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a  b  s  t  r  a  c  t

Four  purified  polysaccharide  fractions  from  seeds  of Plantago  depressa  (PDSP-1,  PDSP-2,  PDSP-3  and
PDSP-4)  were  obtained  by  isolation  and  purification  using  DEAE-52  cellulose  and  Sephacryl  S-400  HR
chromatography.  Basic  physicochemical  properties  including  molecular  weight,  chemical  composition,
FT-IR and  glycosidic  linkage  of  these  fractions  were  investigated.  They  seemed  to  be  homogeneous
acidic  protein-bound  heteropolysaccharides  with  high  molecular  weight  of  over  1000  kDa  and  con-
tained  a lot  more  �-type  glycosidic  linkages  than �-type.  PDSP-3  mainly  contained  mannose,  arabinose
and  fucose,  and  the  others  were  rich  in arabinose,  fucose  and  galacturonic  acid.  The  immunomodula-
cidic polysaccharide
urification
artial structure
mmunomodulatory effects

tory  effects  of  them  were  assessed  by splenocyte  proliferation  index  and  production  of  NO  and  TNF-�
from  macrophages.  They  all  showed  significant  immunomodulatory  activities,  and  PDSP-3  presented  the
strongest  effect.  Their  observed  differences  in biological  activities  were  probably  due  to their  structure
differences.  And monosaccharide  compositions,  linkage  types  and  molecular  weight  may  affect  their
immunomodulatory  activities.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

In recent decades, numerous polysaccharides isolated from nat-
ral resources are relatively common with tremendous structural
iversities and biological properties (Lee et al., 2013; Li et al., 2013;
chepetkin & Quinn, 2006; Shukla, Joshi, & Rawat, 2010; Skjåk-Bræk

 Martinsen, 1991; Wasser, 2002). Owing to non-cytotoxic proper-
ies, these polysaccharides among naturally occurring substances
ave attracted extensive attention to be immunomodulators,
xhibiting a variety of beneficial pharmacological effects, such as
nti-tumor, anti-inflammatory and anti-atherosclerotic activities
Chen et al., 2004; Hirazumi & Furusawa, 1999; Takata, Yamamoto,
anai, Konno, & Okubo, 2005; Thakur, Connellan, Deseo, Morris,

 Dixit, 2011; Wong, Lai, & Cheung, 2011). A possible mecha-

ism is that these polysaccharides bind to different receptors on

nnate immune cells, such as macrophages or other monocytes, to
ctivate them to release pro-inflammatory factors, cytokines and

∗ Corresponding authors. Tel.: +86 451 82193001; fax: +86 451 82110803.
E-mail addresses: qhwang668@sina.com (Q. Wang),

xkuang@hotmail.com (H. Kuang).

ttp://dx.doi.org/10.1016/j.carbpol.2014.05.069
144-8617/© 2014 Elsevier Ltd. All rights reserved.
chemokines, which help the host to constitute an intensive immune
response (Thomas, Harding, & Moore, 2000; Wakshull et al., 1999).

Plantago depressa Willd. (also called “Pingcheqian” in China),
an edible and medicinal herb, belongs to the genus Plantago of
the family Plantaginaceae, widely distributed in China, Korea, Rus-
sia, Pakistan and India (Yan et al., 2009), according to Scientific
Database of China Plant Species (2011). In particular, its dry mature
seeds are very popular known in traditional Chinese medicine
(TCM) to treat a wide variety of diseases especially edema, being
recorded for the first time in Shen Nong Ben Cao Jing thousands
of years ago (Hou J.P. and Jin Y., 2005). Currently in China, the
genus Plantago contains various species for officinal use, of which
Plantago asiatical and P. depressa are both the original plants of
Semen Plantaginis recorded in National Pharmacopoeia Committee
(2010) with the same activities, such as fever-reducing, diuretic,
stranguria-treating, eyesight-improving and expectorant activities.
So far, most literatures mainly concentrated on various chemical
components, such as phenylethanoid glycosides, phenolics, iridoids

