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a b s t r a c t

In this study, three chemically sulfated polysaccharides (SPAPs) were derived from one water-soluble
polysaccharide (PAP) of Polyporus albicans mycelia by chlorosulfonic acid-pyridine method. The effects of
polysaccharides on the immune function were examined after the mice were intragastrical administrated
with polysaccharides at three doses of 100, 200, and 300 mg/kg body weight for 7 days. The results showed
that both the lymphocytes proliferation and macrophage function were significantly enhanced by SPAP
vailable online 30 September 2008

eywords:
olyporus albicans
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in all groups along with the increase of the substitution degree and dose (P < 0.01). It indicated that SPAP
could be a potential immunostimulants used in the food and pharmaceutical industry.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays more and more attention was cast on polysaccha-
ide by biochemical and nutritional researchers due to their various
iological activities used in health-care food or medicine, espe-
ially immunostimulatory and anti-tumor effects [1–4]. Chemical
odification of polysaccharides provided an opportunity to obtain

ew pharmacological agents with possible therapeutic uses. To our
nowledge, there are four main factors influenced the bioactivi-
ies of polysaccharides, namely the water solubility, weight-average

olecular weight (Mw), chain conformation and introduction of
uitable ionic groups with appropriate degree of substitution (DS)

5–7]. One water-insoluble polysaccharide from P. tuber-regium was

odified by sulfate group exhibited relatively higher in vitro anti-
umor activity against human hepatic cancer cell line HepG2 than
tself. Water solubility and introduction of sulfate groups were the

∗ Corresponding authors. Tel.: +86 452 6731303; fax: +86 452 6727648.
E-mail addresses: yongxusun1978@yahoo.com.cn (Y. Sun), jichengliu@yahoo.cn
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ain factors in enhancing the antitumor activities [7]. Furthermore,
any sulfated polysaccharides possessed potent antioxidant, anti-

oagulant, antithrombotic and antiviral activities [8–11].
In our previous work [12], one immunoregulatory polysaccha-

ide (PAP), with a molecular mass of 3.7 × 104 Da, was obtained from
he mycelia of Polyporus albicans. Structure features of the purified
olysaccharide were investigated by a combination of chemical and

nstrumental analysis. Preliminary tests showed PAP had potent
timulating effects on murine lymphocyte proliferation, and was
potential adjuvant for vaccine [3].

In this paper, we prepared the sulfated derivatives of PAP by
hlorosulfonic acid-pyridine method for the first time, and explored
ts biological activities for seeking new pharmaceutical products.
n addition, we also try to elucidate the structure–activity relation-
hips among the sulfated polysaccharides.

. Materials and methods
.1. Materials and chemicals

Chlorosulfonic acid (CSA), pyridine (Pyr), Sepharose CL-6B was
urchased from Pharmacia Biotech and DEAE-Sepharose CL-6B

http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
mailto:yongxusun1978@yahoo.com.cn
mailto:jichengliu@yahoo.cn
dx.doi.org/10.1016/j.ijbiomac.2008.09.010
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rom Amersham Biosciences. Trifluoroacetic acid (TFA) and Me2SO
ere purchased from E. Merck. 3-(4,5-Dimethylthiazol-2-yl)-
,5-diphenyltetrazolium bromide (MTT), 2′,7′-dichlorofluorescin
iacetate (DCFH-DA), Concanavalin A (ConA) and lipopolysaccha-
ide (LPS) were from Sigma Chemical Co. Medium RPMI-1640 was
urchased from Gibco Invitrogen Co. The RMPI-1640 medium,
sed for immunological tests, was supplemented with HEPES
uffer 10 �mol/mL, penicillin 100 IU/mL, streptomycin 100 �g/mL,
-glutamine 2 �mol/mL, 2-mercaptoethanol 50 �mol/L and 10%
ewborn bovine serum, pH 7.2. All other reagents were of grade
R.

.2. Purification of polysaccharide and sulfated modification

The dried mycelia of P. albicans, obtained through submerged
ultivation [12], were extracted 3× with 95% EtOH at 75 ◦C for 5 h
nder reflux to remove lipid. The residue was then extracted using
0 vol of distilled water at 75 ◦C for three times and 3 h for each
ime. After centrifugation (1600 × g for 10 min, at 20 ◦C), the super-
atant was concentrated 10-fold, and precipitated with 95% EtOH
1:5, v/v) at 4 ◦C for 12 h. The precipitate collected by centrifuga-
ion was deproteinated by a combination of proteinase and Sevag

ethod [13] and exhaustively dialyzed against water for 2 days. The
recipitate by 5 vol of 95% EtOH was collected and freeze dried to
btain the crude polysaccharide, named as CPAP. The CPAP (100 mg)
as further purified on a Sepharose CL-6B column (90 cm × 2 cm)

luted with 0.9% sodium chloride at a flow rate of 0.5 mL/min, and
he eluted solution was only separated into one fraction. Fractions
test tube nos. 36–40) containing a large amount of sugar were
pplied to a Sephadex G-25 column to remove salts, and freeze
ried to obtain purified polysaccharide (82 mg), named as PAP.

