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a b s t r a c t

An extracellular polysaccharide (PN) composed of mannose:3-O-methyl-galactose:galactose:glucose
(44.9:16.3:19.8:19) was obtained from Pleurotus sajor-caju. This polymer showed specific antioxidant
activities such as total antioxidant capacity, superoxide radical scavenging, reducing power and ferric
chelating, but it did not possess anticoagulant or antiproliferative activities. Through chemical modifi-
eywords:
annogalactoglucan

ulfated polysaccharide
iological activities
eLa cells

cation of PN, the hydroxyl radical scavenging and reducing power activities of PN increased. A derived
sulfated polysaccharide of PN, with a DS of 0.17 and named PS, was obtained using a sulfuric acid/n-
propanol method. The sulfation was confirmed by electrophoresis, NMR and FT-IR. In addition, PS
prolonged the time of coagulation in a concentration-dependent manner in aPTT test. The antiprolif-
erative effect against HeLa cells was time dependent; after 72 h, the inhibition rate of PS (1.0 mg/mL)
was approximately 60%. PS demonstrated promising antioxidant, antiproliferative and anticoagulant

elect
properties and has been s

. Introduction

In recent decades, much attention has been focused on
he biological properties of polysaccharides and their chemi-
al derivatives, especially sulfated derivatives (Yang, Gao, Han,

Tan, 2005). Sulfated polysaccharides have a broad range
f important bioactivities, including anticoagulant, antioxidant,
ntiproliferative, antitumor, anti-complement, anti-inflammatory,
ntiviral, antipeptic and antiadhesive activities (Costa et al., 2010;
amonte, Matulewicz, & Cerezo, 2004; Rocha et al., 2005). Water-

nsoluble polysaccharides show little bioactivity, whereas sulfated

erivatives exhibit higher water solubility along with enhanced
ioactivities (Wang, Zhang, Li, Hou, & Zeng, 2004).

Edible mushrooms have been consumed to maintain health and
romote longevity (Manzi & Pizzoferrato, 2000). Mushrooms which
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ed for further studies.
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have demonstrated medicinal or functional properties include
species of the genera Lentinus, Hericium, Grifola, Flammulina, Pleu-
rotus and Tremella (Kues & Liu, 2000). Pleurotus is an important
genus of edible basidiomycetes and it is a good source of molecules
including polysaccharides that can act as antiproliferative, anti-
fungal, antioxidant and antiviral agents (Croan, 2004; Kashangura,
Hallsworth, & Mswaka, 2006).

Besides studies of solid culture for production of fruiting bod-
ies, the submerged culture of the Pleurotus genus has also been
studied for the production of several molecules, including polysac-
charides. Polysaccharide polymers represent the major constituent
that determines the rigidity and morphological properties of the
fungal cell wall. Depending on the culture conditions, they can
be secreted into the culture medium. Thus, these polysaccharides
are usually classified as extracellular polysaccharides (Sutherland,
1998).

The species Pleurotus sajor-caju, known in Japan as “Houbitake”,

Open access under the Elsevier OA license.
is a mushroom originally found in India, where it grows natu-
rally on a succulent plant (Euphorbia royleans) in the foothills of
the Himalayas (Pramanik, Chakraborty, Mondal, & Islam, 2007).
Polysaccharides from the fruiting body of P. sajor-caju have
been shown to possess antineoplastic and antimicrobial activities
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Zhuang et al., 1993). However, the biological activities, such as
ntioxidant, anticoagulant and antiproliferative activities, of the
xtracellular polysaccharides from this species have not been stud-
ed.

For these reasons, we prepared the sulfated derivative of the
xtracellular polysaccharide isolated from the edible mushroom P.
ajor-caju and tested its potential antioxidant, anticoagulant and
ntiproliferative activities in vitro.

. Materials and methods

.1. Materials

Potassium ferricyanide, ferrous sulfate (II), n-propanol, acetic
cid, ethanol and sulfuric acid were obtained from Merck (Darm-
tadt, Germany). 1,3-Diaminopropane and bovine serum albumin
BSA) were purchased from Sigma Chemical Co. (St. Louis, MO).
lexane (enoxaparin) was purchased from Sanofi-Aventis Farma-
êutica Co. (São Paulo, Brazil). Agarose low-MR was purchased
rom Bio-Rad (Richmond, CA). HeLa cells (ATCC CCL-2) were a
ift from Prof. Silvia R. B. Medeiros, Department of Genetic and
ell Biology, UFRN. Cell culture media components [minimum
ssential medium (MEM), l-glutamine, sodium bicarbonate, non-
ssential amino acids, sodium pyruvate, fetal bovine serum (FBS)
nd phosphate buffered saline (PBS)] were purchased from Invitro-
en Corporation (Burlington, ON). All other solvents and chemicals
ere of analytical grade.