and various polysaccharides, from P. asiatical more than P. depressa
(Huang et al., 2009a; Hu, Nie, Min, & Xie, 2012; Kim, Lee, & Chang,
2009; Miyase et al., 1991; Ravn, Nishibe, Sasahara, & Xuebo, 1990;
Ye, Hu, & Dai, 2011; Ye & Jiang, 2011; Yin, Nie, Zhou, Wan, & Xie,

dx.doi.org/10.1016/j.carbpol.2014.05.069
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.05.069&domain=pdf
mailto:qhwang668@sina.com
mailto:hxkuang@hotmail.com
dx.doi.org/10.1016/j.carbpol.2014.05.069
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010; Yin et al., 2012). In particular, polysaccharides from P. asi-
tical were reported to be very important effective components
or their anti-oxidant, murine dendrite cell maturation-inducing,
efecation-promoting, and short-chain fatty acid-producing activ-

ties (Huang et al., 2009a,b; Yin et al., 2010). However, frequency of
sing P. depressa decreases gradually especially in polysaccharide
pplications, which causes the waste of P. depressa resources. Up to
ow, little information of polysaccharides from seeds of P. depressa
PDSPs) was available especially regarding their purification, char-
cterization and immunological activities.

Therefore, we report here the immunomodulatory activi-
ies of four polysaccharide fractions prepared from P. depressa
eeds. Briefly, the purified fractions were characterized by
hemical analysis, high performance liquid chromatography
HPLC), Fourier transform infrared spectroscopy (FT-IR), and gas
hromatography–mass spectrometer (GC–MS). The immunomod-
latory effects of PDSP fractions were evaluated by in vitro
plenocyte proliferation assay, and determination of NO and TNF-�
roduction in RAW 264.7 macrophage cells.

. Materials and methods

.1. Materials

The dry seeds of P. depressa were collected from Wuchang in
eilongjiang Province of China in March 2012 and identified in
ccordance with Chinese Pharmacopeia (Commision, 2010) by Prof.
henyue Wang of Heilongjiang University of Chinese Medicine.
PMI medium 1640 was obtained from Gibco-BRL (Gaithersburg,
D,  USA). Penicillin and streptomycin were obtained from

igma-Aldrich (St. Louis, MO,  USA). 3-(4,5-Dimethylthiazol-2-
l)-2,5-diphenyltetrazolium bromide (MTT), concanavalin A (Con
), 1-phenyl-3-methyl-5-pyrazolone(PMP), obtained from Beijing
eagent Plant (Beijing, China). DEAE-52 was purchased from What-
an  International Ltd. (Maidstone, Kent, UK). DEAE-Sepharose

ast Flow and Sephacryl S-400 HR were from the Pharmacia Co.
Sweden). All other reagents were of the highest grade available.

.2. Preparation of crude PDSPs

In order to remove lipids, the seeds of P. depressa (1.0 kg) were
re-extracted with 95% ethanol (10 L × 3) at 75 ◦C for 2 h. Then
he dried residue was extracted with 10 times of distilled water
100 ◦C, 2 h, 3×) and filtered. After removal of the residue by fil-
ration, the filtrate was deproteinated by the method of Sevag,
ackman, and Smolens (1938). The resulting aqueous solution was
xtensively dialyzed (cut-off Mw  3500 Da) against tap water for
8 h and distilled water for 48 h. The solution in the dialysis tube
as then concentrated and precipitated with 95% ethanol to a final

oncentration of 85% (v/v) and then incubated at 4 ◦C overnight.
fter centrifugation (3000 rpm, 15 min, 20 ◦C), the precipitate was
ashed with anhydrous ethanol and acetone in turn, and then

yophilized to obtain the crude polysaccharides (PDSPs, 124.6 g).

