acid as a positive con-
rol was used to the SOD-like activities assay. As shown in Fig. 3D,
lthough the stronger SOD-like activities (98.08% at 0.625 mg/mL)
ere observed in ascorbic acid than any other polysaccharides frac-

ions, the SOD-like activities increased with the concentrations
f GLP, and at the concentration of 10 mg/mL, SOD-like activities
f GLP-I, GLP-II, GLP-III and GLP-IV were 14.36%, 18.22%, 43.12%,
nd 53.25%, respectively. SOD is an important antioxidant enzyme
n vivo and is widely distributed in various biological body, such as
nimals, plants, microorganisms. SOD has a special physiological
ctivity and primary material to scavenging free radical. Addition-
lly, SOD is direct indicator for aging and death in vivo (Mates,
erez-Gomez, & Nunez de Castro, 1999). SOD-like activities of the
xtracts of buckwheat sprouts were almost equivalent to that of
utin, isoorientin and orientin. In addition, sulforaphane, present in
roccoli sprouts, has been found to lead to marked SOD-like activity
Kazahiro, Akira, Naomi, & Hidenori, 2009). Our results suggested
hat with their SOD-like activities, GLP from fermented SCR could be

 beneficial component that provided comparable biological effect
uch as those of rutin and sulforphane.

.4.5. Reducing power assay
Various mechanisms, including reducing capacity, prevention of

hain initiation, binding of transition metal ion catalysts, decompo-
ition of peroxides, prevention of continued hydrogen abstraction
nd radical scavenging have been claimed to explain the antioxi-
ant activities (Meir, Kanner, Akiri, & Hadas, 1995). Fig. 3E showed
hat the reductive potential of GLP-I, GLP-II, GLP-III and GLP-IV
ncreased to 0.68, 0.62, 1.18 and 1.48, respectively as the concen-
rations increased to 10 mg/mL. However, ascorbic acid showed

 stronger reducing power (1.67 at 10 mg/mL) than the polysac-
harides examined. The reducing power of GLP-III and GLP-IV
ncreased significantly (P < 0.01) with increasing concentration of
amples. The reducing capacity of a compound may  serve as a sig-
ificant indicator of its potential antioxidant activity.

.4.6. Scavenging effect on ABTS radical
ABTS assay is often used in evaluating total antioxidant power of

ingle compounds and complex mixtures of various plants (Huang
t al., 2008). It should be borne in mind that in vitro activities
an only be considered potentially relevant in biological systems
nd that in vivo activities depend also on bioavailability and bio-
ransformation. The extracts tested presented a similar change in
he trend of antioxidant activity. Specific absorbance at 734 nm
an be used in both organic and aqueous which was  close to that
f ascorbic acid. The scavenging ability of GLP-IV was  98.68% at
he concentration 5 mg/mL, and which was the strongest among
ll the others (P < 0.05). The ABTS scavenging ability decreased in
he order of ascorbic acid > GLP-IV > GLP-III > GLP-I > GLP-II (Fig. 3F).
hese results indicated that GLP-IV showed a strong scavenging
ower for ABTS radical and should be explored as potential antiox-

dants.
Based on the six assays of antioxidant activity, GLP-IV and GLP-

II were showed stronger antioxidant activity than GLP-I and GLP-II.
his might be due to the difference monosaccharide compositions
f GLP fractions.

.5. Evaluation of macrophage RAW 264.7 cells
.5.1. Effect of the GLP fractions on macrophage cells proliferation
The macrophage cells proliferation of all GLP-treated groups

ere significantly stronger than that of blank group (P < 0.01)
statistically significant (P > 0.05).
** P < 0.01, significantly different from the control.

with different dosages of agents, and exhibited remark-
able concentration-dependent characteristics (Table 2). The
macrophage cells proliferation in GLP-I, GLP- II, GLP-III and GLP-
IV-supplemented (2.5–20 �g/mL) groups were lower than that of
LPS group (P < 0.01). The macrophage cells proliferation in GLP-II
group was increased as compared to LPS group (P < 0.01) at higher
concentration (40 �g/mL) although they were lower than that
of LPS group (P < 0.01) at lower concentration (2.5–20 �g/mL).
However, GLP-II group was  no significant difference for the
macrophage cells proliferation, compared with GLP-III and GLP-IV
at high concentration (40 �g/mL). Some results have also found
the similar effect of other mushroom polysaccharide in animal
models. Likewise, intravenous injection of lentinan increased the
absolute number of monocytes in peripheral blood, as well as
number of granulocyte–macrophage progenitor cells in spleen and
bone marrow (Schepetkin & Quinn, 2006).