.2. Microorganism and maintenance

P. sajor-caju was obtained from the “Centro de Cultivo de Basid-
omicetos da Universidade de São Paulo” under the code CCB
19. The culture was maintained in Petri dishes containing WDA
edium (1 L wheat extract, 20.0 g dextrose and 15.0 g agar) at 4 ◦C.

.3. Production of extracellular polysaccharide

After 14 days of growth, the P. sajor-caju culture was submerged
n POL medium (5.0 g L−1 (NH4)2SO4; 0.2 g L−1 MgSO4·7H2O;
.0 g L−1 K2HPO4; 2.0 g L−1 yeast extract; 1.0 g L−1 peptone and
0 g L−1 glucose at pH 6.5–7.0) in Erlenmeyer flasks at 30 ◦C for
20 min−1. The culture broth was separated from the biomass
nd treated with cool acetone at 8 ◦C using a ratio of ace-
one/culture broth of 3:1. After 24 h of refrigeration at 4 ◦C
or extracellular polysaccharide precipitation, the mixture was
entrifuged at 4500 × g for 5 min and washed twice with an ace-
one/ethanol/distilled water (3:1:1) solution (Wolff et al., 2008).
he extract obtained was lyophilized and used in tests.

.4. Preparation of sulfated extracellular polysaccharide

Sulfation of the extracellular polysaccharide from P. sajor-caju
as performed using a heterogeneous reaction system composed

f sulfuric acid and n-propanol at a molar ratio of 1:4, accord-
ng to Wang, Yao, Guana, Wu, and Kennedy (2005), in which
olysaccharides are sulfated with a reaction solution of sulfuric
cid/n-propanol. N-propanol controls the concentration of sulfuric
cid to prevent adverse reactions related to a high concentration
f sulfuric acid, such as hydrolysis and carbonization. The prod-
ct obtained by sulfation was referred to as PS. To evaluate the

ffectiveness of the sulfation procedure, the sulfate content of
olysaccharides (native – PN and chemically sulfated – PS) was
etermined after acid hydrolysis (4 N HCl, 100 ◦C, 6 h) as described
reviously (Dodgson & Price, 1962). The degree of substitution
DS), which is the average number of sulfate groups on each sugar
olymers 85 (2011) 514–521 515

residue, was calculated from the sulfur content using the following
formula (Whistler & Spencer, 1964), in which S = % sulfur:

S (%) = SO4 (�g) × 0.1374 × 100
sample (�g)

DS = 162 × S
3200 − 102 × S

Confirmation of the attachment of sulfate groups to the extracel-
lular polysaccharide was shown by electrophoretic analysis on 0.6%
agarose gels in 0.05 M 1,3-diaminopropane acetate buffer (PDA)
(Dietrich & Dietrich, 1976) as well as by infrared spectroscopy and
NMR.

2.5. Chemical analyses

Total sugars were estimated with the phenol–H2SO4 reac-
tion (Dubois, Gilles, Hamilton, Rebers, & Smith, 1956) using
d-mannose as a standard. Protein was measured with the Brad-
ford method (Spector, 1978) using bovine serum albumin as a
standard. Total phenolic compounds were determined using the
colorimetric method of Folin–Ciocalteu, using gallic acid as a stan-
dard (Athukorala, Kim, & Jeon, 2006).

2.6. Structural analysis

2.6.1. Monosaccharide composition
Each fraction (2 mg) was hydrolyzed in 2 M trifluoroacetic acid

at 100 ◦C for 8 h, followed evaporation to dryness. The residue
was successively reduced with excess NaBH4 and acetylated
with Ac2O–pyridine (1:1, v/v; 2 mL) at room temperature for
12 h (Wolfrom & Thompson, 1963a, 1963b). The resulting alditol
acetates were analyzed by GC–MS as described above and identi-
fied by their typical retention times and electron impact profiles
(Jansson, Kenne, Liedgren, Lindberg, & Lönngren, 1976).