.3. Isolation and purification of crude PDSPs

The crude PDSPs were sequentially purified by chromatogra-
hy of DEAE-52 and Sephacryl S-400 according to the previously
eported method (Kuang, Xia, Yang, Wang, & Wang, 2011; Xu,
hang, Zhang, & Chen, 2007) with slight modifications. PDSPs (8 g)
as dissolved in distilled H2O and passed through two  series con-
ected resin columns (Amberlite FPA90-Cl (Cl− form), 8.5 × 80 cm,
.d.) and Amberlite IRC-84 (H+ form), 8.5 × 80 cm,  i.d.) eluting with
istilled H2O and 0.5 M NaCl solution to yield fractions Fr. A (3.5 g)
nd Fr. B (2.3 g). Fr. A (3 g) was applied to DEAE-52 cellulose col-
mn  (5 × 70 cm,  i.d.) eluted with water, 0.1, 0.2, 0.3 and 0.4 M NaCl
lymers 112 (2014) 63–72

solution to yield subfractions Fr. A-1 (1.19 g), Fr. A-2 (1.03 g), Fr.
A-3 (0.51 g)and Fr. A-4 (0.22 g), of which Fr. A-1 and Fr. A-2 was
further purified by Sephacryl S-400 eluting with water to afford
PDSP-1 (960 mg)  and PDSP-2 (836 mg)  (Fig. 1A–C). Fr. B (2 g) was
also chromatographed over DEAE-52 cellulose column (5 × 70 cm,
i.d.) eluted with water, 0.1 M,  0.2 M and 0.3 M NaCl solution to afford
Fr. B-1 (1.09 g) and Fr. B-2 (0.81 g) (Fig. 1D), which were selected to
be further purified by Sephacryl S-400 eluted with water to afford
PDSP-3 (912 mg)  and PDSP-4 (668 mg)  (Fig. 1E and F). Each frac-
tion was collected at a flow rate of 2 mL/min and monitored by
the phenol–sulfuric acid method at 490 nm and spectrophotometer
method at 280 nm.

2.4. Homogeneity and molecular weight determination

The homogeneity and the molecular weight of these four PDSP
fractions were determined using high performance gel permeation
chromatography (HPGPC) with ELSD detection on a Shodex sugar
KS-805+ guard column KS-G (Shodex, Japan) (300 × 7.8 mm). The
molecular weights of the PDSP fractions were estimated by refer-
encing a calibration curve, and Dextran T-series (T-10, T-40, T50,
T-70, T-130, T-500 and T-2000) were used as calibration standards.

2.5. Determination of contents of carbohydrate, protein and
uronic acid

The total carbohydrate content of each PDSP fraction was deter-
mined according to the phenol-sulphuric acid method (Dubois,
Gilles, Hamilton, Rebers, & Smith, 1956). The protein con-
tent was  determined according to Bradford method (Bradford,
1976). The uronic acid content was  determined according to the
carbazole–sulfuric acid method (Bitter & Muir, 1962).

2.6. Monosaccharide analysis

Monosaccharide compositions of purified PDSP fractions were
measured using Reverse-phase HPLC as described previously (Dai
et al., 2010; Lv et al., 2009). Ten milligram of each polysaccharide
sample was dissolved in 2 mL  of 2 M trifluoroacetic acid (TFA). The
monosaccharides were conventionally converted into their PMP
derivatives and analyzed.

2.7. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of purified PDSP fractions were recorded with
a FTIR spectrophotometer (FTIR-8400S, Shimadzu Co., Japan) using
KBr disks method. The dried sample was ground with spectroscopic
grade potassium bromide (KBr) powder and then pressed into 1 mm
pellets and the spectra were recorded in a transmittance mode from
4500 to 400 cm−1.

2.8. Determination of glycosidic linkages

Glycosidic linkage information was elucidated by methylation
analysis, carried out by three steps, including hydrolysis, reduction
and acetylation, according to Kim and Carpita (1992). The products
obtained from the methylation process were analyzed by GC–MS
on an Agilent 7890A instrument equipped with a HP-5 fused-silica
capillary column (30 m × 0.32 mm × 0.25 �m) and an Agilent 5975C
MS detector.