The sulfation regent was prepared in three levels with the ratio
f CSA to Pry in 1:10, 1:8 and 1:6, respectively. Briefly [14], PAP
200 mg) was suspended in dry formanide (20 mL), and the sulfa-
ion reagent was added drop by drop. The mixture was maintained
t 45 ◦C for 6 h with continuous stirring. After the reaction was fin-
shed, the mixture was cooled, neutralized with 2.5 mol/L NaOH
olution. Finally, the sulfated polysaccharide was dialyzed against
istilled water and freeze-dried to afford samples coded as SPAP1,
PAP2 and SPAP3. A stock SPAP solution was prepared by dissolv-
ng in 0.89% saline and sterilized by passing it through a 0.22 �m

illipore filter. Contaminant endotoxin was analyzed by a gel-clot
imulus amebocyte lysate assay. The endotoxin level in the SPAP
olution was less than 0.5 EU(endotoxin units)/mL.

.3. Characterizations of SPAP

Total carbohydrate content was measured by the phenol-
ulfuric acid method, using d-glucose as the standard [15]. The
ubstitution degree with sulfate was established on the basis
f the sulfate content, determined by barium chloride-gelatin
ssay. The DS (w/w) was calculated according to the equa-
ion: DS = 162 × (SO4

2 %)/100 − (96/98 × SO4
2 %) [16]. The FT-IR

pectra (KBr pellets) were recorded on SPECORD in a range of
00–4000 cm−1. The homogeneity and Mw of PAP and SPAP were
etermined by high-performance size-exclusion chromatography
HPSEC) [13], which was performed on a SHIMADZU HPLC system
tted with one TSK-G30007 columns (7.8 mmID × 30.0 cmL) and a

HIMADZU RID-10A detector. The data were processed by GPC pro-
essing software (Millennium32 Version). The mobile phase was
.7% Na2SO4, and the flow rate was 0.5 mL min−1 at 40 ◦C, with
.6 mPA. The molecular mass was estimated by reference to a cal-
bration curve made from a set of Dextran T-series standards of
nown molecular mass (T-130 80, 50, 25, and 10).

n
a
a

v
d
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.4. Experimental animals and isolation of peritoneal
acrophages

Male BALB/c mice (6–8 weeks old) weighing 18–22 g were
urchased from the Pharmacology Experimental Center of Jilin Uni-
ersity and acclimatized for 1 week prior to use. All mice were
oused under standard conditions at 24 ± 1 ◦C, with relative humid-

ty of 50, and a 12/12 h light/dark cycle. The mice were randomly
ivided into groups (n = 13), and rodent laboratory chow pellets and
ap water were supplied ad libitum. All mice (n = 65) were forcedly
eeding with polysaccharides (PAP, SPAP1, SPAP2 or SPAP3) using
stomach tube at various doses of 100, 200 and 400 mg/kg body
eight, respectively. Saline-treated animals were included as con-

rols.
After treated with PAP or SPAP for 7 days, the mice were sac-

ificed and peritoneal exudate cells were collected by lavage with
0 mL of Hank’s balanced salt solution as described previously [17].
he collected cells were seeded and cultured in RPMI-1640 at a den-
ity 2 × 106 cells/well. The cells were allowed to adhere for 2 h to a
6-well culture plate at 37 ◦C with a 5% CO2 humidified incubator.
fter a 2-h incubation, nonadherent cells were removed by wash-

ng with the medium three times and the adhered macrophages
ere cultured for another 24 h.

.5. Splenocyte proliferation assay in vivo

Spleen cells of mice were prepared by gently mincing and
rinding the spleen fragment in RPMI-1640 medium on a fine
teel mesh. To isolate mononuclear cells, 5 mL aliquots of the
pleen cell suspension were layered onto 2.5 mL aliquots of a
olysucrose–sodium ditrizoate solution and centrifuged at 300 × g
t 4 ◦C for 10 min. Mononuclear cells were gently removed from
he interface between medium and histopaque and transferred to
sterile container and washed with RPMI-1640. At last, the cells
ere resuspended in 5 mL RPMI-1640 medium, and cell numbers
ere done with a haemocytometer by trypan blue dye exclusion

echnique. Cell viability exceeded 95%. Splenocyte proliferation was
ssayed as previous described [18]. Briefly, An aliquot of 100 �L
f splenocytes at 5 × 106 cells/mL was seeded into each well of a
6-well flat-bottom microtiter plate, thereafter ConA (final con-
entration 5.0 �g/mL), LPS (final concentration 10.0 �g/mL), or
edium were added giving a final volume of 200 �L. After prein-

ubation for 68 h at 37 ◦C in a humidified 5% CO2 incubator, 50.0 �L
f 0.4% MTT was added into each well. The plate was incubated
or another 4 h and centrifuged (1400 × g, 5 min) to removed the
ntransformed MTT carefully by pipetting. Then to each well a total
f 200 �L DMSO was added to fully dissolve the colored material.
he absorbance at 570 nm with a 630 nm reference was measured
n an ELISA reader (Model 680, Bio-Rad Instruments). Each exper-
ment was performed in triplicate.