2.6.2. Agarose gel electrophoresis
Agarose gel electrophoresis of the polysaccharides was per-

formed with 0.6% agarose gels (7.5 cm × 10 cm × 0.2 cm thick)
prepared in 0.05 M 1,3-diaminopropane acetate buffer, pH 9.0, as
previously described (Dietrich & Dietrich, 1976). Polysaccharide
aliquots (about 50 �g) were applied to the gel and subjected to elec-
trophoresis. The gel was fixed with 0.1% cetyltrimethylammonium
bromide solution for 2 h, dried and stained for 15 min with 0.1%
toluidine blue in 1% acetic acid in 50% ethanol. The gel was then
destained with a solution of 1% acetic acid in 50% ethanol.

2.6.3. Fourier transform infrared spectra (FT-IR)
The polysaccharides (PN and PS) were mixed with dry potas-

sium bromide. A pellet was prepared and the infrared spectrum was
measured on a Thermo Nicolet Nexus spectrometer instrument.

2.6.4. NMR analyses
13C NMR spectroscopy analyses were carried out using a

400 MHz Bruker model DRX Avance spectrometer that incor-
porated Fourier transform. Samples were dissolved in D2O and
examined at 70 ◦C. Chemical shifts are expressed in ppm (ı) relative
to the resonance of acetone at ı 30.20 (13C) in D2O.

2.7. Biological activities
2.7.1. Antioxidant activity
2.7.1.1. Determination of total antioxidant capacity. The assay for
total antioxidant capacity is based on the reduction of Mo (VI) to Mo
(V) by the sulfated polysaccharide and subsequent formation of a
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Table 1
Chemical contents and monosaccharide composition of PN and PS polysaccharides of the edible mushroom Pleurotus sajor-caju.

Polysaccharides Sugar
content (%)

Protein
content (%)

Fenolic
compounds
(%)

Sulfate
content (%)

Monosaccharide composition (%)a

Mannose 3-O-
methyl-
galactoseb

Galactose Glucose

PN 22.6 5.0 0.4 0.0 44.9 16.3 19.8 19.0
22

etylat
d acet

g
1

2
r
0
(
t
m

2
o
p
t
r

2
s
W

F
S
p

PS 33.4 0.0 0.8

a Analyzed by GC–MS, after total acid hydrolysis, reduction with Na2B2H4 and ac
b Confirmed by GC–MS ions at m/z 130 and 190 after reduction with Na2B2H4 an

reen phosphate/Mo (V) complex at acidic pH (Smirnoff & Cumbes,
989).

.7.1.2. Hydroxyl radical scavenging activity assay. The hydroxyl
adical scavenging activity of seaweed polysaccharides (from
.01 to 0.5 mg/mL) was investigated using Fenton’s reaction
Fe2+ + H2O2 → Fe3+ + OH− + OH•). These results were expressed as
he rate of inhibition. Hydroxyl radicals were generated using a

ethod described previously (Dasguptaa & De, 2007).

.7.1.3. Superoxide radical scavenging activity assay. The super-
xide radical scavenging assay was based on the capacity of
olysaccharides (from 0.01 to 0.5 mg/mL) to inhibit the pho-
ochemical reduction of nitroblue tetrazolium (NBT) in the
iboflavin-light-NBT system.
.7.1.4. Ferric chelating. The ferrous ion chelating ability of the
amples (from 0.1 to 2.0 mg/mL) was investigated according to

ang, Zhang, Zhang, and Li (2008).

ig. 1. Electrophoresis of polysaccharides from edible mushroom Pleurotus sajor-caju (A
ugar standards: Rha, rhaminose; Fuc, fucose; Rib, ribose; Ara, arabinose; Xyl, xylose; Man
olysaccharide; PS, sulfated polysaccharide.
.5 49.7 14.4 17.7 18.2

ion.
ylation.

2.7.1.5. Reducing power. The reducing power of the samples (from
0.2 to 1.0 mg/mL) was quantified as previously described (Wang
et al., 2008).

2.7.2. Anticoagulant activity
The prothrombin time (PT) and activated partial thromboplastin

time (aPTT) coagulation assays were performed with a coagu-
lometer and measured using citrate-treated normal human plasma
(Albuquerque et al., 2004). All assays were performed in duplicate
and repeated at least three times on different days (n = 6).