2.9. Splenocyte proliferation assay
The splenocyte proliferation assay was carried out using MTT-
based colorimetric assay according to the reported method with
slight modifications (Luo et al., 2009). The cell suspension was
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Fig. 1. Ion exchange chromatography (DEAE-52 cellulose) of Fr. A, eluted with distilled water and NaCl (0–0.4 M)  (A); elution profile of PDSP-1 and PDSP-2 on Sephacryl
S-400  column, respectively, eluted with distilled water (B and C); ion exchange chromatography (DEAE-52 cellulose) of Fr. B, eluted with distilled water and NaCl (0–0.3 M)
(D);  elution profile of PDSP-3 and PDSP-4 on Sephacryl S-400 column, respectively, eluted with distilled water (E and F).
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lanted in the 96-well culture plate with or without ConA
5.0 �g/mL) or LPS (10.0 �g/mL). Samples (at 5, 25 and 125 �g/mL
oncentrations) were added to each cell. The plates were set up
or 72 h at 37 ◦C in a humidified atmosphere of 5% CO2. After 44 h,
0 �L of MTT  solution (5 mg/mL) were added to each well and incu-
ated for another 4 h. After aspirating the supernatant from the
ells, 100 �L of dimethylsulfoxide (DMSO) was added to dissolve

he formazan crystals, and the absorbance was evaluated in an
LISA reader (Bio-Rad, USA) at 570 nm after 15 min. The spleno-
yte proliferation index (SPI) was calculated as the absorbance
alue for mitogen-cultures divided by the absorbance value for
on-stimulated cultures.

.10. Measurement of NO and TNF-  ̨ production

Nitric oxide (NO) production was assayed by measuring the
itrite concentration in the supernatant of cultured macrophages
sing a colorimetric assay with Griess reagents as earlier described
Jung et al., 2008; Wang et al., 2009). Briefly, macrophage cells RAW
64.7 (5 × 105 cells/mL) were seeded in 96-well plate. Cells were

eft overnight for attachment and the purified PDSP sample was
dded to the wells in different concentrations (12.5, 25, 50, 100
r 200 g/mL). DMEM medium and LPS (10 �g/mL) were used as a
lank and positive control, respectively. After incubation for 48 h,
he culture supernatant was added to Griess Reagent in the ratio of
:1 in a 96-well plate. After incubation for 15 min  at room temper-
ture, the absorbance was measured at 540 nm in an ELISA reader
Bio-Rad, USA). A serial dilution of nitrite (NaNO2) was used as a
tandard reference curve. In addition, the levels of tumor necro-
is factor-� (TNF-�)  was also measured at 450 nm according to the
nstructions of commercial ELISA kits (BD Biosciences Pharmingen,
an Diego, USA). Cytokine quantities in the samples were calculated
rom standard curves of recombinant cytokines using a regression
inear method.

.11. Statistical analysis

The data were expressed as mean ± standard deviation (SD) of
hree replications and evaluated by one-way analysis of variance
ANOVA) followed by the Duncan’s multiple-range tests. p-Values
f less than 0.05 were regarded as significant. All statistical analyses
ere performed using statistical software (SPSS, Version 20.0).

. Results and discussion

.1. Homogeneity and molecular weight of PDSP fractions

The crude polysaccharides of P. depressa were obtained with the
ield of 12.46% and two fractions (Fr. A and Fr. B) isolated using
esin columns were further fractionated on DEAE-52 cellulose col-
mn  with gradient elution to give four and three elution peaks,
espectively: Fr. A-1, Fr. A-2, Fr. A-3, Fr. A-4, Fr. B-1 and Fr. B-2
Fig. 1A and 1D). From the results, these fractions were all consid-
red to be protein-bound polysaccharides due to the simultaneous
aximum absorbance peaks at 490 nm (phenol–sulfuric acid assay)