.6. Analysis of nitric oxide (NO) and reactive oxygen species
ROS) production

Cells were incubated at 37 ◦C in the presence of 5% CO2 for
4 h and 100 �L of the cell culture supernatants were removed
nd analyzed for NO using a colorimetric method with NaNO2
s the standard [19]. Briefly, supernatants were mixed with an
qual volume of Griess reagent (1% sulfanilamide, 0.1% N-1-
aphthylethylenediamine dihydrochloride and 5% phosphoric acid)

t room temperature for 20 min. Absorbance was read at 540 nm
nd results were shown as �mol/mL.

ROS levels were determined by measuring the oxidative con-
ersion of the sensitive fluorescent probe 2′,7′-dichlorofluorescein
iacetate (DCFH-DA) to fluorescent 2′,7′-dichlorofluorescein (DCF)
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Table 1
The carbohydrate content, DS and Mw of polysaccharides, and their effects on ConA- or LPS-induced proliferation activity of mouse splenocytes in vivoa.

Sample Dose (mg/kg) ConA (SI) LPS (SI) Carbohydrate content (%) DS (%) Mw (Da)

Control – 0.35 ± 0.04 0.32 ± 0.03 – – –

PAP
100 0.45 ± 0.05c 0.41 ± 0.04b

94.56 – 3.7 × 104200 0.50 ± 0.06c 0.46 ± 0.03c

400 0.53 ± 0.07c 0.49 ± 0.06c

SPAP1

100 0.46 ± 0.04c 0.44 ± 0.04c

65.49 0.46 4.7 × 104200 0.52 ± 0.03c 0.53 ± 0.04c

400 0.59 ± 0.02c 0.58 ± 0.07c

SPAP2

100 0.45 ± 0.06c 0.44 ± 0.05c

50.04 0.56 5.6 × 104200 0.55 ± 0.07c 0.56 ± 0.04c

400 0.61 ± 0.03c 0.60 ± 0.04c

SPAP3

100 0.45 ± 0.07c 0.48 ± 0.06c

46.77 0.78 7.0 × 104200 0.57 ± 0.02c 0.55 ± 0.04c

400 0.64 ± 0.04c 0.69 ± 0.02c

P PAP.
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3.3. Effect of PAP and SPAP on the activation of peritoneal
macrophage

The effects of PAP and SPAP on the production of NO by peri-
toneal macrophages in vivo were shown in Fig. 1. The levels
urified polysaccharide was named as PAP. Sulfated polysaccharide was named as S
a The values are presented as mean ± S.D.
b P < 0.05, significantly different from the control.
c P < 0.01, significantly different from the control.

s described by Wang and Joseph [20]. The fluorescence intensity
f DCF is proportional to ROS production. At the end of incuba-
ion, cells with a concentrations of 2 × 106 cells/well in 96-well
late were washed two times with PBS prior to loading 5 �L DCFH-
A (final concentration 10 �m in DMSO) at 37 ◦C for 35 min in
ark. Then the cells were resuspended with PBS. The fluorescence

ntensity was recorded at 485 nm excitation and 535 nm emission.
elative ROS production was expressed as a percentage of DCF flu-
rescence of control.

.7. Statistical analysis

The data were expressed as mean ± standard errors (S.D.) and
xamined for their statistical significance of difference with Stu-
ent’s t-test. P-values of less than 0.05 were considered to be
tatistically significant.

. Results and discussion

.1. Characterization of SPAP

Three sulfated derivatives (SPAP1, SPAP2 and SPAP3) were
repared by chlorosulfonic acid-pyridine method. The DS, carbo-
ydrate content and Mw of three polymers were listed in Table 1.
he DS of SPAP were listed in a decreasing order as follows:
PAP3 > SPAP2 > SPAP1. However, the carbohydrate content of SPAP
isted in a converse order, namely SPAP1 > SPAP2 > SPAP3. Each SPAP
howed a single and symmetrically sharp peak, indicating its homo-
eneity on HPSEC (data not shown), According to the retention time,
heir molecular weight were estimated to be 7.0 × 104 (SPAP3) Da,
.6 × 104 (SPAP2) Da and 4.7 × 104 (SPAP1) Da.