2.7.3. Antiproliferative activity
HeLa cells were grown in 75 cm2 flasks in DMEM medium. Cells

were seeded into 96-well plates at a density of 5 × 103 cell/well and
allowed to attach overnight in 100 �L of medium at 37 ◦C and 5%

CO2. The polysaccharides PN and PS were added at final concentra-
tions of 0.5, 1.0, 1.5 and 2.0 mg/mL for 24, 48 and 72 h at 37 ◦C and 5%
CO2. At the end of the incubation period, cells were incubated with
100 �L of a MTT solution (1 mg/mL) for 4 h at 37 ◦C and 5% CO2. To
solubilize the product of MTT cleavage, 100 �L of isopropanol con-

). GC–MS of alditol acetates of PN and PS polysaccharides and sugar standards (B).
, mannose; Gal, galactose; Gal-Met, 3-O-methyl-galactose; Glu, glucose. PN, native
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aining 0.04 N HCl was added to each well and thoroughly mixed
sing a multichannel pipettor. Within 1 h of HCl–isopropanol addi-
ion, the absorbance at 570 nm was read using a Multiskan Ascent

icroplate Reader (Thermo Labsystems, Franklin, MA). The percent
nhibition of cell proliferation was calculated as follows:

inhibition = Abs. of control − Abs. of sample
Abs. of control

× 100

.8. Statistical analysis

All data are expressed as means ± standard deviation. Statistical
nalysis was performed by one-way analysis of variance (ANOVA).
tudent–Newmans–Keuls post-tests were performed for multiple
roup comparison. In all cases, statistical significance was set at
< 0.05.

. Results and discussion

.1. Physicochemical properties and chemical analysis of PN and
S

The polysaccharide extracted from P. sajor-caju (PN) was sul-
ated as described in Section 2, which was then referred to as PS.
he chemical compositions of all samples are given in Table 1. Rela-
ive to PS, the total sugars and phenolic compounds increased after

odification, whereas protein was not detected. After sulfation, the
ulfate content in PS was about 22%, indicating that the degree of
ubstitution (DS) was 0.17.

To confirm that the sulfate groups were really linked to the
olymer, PS and PN were submitted to agarose gel electrophoresis
Fig. 1A). Diamine forms different complexes with sulfated polysac-
harides due to the spacing between the negative charges, which is
aused mainly by sulfation substitutions in a specific sugar residue
onformation. Thus, the diamine separates compounds with differ-
nt sulfate group distributions along their chain, even if they have
he same DS and/or the same sulfate content as well as the same
roportion and sequence of the sugar residues (Dietrich & Dietrich,
976). The presence of a purple band stained by toluidine blue con-
rms that PS is a sulfated polymer. In addition, even using a high
mount of PS (100 �g), only a single and homogeneous component
as obtained, which indicates that we obtained a unique sulfated
olysaccharide population.

In comparison with PN, two characteristic absorption bands
ppeared in the FT-IR spectrum of PS (data not shown), one at
232 cm−1 for an asymmetric S O stretching vibration and the
ther at 822 cm−1 for a symmetric C–O–S vibration associated with
C–O–SO3 group, which are consistent with incorporation of a sul-

ate group. These results indicated that the sulfation reaction had
ccurred.

Fig. 1B shows the GC–MS analysis of the native and chemically
ulfated polysaccharides from P. sajor-caju. The chromatogram
ndicates that the main monosaccharide components of both poly-

ers were mannose, 3-O-methyl-galactose, galactose and glucose.
he monosaccharide percentages are shown in Table 1; mannose
as the major monosaccharide in the structures of PS and PN, fol-

owed by glucose, galactose and 3-O-methyl-galactose.
These data agree with the monosaccharide composition of

xtracellular polysaccharides synthesized by several species of
leurotus (Gutiérrez, Prieto, & Martínez, 1996; Pramanik, Mondal,
hakraborty, Rout, & Islam, 2005). However, in P. sajor-caju, a differ-

nt proportion of man:gal:glu was found previously (31:12:30). In
ddition, Gutiérrez et al. (1996) showed a polysaccharide contained
high amount of protein (about 27%), and the presence of methyl-
alactose was not shown. These differences in the proportions of
onosaccharides are probably due to several factors, including the
olymers 85 (2011) 514–521 517

method of polysaccharide extraction and purification. We found a
similar situation when we compared data from the monosaccharide
composition of polysaccharides extracted from P. sajor-caju fruit-
ing bodies. Pramanik et al. (2005) obtained a polysaccharide from
the fruiting body that consisted of mannose, glucose and galac-
tose in an equimolar ratio, while Roy, Maiti, Mondal, Das, and Islam
(2008) extracted a polysaccharide from the fruiting body of the
same species that consisted of glucose and galactose in a molar
ratio of 3:1.