nd 280 nm (spectrophotometer), according to He et al. (2013).
inally, four of these fractions were selected to be further puri-
ed on Sephacryl S400 column to obtain four sub-fractions namely
DSP-1, PDSP-2, PDSP-3 and PDSP-4, respectively. As detected by
n ultraviolet (UV) spectrum at 490 nm and 280 nm, a single sym-
etrical absorbance peak was observed (Fig. 1B, C, E and F), which

ndicated that PDSP-1, PDSP-2, PDSP-3 and PDSP-4 were all thought

o be homogeneous.

For further verify the homogeneity and determination of the
olecular weight of PDSP-1 PDSP-2, PDSP-3 and PDSP-4, HPGPC
ith ELSD detection on a Shodex sugar KS-805+ guard column using
lymers 112 (2014) 63–72

dextran standards was employed. From HPGPC profile in Fig. 2,
each purified polysaccharide appeared as a symmetrical sharp peak
to prove its homogeneity, according to Chen et al. (2011) and Liu
et al. (2007). Based on the calibration with standard dextrans, the
average molecular weights of PDSP-1 PDSP-2, PDSP-3 and PDSP-4
were estimated to be 1698.1, 1240.4, 1495.5 and over 2000 kDa,
respectively (Table 1).

3.2. Chemical compositions of PDSP fractions

The carbohydrate content, protein content, and monosaccharide
compositions of four PDSP fractions were summarized in Table 1.
From the results, they all showed high carbohydrate contents and
the carbohydrate content of PDSP-3 was relatively higher than
the other fractions. The total carbohydrate contents of PDSP-1,
PDSP-2, PDSP-3 and PDSP-4 were determined to be 90.7%, 89.1%,
93.1% and 91.9%, respectively, with a purity of >99.8%, using the
phenol–sulfuric acid method. Their protein contents were mea-
sured to be around 5%, and these PDSP fractions could be proved to
be protein-bound polysaccharides because the Sevag method has
been repeated many times to remove free proteins (Peng, Zhang,
Zeng, & Xu, 2003; Peng, Zhang, Zeng, & Kennedy, 2005; Wang, Luo,
& Liang, 2004). The content of uronic acid for PDSP-2 and PDSP-
3 was relatively lower than that of PDSP-1 and PDSP-4. As seen
from Table 1 and Supplementary Fig. S1, PDSP-1 was composed of
mannose, galacturonic acid, arabinose and fucose, and arabinose
was the main monosaccharide. PDSP-2 was composed of mannose,
galacturonic acid, xylose, arabinose and fucose, and arabinose was
the main monosaccharide. Being different monosaccharide com-
position from PDSP-1 and PDSP-2, PDSP-3 was  composed of nine
monosaccharides, which were mannose, ribose, glucuronic acid,
galacturonic acid, glucose, galactose, xylose, arabinose and fucose,
exhibiting an arabinomannan-like structure. From the results,
galacturonic acid mainly existed in PDSP-1 (22.2%), whereas PDSP-
3 consisted of small content (8.1%) of galacturonic acid. With
the different amount of monosaccharides in PDSP-3, PDSP-4 was
composed of mannose, glucuronic acid, galacturonic acid, glucose,
galactose, xylose, arabinose and fucose.

3.3. FT-IR spectroscopy of PDSP fractions

FT-IR spectroscopy is typically used for the qualitative mea-
surement of organic functional groups (Zhang et al., 2013). The
FT-IR spectra were shown in Supplementary Fig. S2 with some
differences in the intensity of bands. The absorption bands within
the range of 3600–3000 cm−1, 3000–2800 cm−1, 1400–1200 cm−1