3.5.2. The effect of the GLP fractions on nitric oxide production
It was  reported that polysaccharides showed a strong

immunomodulating activity (Avni, Ernst, Philosoph, & Zor, 2010;
Tokunaka et al., 2000). This compound stimulates macrophages
to produce pro-inflammatory cytokines and secondary mediators,
such as NO. NO is a gaseous molecule synthesized from l-arginine
by nitric oxide synthase. It is a highly reactive free radical that can
form a number of oxidation products, such as NO2, NO2¯, N2O3,
and S-nitrosothiols. NO participates in the physiology and patho-
physiology of many systems (Diouf, Stevanovic, & Boutin, 2009). It
is an important mediator of the nonspecific host defense against

invading microbes and tumors. Thus, NO can be used as a quan-
titative index of the macrophage activation. The effects of various
GLP on NO production in peritoneal macrophage were summarized
in Table 2. Macrophages treated by LPS and various GLP produced
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arger amounts of NO than that treated by LPS (P < 0.01). On con-
entrations ranging from 2.5 to 40 �g/mL, various GLP significantly
romoted NO production in a concentration-dependent manner.
hen the activities of four of the pure polysaccharides (GLP-I,

LP-II, GLP-III and GLP-IV) were evaluated, the NO production was
ncreased by 212.70%, 234.92%, 242.38% and 239.21% compared to
PS at 1 �g/mL (P < 0.01), respectively. GLP-IV showed the highest
O-elevating activity. Various GLP displayed similar cases at higher
oncentrations. It was worthwhile to note that the activities of GLP-
II and GLP-IV were significantly stronger than these of LPS and
ther GLP fractions when the concentration was up to 20 �g/mL
P < 0.01). Thus, GLP-III and GLP-IV were the most potent induc-
rs of NO (relative potency was GLP-IV > GLP-III > GLP-II > GLP-I).
herefore, G. lucidum polysaccharide was produced reusing SCR,
ot only could relieve environmental pollution, but also exhibit a
trong antioxidant activities and immunomodulatory activity.

Based on the above results, it could be considered that
mmunomodulatory activity was related to antioxidant activi-
ies. The reasons could be that the strong antioxidant activities
GLP-IV and GLP-III) could scavenge free radical to improve immu-
ity. Therefore, GLP-IV and GLP-III exhibited stronger antioxidant
ctivities, meanwhile immunomodulatory activity, compared with
LP-II and GLP-I.

. Conclusions

In the present study, four polysaccharides from fermented
oybean curd residue by G. lucidum were isolated and purified.
reliminary structural characterizations were conducted using
TIR, which results demonstrated that the basic physicochemi-
al property of the four polysaccharides were similar. However,
our polysaccharides exhibited conspicuous differences in their

onosaccharide compositions, GLP-III and GLP-IV were composed
f six monosaccharides, compared with three monosaccharides of
LP-II. Moreover, significant antioxidant activities against DPPH,
BTS, hydroxyl radicals and reducing power were possessed
y GLP-III and GLP-IV. In addition, four polysaccharides exhib-

ted remarkable macrophage- activating by the macrophage cells
roliferation and NO. Above all, GLP from fermented soybean
urd residue by G. lucidum could be utilized as antioxidant and
mmunostimulant for food and pharmaceutical industries. The
uture challenge is to define the 3D structure of GLP and the
tructure–function relationship.

eferences

vni, D., Ernst, O., Philosoph, A., & Zor, T. (2010). Role of CREB in modulation of
TNF�  and IL-10 expression in LPS-stimulated RAW 264.7 macrophages. Molec-
ular Immunology, 47,  1396–1403.

asu, B., Scovenna, G., Cifonelli, A. J., & Perlin, A. S. (1978). Infraded spectra
of  glycosaminoglycans in deuterium oxide and deuterium chloride solution
quantitative evaluation of uronic acid and acetamidodeoxyhexose moieties.
Carbohydrate Research, 63,  13–27.