We found an extracellular polysaccharide that contained 3-O-
methyl-galactose in P. sajor-caju. A 3-O-methyl mannogalactan has
been isolated from P. ostreatus (Jakovljevic, Miljkovic-Stojanovic,
Radulovic, & Hranisavljevic-Jakovljevic, 1998) and O-methyl galac-
tans were in the main chain of P. pulmonarius, P. eryngii and P.
ostreatoroseus polysaccharides (Carbonero et al., 2008; Smiderle,
Carbonero, Sassaki, Gorin, & Iacomini, 2008). These findings show
that O-methyl-polysaccharides could be characteristic of the genus
Pleurotus.

The 13C NMR spectrum of PS is presented in Fig. 2B, where the
chemical shifts were compared to that of PN (Fig. 2A). The anomeric
region near 102–98 ppm showed four main signals at 98.2 ppm,
100.5 ppm, 101.6 ppm and 102 ppm in PN, which were assigned as
C-1 of glucose, galactose, O-methyl-galactose and mannose, respec-
tively. We did not obtain signals between 55 and 59 ppm; therefore,
we ruled out the presence of 2-O-, 6-O and 4-O-methyl-galactose.
In addition, the high signal near 61 ppm indicated the presence of
3-O-methyl-galactose. After sulfation, the 13C NMR spectra became
more complicated because the carbon directly attached to the elec-
tron withdrawing sulfate group shifted to a lower field position,
while the carbon indirectly attached to sulfate group shifted to a
higher field position. PS showed a split in the signals at 98–100 ppm
for C-1. It is known that the signal of C-1 splits when an OH group on
C-2 is functionalized, and this splitting of the C-1 signal correlated
well with the extent of substitution of C-2. In addition, the dis-
appearance of the signal near 68.4 ppm indicated that C-2 of one
of the monosaccharides was completely sulfated. The new peaks
in the 78 ppm region of PS were assigned to the O-4 substituted
carbons, suggesting that O-4 was sulfated.

In view of the intensities of the signals of the O-substituted
carbons, we conclude that nonselective sulfation of the extracel-
lular polysaccharide has occurred; in particular, C-2 and C-4 were
partially substituted, whereas C-6 was not affected. A similar pat-
tern of sulfation was also obtained when polysaccharides from rice
were chemically sulfated (Wang, Mcghee, Gibas, Tsuneda, & Currah,
2009).

3.2. Biological activities

3.2.1. Antioxidant activity
The antioxidant activities of the PN and PS polysaccharides were

compared in vitro by several antioxidant assay methods, including
total antioxidant capacity (TAC), hydroxyl and superoxide radical
scavenging activities, reducing power and ferric chelating ability.

In the TAC assay (expressed as ascorbic acid equivalents) both
polysaccharides showed low activity as reducing agents. Moreover,
no significant difference in activity was observed between PN and
PS, both polysaccharides showed an activity equivalent to approx-
imately 8.0 mg/g of acid ascorbic equivalents.

The addition of electron-withdrawing groups to the polysac-
charide enhances antioxidant activity (Yanagimoto, Lee, Ochi, &
Shibamoto, 2002). Thus, the presence of a sulfate group could

increase the radical scavenging activity. However, both PS and PN
did not exhibit superoxide radical scavenging ability at concen-
trations below 0.5 mg/mL (Table 2). This data indicate that the
electron density of the carbon atoms on a heterocyclic ring of PS
is not a determinate factor for its superoxide radical scavenging.
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ig. 2. 13C NMR spectroscopies of the native polysaccharide (A) and the sulfated
annose.

oreover, when the antioxidant activities of sulfated galactans
ith different DS values were analyzed for scavenging of the 1,1-
iphenyl-2-picry-hydrazyl (DPPH) radical, the data showed that
igh DS galactans (DS = 2.13) had low activity compared to low DS
alactans (DS = 0.08) (Yanagimoto et al., 2002).