In comparison with PAP, two characteristic absorption bands
ppeared in the FT-IR spectrum of SPAP (data not shown), one at
232 ± 3 cm−1 describing an asymmetrical S O stretching vibra-
ion and the other at 810 ± 3 cm−1 representing a symmetrical
–O–S vibration associated with a C–O–SO3 group, indicating incor-
oration of the sulfating group [21]. These results indicated that the
ulfation reaction had actually occurred.
.2. Effect of PAP and SPAP on splenocyte proliferation

As shown in Table 1, After exposed to either Con A or LPS,
he level of stimulated splenocyte proliferation was significantly

F
m
w

igher in the groups treated with PAP (100, 200 and 400 mg/kg),
PA1 (100, 200 and 400 mg/kg), SPA2 (100, 200 and 400 mg/kg)
nd SPA3 (100, 200 and 400 mg/kg) than the control group (P < 0.05
r P < 0.01). Between groups, the level of splenocyte proliferation
as enhanced along with the DS raise of polysaccharides as follow:

PAP3 > SPAP2 > SPAP1 > PAP. Among group, splenocyte prolifera-
ion is stimulated by polysaccharides in a dose-dependent manner.
n effective T cell-mediated immunity, which can be shown by the
timulation of lymphocyte proliferation response, plays an impor-
ant role to combat intracellular microbe infections [22]. Among
he T lymphocytes, helper T cells induce B-lymphocytes to secrete
ntibodies. Help T cells can be divided into two subsets of effec-
or cells, namely Th1 and Th2 cells. The Th1 cells secrete cytokines,
uch as interleukin-2 (IL-2), tumor necrosis factor-� (TNF-�) and
nterferon-� (IFN-�), and stimulate the production of IgG2a, IgG2b
nd IgG3 in mice. They are responsible for cytotoxic T lymphocyte
CTL) production [23–25]. The findings indicated that PAP and SPAP
re potential adjuvants of therapeutic factor against pathogens and
ancer.
ig. 1. Effect of polysaccharides on the production of nitrite (NO) by peritoneal
acrophages in vivo. The values are presented as mean ± S.D. Significant differences
ith saline group was designated as **P < 0.01.
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ig. 2. Effect of polyaccharides on the production of reactive oxygen species (ROS)
y peritoneal macrophages in vivo. Relative ROS production was expressed as a
ercentage of DCF fluorescence of control. The values are presented as mean ± S.D.
ignificant differences with saline group was designated as **P < 0.01.

f NO in all groups treated with SPAP were significantly higher
han that in the control group (P < 0.01). However, no signifi-
ant differences were observed between the PAP (100, 200 and
00 mg/kg) groups and the control group (P > 0.05). The increase
f NO release was accompanied with the raise of DS and dose of
PAP.

The effects of PAP and SPAP on the production of ROS by peri-
oneal macrophages in vivo were shown in Fig. 2. The PAP (100,
00 and 400 mg/kg) groups did not stimulate the production of ROS
P > 0.05), on the other hand, the production of ROS was enhanced
y all SPAP groups, compared with the control (P < 0.01). Further-
ore, SPAP stimulated the production of ROS in a dose-dependent
anner.
To the best of our knowledge, macrophages are known to play

n essential role in the host defense against primary infection
nd/or metastatic neoplasia [26]. Macrophages exert their tumo-
icidal activity not only by direct contact but also by the release
f a number of cytotoxic/cytostatic factors such as tumor necrosis
actor, interleukin-1, ROS, and reactive nitrogen species (RNS) [27].

acrophages can be activated to become cytotoxic with a variety
f agents that include several cytokines, bacterial-derived LPSs, and
arious chemotherapeutic drugs [28]. It has been established that
O produced by macrophages is involved in the destruction of var-

ous intracellular pathogens as well as tumor cells, and places cells
n cytostasis [29]. From the above results it was evident that SPAP
trongly induced the activation of macrophage. As a consequence,
he higher the DS of polysaccharide, the stronger the activity of

acrophage will be.
. Conclusion

In this study, three sulfated derivates (SPAP) were prepared
rom the purified water-soluble polysaccharide (PAP) of P. albicans
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ycelia by chlorosulfonic acid-pyridine method. The DS, carbohy-
rate content and Mw of three polymers were listed in Table 1. Each
PAP showed a single and symmetrically sharp peak, indicating its
omogeneity on HPSEC. Two characteristic absorption bands (1231
nd 812 cm−1) appeared in FT-IR spectrum of SPAP, which indicated
hat the sulfation reaction had actually occurred. Through chemi-
al modification of PAP, we get three optimal biological response
odifiers, which can stimulate both proliferation of lymphocytes

nd the macrophage function in vivo along with the increase of the
S and dose. The results indicated SPAP had potent immunomod-
latory properties and could be explored as a potential adjuvant
gainst cancer used in the food and pharmaceutical therapy.
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