hen, R. Z., Liu, Z. Q., Zhao, J. M.,  Chen, R. P., Meng, F. L., Zhang, M.,  et al. (2011). Antiox-
idant and immunobiological activity of water-soluble polysaccharide fractions

purified from Acanthopanax senticosu. Food Chemistry,  127, 434–440.

ecker, E. A., & Welch, B. (1990). Role of ferritin as a lipid oxidation catalyst in muscle
food. Journal of Agricultural and Food Chemistry,  38(3), 674–677.

iouf, P. N., Stevanovic, T., & Boutin, Y. (2009). The effect of extraction pro-
cess on polyphenol content, triterpene composition and bioactivity of yellow
mers 95 (2013) 200– 206

birch (Betula alleghaniensis Britton) extracts. Industrial Crops and Products, 30,
297–303.

Dubois, M.,  Gilles, K. A., Hamilton, J. K., Pebers, P. A., & Smith, F. (1956). Colorimetric
method for determination of sugars and related substances. Analytical Chemistry,
28,  350–356.

Funami, T., Kataoka, Y., Omoto, T., Goto, Y., Asai, I., & Nishinari, K. (2005). Effects of
non-ionic polysaccharides on the gelatinization and retrogradation behavior of
wheat starch. Food Hydrocolloid, 19,  1–13.

Ge, Y., Duan, Y. F., Fang, G. Z., Zhang, Y., & Wang, S. (2009). Polysaccharides from
fruit calyx of Physalis alkekengi var. francheti: Isolation, purification, structural
features and antioxidant activities. Carbohydrate Polymers, 77,  188–193.

Huang, S. S., Huang, G. J., Ho, Y. L., Lin, Y. H., Hung, H. J., & Chang, T. N. (2008).
Antioxidant and antiproliferative activities of the four hydrocotyle species from
Taiwan. Botanical Studies, 49, 311–322.

Kasai, N., Murata, A., Inui, H., Sakamoto, T., & Kahn, R. (2004). Enzymatic high diges-
tion of soybean milk residue (okara). Journal of Agricultural and Food Chemistry,
52,  5709–5716.

Kazahiro, N., Akira, Y., Naomi, M.,  & Hidenori, K. (2009). Antioxidative activity of
water solube polysaccharide in pumpkin fruits (Cucurbite maxima Duchesne).
Bioscience Biotechnology and Biochemistry, 73(6), 1416–1418.

Li,  X. L., Zhou, A. G., & Li, X. M.  (2007). Inhibition of Lycium barbarum polysac-
charides and Ganoderma lucidum polysaccharides against oxidative injury
induced by c-irradiation in rat liver mitochondria. Carbohydrate Polymers, 69(1),
172–178.

Lin,  K., Kao, Y., Kuo, H., Yang, W.,  Chou, A., Lin, H., et al. (2006). Reishi polysac-
charides induce immunoglobulin production through the TLR4/TLR2-mediated
induction of transcription factor blimp-1. The Journal of Biological Chemistry,  281,
24111–24123.

Mates, J. M.,  Perez-Gomez, C., & Nunez de Castro, I. (1999). Antioxidant enzymes and
human diseases. Clinical Biochemistry, 32,  595–603.

Matkowski, A., Tasarz, P., & Szypula, E. (2008). Antioxidant activity of herb extracts
from five medicinal plants from Lamiaceae subfamily Lamioideae. Journal of
Medicinal Plants Research, 11,  321–330.

Meir, S., Kanner, J., Akiri, B., & Hadas, S. P. (1995). Determination and involvement of
aqueous reducing compounds in oxidative defense systems of various senescing
leaves. Journal of Agricultural and Food Chemistry,  43,  1813–1815.

Nandita, S., & Rajini, P. S. (2004). Free radical scavenging activity of an aqueous
extract of potato peel. Food Chemistry,  85,  611–616.

Nicholas, S., & Cumbes, Q. J. (1989). Hydroxyl radical scavenging activity of compat-
ible solutes. Phytochemistry, 28(4), 1057–1060.

Paterson, R. (2006). anoderma: A therapeutic fungal biofactory. Phytochemistry, 67,
1985–2001.

Rao, C. N. R. (1967). Chemical applications of infrared spectroscopy. New York: Aca-
demic.