Both polysaccharides showed hydroxyl radical scavenging
ctivity. PN showed dose dependent activity up to a concentration
f 0.1 mg/mL and reached about 13.14 ± 0.07% inhibition; how-

ver, at higher concentrations, the activity of this polysaccharide
tarted to decrease and disappeared at 0.5 mg/mL. With the sul-
ated polymer, we observed a different pattern. PS did not show
etectable hydroxyl radical scavenging activity at low concen-
rations; however, when the amount of PS increased, its activity

able 2
ydroxyl and superoxide radical scavenging activity of PN and PS polysaccharides
f the edible mushroom Pleurotus sajor-caju.

Polysaccharides Concentration
(mg/mL)

Inhibition (%)

OH• O2•−

PN

0.01 nd nd
0.05 10.05 ± 0.15 nd
0.1 13.14 ± 0.07 nd
0.25 0.56 ± 0.10 nd
0.5 nd nd

PS

0.01 nd nd
0.05 nd nd
0.1 18.73 ± 0.06 nd
0.25 23.56 ± 0.12 nd
0.5 31.29 ± 0.17 nd

Gallic
acid

0.05 11.6 ± 1.7 28.9 ± 3.8
0.1 43.6 ± 2.4 41.8 ± 4.7
0.25 64.3 ± 3.0 72.1 ± 2.9
0.5 93.7 ± 3.7 86.3 ± 3.1

d, not detected. Results are presented as a mean ± standard deviation of three
ifferent experiments.
accharide (B). Gal, galactose; Gal-Met, 3-O-methyl-galactose; Glu, glucose; Man,

became higher than the PN hydroxyl radical scavenging activity.
PS at 0.5 mg/mL showed the greatest hydroxyl radical scavenging
activity (31.29 ± 0.17%), which is approximately 3.12-fold lower
than gallic acid at 0.5 mg/mL (Table 2).

Fig. 3 shows the chelating effects of PN and PS and the standard,
EDTA, which acts as a chelating agent and forms complexes readily
with diverse metallic ions. The results revealed that both polysac-
charides presented low ferric chelating capacity when compared
with EDTA, and the activity was not dose dependent. PN reached

its maximum activity (17.8%) in the lowest tested concentration;
this activity did not change even when a large amount of PN was
tested. PS in low concentrations showed a weaker chelating effect
than PN. At a concentration of 1.5 mg/mL, PS reached a similar level

Fig. 3. Chelating ability of PN and PS polysaccharides from Pleurotus sajor-caju. Data
are expressed as means ± standard deviation. a,b,c,d,eDifferent letters indicate signifi-
cant difference between the concentrations of the same polysaccharide. x,yDifferent
letters indicate a significant difference between different polysaccharide in the same
concentration. p < 0.05.
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Table 3
Anticoagulant activity of human plasma in the presence of PN and PS fractions as
determined by APTT (activated partial thromboplastin time) and PT (prothrombin
time) assays.

Polysaccharides Amount (�g/�L) Clotting times (s)

PT APTT

PN

Control 15.2s ± 0.3 33.2s ± 3.9
0.1 16.9s ± 0.5 33.7s ± 4.0
0.5 16.5s ± 3.0 35.4s ± 0.4
1.0 15.4s ± 0.7 36.9s ± 0.1
2.0 15.4s ± 0.4 37.6s ± 0.5

PS

Control 15.2s ± 0.3 33.2s ± 3.9
0.1 15.0 ± 0.8 35.9s ± 0.7
0.5 15.7 ± 0.3 #46.4s ± 1.5a

1.0 15.4 ± 0.3 #83.5 ± 2.8a,b

2.0 15.4 ± 1.2 #101.0s ± 0.8b

LMWH 0.1 * 65.2s ± 0.4

APTT, activated partial thromboplastin time; PT, protrombin time; *, it was not
determined; n = 3; s, seconds; LMWH, low molecular weight heparin (Clexane).
C.B.S. Telles et al. / Carbohyd

f activity to the native polysaccharide, with an activity of around
8%.

Thus, in inhibiting hydroxyl radical production from Fenton’s
eaction, PS was more effective than PN. In the Fenton system, the
ydroxyl radical is generated by the reaction of the ferrous ion and
ydrogen peroxide (Zhang et al., 2010). PS exhibited weak ferric
helating ability, and this activity was not dose dependent (Fig. 3),
ndicating that the hydroxyl radical scavenging activity of PS was
irectly related to its affinity for the radical in the assay. Similar
ata were found with a sulfated glucan derivative obtained from the
arine filamentous fungus Phoma herbarum. This sulfated polysac-

haride had hydroxyl radical scavenging activity due to its affinity
or the OH radical and did not show ferric chelating activity (Yang
t al., 2005).

Some antioxidant compounds show the capacity to reduce fer-
ous ions from Fe3+ to Fe2+. This reducing capacity in vitro was
valuated by the formation of a complex between Fe2+/ferric chlo-
ide, and the sample activity was measured as the increase in
he absorbance of this complex. Fig. 4 shows the results of the
educing power assay for both polysaccharides, and the results are
xpressed as the percentage of ascorbic acid activity (0.2 mg/mL).
oth polysaccharides showed dose-dependent activity. For PN, the
reatest activity was observed at 0.5 mg/mL, which was 36% com-
ared to ascorbic acid, and was constant at higher concentrations.
n the other hand, as shown in Fig. 4, PS at all doses had greater

educing power. In addition, at the tested maximum concentration
1.0 mg/mL), PS had an activity of around 48%.

These data agrees with the data of other groups, who have
hown that sulfate groups increase the reducing power of polysac-
harides (Xing et al., 2005; Zhang, Jin, & Shi, 2008). Sulfated fucans
rom Laminaria japonica (Wang et al., 2008) and sulfated polysac-
haride from Ulva pertusa (Kaeffer, Benard, Lahaye, Blottiere, &
herbut, 1999) have been shown to have reducing power; how-
ver, their effects were weaker than that of vitamin C. The reducing
ctivities were usually related to the development of reductones,
hich terminate free radical chain reactions by donating a hydro-

en atom. In most cases, irrespective of the stage in the oxidative
hain at which the antioxidant action is assessed, most non-
nzymatic antioxidative activity is mediated by redox reactions

Bohn & BeMiller, 1995). Our data suggest that the reducing power
f polysaccharides contribute to the observed antioxidant effect. In
ddition, PS had a low DS (0.17) and showed the same potency in
educing power as a high DS (2.13) sulfated glucan (Zhang et al.,

ig. 4. Reducing power of PN and PS polysaccharides from Pleurotus sajor-caju.
ata are expressed as means ± standard deviation. Reducing power is expressed
s a percentage of activity shown for 0.2 mg/mL of ascorbic acid. a,b,c,d,eDifferent
etters indicate significant difference between the concentrations of the same
olysaccharide. x,yDifferent letters indicate a significant difference between differ-
nt polysaccharide in the same concentration. p < 0.05.
Results are presented as a mean ± standard deviation of three different experiments.
Student–Newman Keus, ap < 0.001 (0.5 vs 1.0 �g/�L); bp < 0.01 (1.0 vs 2.0 �g/�L);
#p < 0.05 vs. control.

2010) which indicates that this activity also depends on the spa-
tial patterns of the sulfate groups rather than merely the charge
density.

Overall, the antioxidant analysis showed that the addition of sul-
fate groups to the extracellular polysaccharide of P. sajor-caju did
not increase its activities in the TAC, superoxide anion scavenging
and ferrous chelating tests. On the other hand, sulfation increased
the hydroxyl radical scavenging activity and reducing power. This
supports the idea that the degree of sulfation (DS) and the sulfate
group distribution in polymer chains are important characteristics
that influence the specific antioxidant activity of a sulfated polysac-
charide.

3.2.2. Anticoagulant activity
The anticoagulant activities of the PN and PS fractions were

investigated using the classical aPTT and PT coagulation assays
using low molecular weight heparin (Clexane®) as a reference.
In both assays, PN did not show anticoagulant activity, indicat-
ing an absence of blood coagulation inhibitory activity in all tested
pathways. In contrast to the native polysaccharide, PS exhibited
distinct anticoagulant effects in the aPTT test, which evaluates the
intrinsic coagulation pathway. PS prolonged the time of coagula-
tion in a concentration-dependent manner, reaching a 3.0-times
higher time compared to the baseline value in the aPTT (2.0 mg/mL).
However, in the PT test, which evaluates the extrinsic coagulation
pathway, no inhibition was observed with all concentrations tested
(Table 3), such as heparin and several other sulfated polysaccha-
rides (Mourão et al., 2001).