Schepetkin, I. A., & Quinn, M.  T. (2006). Botanical polysaccharides: Macrophage
immunomodulation and therapeutic potential. International Immunopharmacol-
ogy,  6, 317–333.

Shi, M.,  Yang, Y. N., Guan, D., Wang, Y. P., & Zhang, Z. Y. (2012). Evaluation of solid-
state fermentation by Ganoderma lucidum using soybean curd residue. Food and
Bioprocess Technology, http://dx.doi.org/10.1007/s11947-11012-10857-y

Shi, M.,  Yang, Y. N., Guan, D., Zhang, Y., & Zhang, Z. Y. (2012). Bioactivity of the crude
polysaccharides from fermented soybean curd residue by Flammulina velutipes.
Carbohydrate Polymers, 89,  1268–1276.

Shiao, M.  (2003). Natural products of the medicinal fungus Ganoderma lucidum:
Occurrence, biological activities, and pharmacological functions. The Chemical
Record,  3, 172–180.

Tokunaka, K., Ohno, N., Adachi, Y., Tanaka, S., Tamura, H., & Yadomae, T.
(2000). Immunopharmacological and immunotoxicological activities of a water-
soluble (1 → 3)-�-d-glucan, CSBG from Candida spp. International Journal of
Immunopharmacology,  22,  383–394.

Trishna, D., Pyo-Jam, P., Narayan, C. D. N., Nadira, B. S., Hee, W.  P., & Beong, O. L. (2011).
Antioxidant activity of Gardenia jasminoides Ellis fruit extracts. Food Chemistry,
128,  697–703.

Xu, J., Liu, W.,  Yao, W.  B., Pang, X. B., Yin, D. K., & Gao, X. D. (2009). Carboxymethylation
of  a polysaccharide extracted from Ganoderma lucidum enhances its antioxidant
activities in vitro. Carbohydrate Polymers, 78(2), 227–234.

Yen, G. C., & Chen, H. Y. (1995). Antioxidant activity of various tea extract in relation
to  their antimutagenicity. Journal of Agricultural and Food Chemistry, 47,  27–32.

Yuan, J. F., Zhang, Z. Q., Fan, Z. C., & Yang, J. X. (2008). Antioxidant effects and

cytotoxicity of three purified polysaccharides from Ligusticum chuanxiong Hort.
Carbohydrate Polymers, 74(4), 822–827.

Zou, C., Du, Y. M.,  Li, Y., Yang, J. H., Feng, T., & Zhang, L. (2008). Preparation of lac-
quer polysaccharide sulfates and their antioxidant activity in vitro. Carbohydrate
Polymers,  73(2), 322–323.

dx.doi.org/10.1007/s11947-11012-10857-y

	Antioxidant and immunoregulatory activity of Ganoderma lucidum polysaccharide (GLP)
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 Preparation, isolation and purification of GLP
	2.3 Monosaccharide composition of polysaccharide fractions
	2.4 FT-IR
	2.5 Assay for antioxidant activities of the GLP fractions
	2.5.1 HO scavenging activity estimation
	2.5.2 Ferrous metal ions chelating activity assay
	2.5.3 DPPH free radical-scavenging assay
	2.5.4 Determination of SOD-like activity
	2.5.5 Reducing power
	2.5.6 ABTS radical-scavenging activity

	2.6 Cell evaluation
	2.6.1 Chemicals and reagents
	2.6.2 Cell lines
	2.6.3 Activation assay
	2.6.4 Measurement of nitric oxide production

	2.7 Statistical analysis

	3 Results and discussion
	3.1 Fractionation of GLP-I–IV
	3.2 FT-IR spectrum characterization
	3.3 Monosaccharide compositions
	3.4 Antioxidant activities analysis
	3.4.1 Scavenging effects on hydroxyl radicals
	3.4.2 Ferrous metal ions chelating activities
	3.4.3 Scavenging effects on DPPH radicals
	3.4.4 SOD-like activities assay
	3.4.5 Reducing power assay
	3.4.6 Scavenging effect on ABTS radical

	3.5 Evaluation of macrophage RAW 264.7 cells
	3.5.1 Effect of the GLP fractions on macrophage cells proliferation
	3.5.2 The effect of the GLP fractions on nitric oxide production


	4 Conclusions
	References