In the literature, DS values of ≥0.80 have been reported to be
necessary for anticoagulant activity (Barroso et al., 2008). How-
ever, despite the low DS value (0.17) for the sulfated derivative of
the P. sajor-caju polysaccharide, a pronounced anticoagulant activ-
ity was observed. Furthermore, although it seems obvious that the
addition of sulfate groups should promote the anticoagulant activ-
ity of polysaccharides, the results showed that sulfation does not
always convey this effect to the sulfated polysaccharides. Fucans,
polysaccharides rich in sulfated fucose, extracted from various
marine algae did not possess anticoagulant activity (Bilan & Usov,
2008; Mourão, 2007; Rocha et al., 2005). A similar observation was

reported for a variety of sulfated galactans from marine inverte-
brates (Mourão, 2007). These data suggest that the anticoagulant
action of PS in the APTT test in vitro is not merely a consequence
of the charge density produced by sulfate groups and is probably
due to the position of the sulfate. The result obtained in this work
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Fig. 5. Survival percentage of HeLa cells treated with the polysaccharides PN
and PS at different concentrations for 24, 48 and 72 h. Data are expressed as
m
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eans ± standard deviation. a,b,c,d,eDifferent letters indicate significant difference
etween the concentrations of PS at the same time of treatment. x,yDifferent let-
ers indicate a significant difference of PS at different polysaccharide in the same
oncentration. p < 0.05.

grees with several works that clearly show that the anticoagulant
ffect of sulfated polysaccharides is stereo-specific (Li, Lu, Wei, &
hao, 2008).

.2.3. Antiproliferative activity
In the present study, the growth inhibitory effects of the chem-

cally sulfated polysaccharide against HeLa cells were examined.
s shown in Fig. 5, PS presented a significantly high antiprolifer-
tive activity at dosages from 0.5 to 2.0 mg/mL. We did not find a
ose dependent effect; however, the inhibition was time depen-
ent. After 72 h, the inhibition rate of PS (1.0 mg/mL) on the HeLa
ells was about 60%. No antiproliferative activity was observed with
N at any dosage tested. These results indicated that PS was more
ffective than PN in inhibiting HeLa cell proliferation.

Gamal-Eldeen, Amer, Helmy, Ragab, and Talaat (2007) reported
imilar results when sulfate groups were added to polysaccharides
xtracted from Leucaena leucocephala. This modification intensi-
ed the antiproliferative effect against three tumor cell lines, with a
aximum effect of approximately 50% inhibition. The literature has

uggested that the introduction of ionic groups to polysaccharides,
uch as sulfate groups, may promote changes in the physical and
hemical characteristics and conformation of the chain (Bao, Liu,
ang, & Li, 2001; Franz & Alban, 1995; Lu et al., 2000). This change
n the polysaccharide chain may be the result of intermolecular
orces, such as dipole–dipole interactions, Van der Waals inter-
ctions, and hydrogen bonds, present between sulfates groups of
olysaccharide and water molecules. These increases in rigidity of
he chain and water solubility could promote the antitumoral effect
f the polymer (Lin, Zhang, Chen, & Jin, 2004). In addition, the pres-
nce of sulfate groups in the polysaccharide chain can increase the
trength of interactions between the polysaccharide and proteins,
hich could explain the addition or enhancement of the biological

ctivities of chemically modified polysaccharides (Mulloy, 2005).

. Conclusions

In conclusion, we obtained an extracellular polysaccharide
mannogalactoglucan) named PN from P. sajor-caju. This poly-

er showed specific antioxidant activities in the total antioxidant
apacity, superoxide radical scavenging, reducing power and fer-

ic chelating assays; however, it did not possess anticoagulant or
ntiproliferative activities. PS, the sulfated derivative of PN with a
S of 0.17, was obtained using a sulfuric acid/n-propanol method.
he substituted positions of PS were C-2 and C-4. Through chemical
odification of PN, the hydroxyl radical scavenging and reduc-
olymers 85 (2011) 514–521

ing power activities of the extracellular polysaccharide increased.
In addition, the sulfated extracellular polysaccharide also showed
anticoagulant and antiproliferative activities. PS has exhibited
potent biological properties and further research is required to
investigate its role as a potential adjuvant against several diseases
in food and pharmaceuticals.
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