and 1200–700 cm−1 were the characteristic absorption peaks of
polysaccharides. All the infrared spectra of these four fractions
displayed a strong and broad absorption peak at 3404 cm−1 for
characteristic of O H and a weak C H band at 2925 cm−1 (Wang,
Chen, Jia, Tang, & Ma,  2012a). The weak absorption at 1544 cm−1,
corresponding to the bending vibration of the N H ( CONH ),
proved the presence of protein (Chen, Xie, Nie, Li, & Wang,
2008; Liu et al., 2012). The absorption peak at 1635 cm−1 and
1423 cm−1 could be assigned to the antisymmetric and symmet-
ric COO stretches, and the band at 1251 cm−1 was ascribed to
O H ( COOH) variable angle vibration, indicating that they were
all acidic polysaccharides (Liu et al., 2012; Wu  et al., 2013). PDSP-
3 and PDSP-4 exhibited a stronger absorption peak at 1043 cm−1,
which indicated the pyranose ring (He et al., 2007; Zhao, Kan, Li, &
Chen, 2005). There are two types of end carbon–glucoside bonds:
�- and �-type glycosidic linkages. A characteristic absorption peak

at 896 cm−1 was  obviously observed, but the shoulder absorption
peak at 771 cm−1 was almost imperceptible, which indicated that
the four fractions contained many more �-type glycosidic linkages
than �-type glycosidic linkages (Barker, Bourne, Stacey, & Whiffen,
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), PDS
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C

Fig. 2. HPGPC profiles of PDSP-1 (A

−1
954). The peak at 802 cm was attributed to D-mannose in pyra-
ose (Barker et al., 1954; Chen, Zhang, Jiang, Mu,  & Miao, 2012),
nd PDSP-3 showed the strongest absorption, indicating more D-
annose.

able 1
ontents of carbohydrate, protein and uronic acid and monosaccharide compositions for 

Sample Molecular weight (kDa) Carbohydrate (%) Protein (%) Uronic aci

PDSP-1 1698.1 90.7 5.8 19.5 

PDSP-2 1240.4 89.1 3.5 12.4 

PDSP-3 1495.5 93.1 6.8 10.1 

PDSP-4 >2000 91.9 4.7 19.7 

a Not detected.
P-2 (B), PDSP-3 (C) and PDSP-4 (D).
3.4. Linkage analysis of PDSP fractions

Monosaccharide linkages were found in the four purified
PDSP fractions by permethylation of the reduced polymers using

four PDSP fractions from seeds of P. depressa.

d (%) Monosaccharide composition (%)

Man  Rib GlcUA GalUA Glc Gal  Xyl Ara Fuc

3.3 −a − 22.2 − − − 45.8 28.7
2.8 − − 15.5 − − 8.4 55.7 17.6

28.1 0.8 3.4 8.1 1.4 4.2 10.1 27.9 16.0
11.8 − 4.9 17.7 6.9 2.0 11.6 28.9 16.1
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Fig. 3. In vitro effects of different concentrations of PDSP fractions on splenocyte proliferation (A), ConA-induced splenocyte proliferation (B), and LPS-induced splenocyte
proliferation (C). The results were from three independent experiments and presented as the mean ± SD. * p < 0.05, ** p < 0.01 vs.  blank control (A), ConA group (B) and LPS
group  (C), respectively.
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ig. 4. In vitro activation of RAW 264.7 macrophages stimulated with different con
esults were from two independent experiments and presented as the mean ± SD. *

C–MS. The ratios of the linkages were further calculated based
n the monosaccharide compositions seen from Table 1, areas
f each methylated peak and effective carbon-response factors
Table 2). PDSP-1 may  consist of a backbone of 1,3,6-linked Araf
nd 1,3,4-linked Fucp, and large content (20.1%) of uronic acid
ppearedmainly as terminally linked GalpA unit. Unlikely to PDSP-
, PDSP-2 presented a linear molecular since around 41.4% of
,5-linked Araf appeared in the main chain, and only 5.1% of
,3,4-linked GalpA and 4.6% of 1,2,4-linked Fucp appeared in the
ranches. PDSP-3 mainly contains 1,3-linked Araf and 1,3-linked
anp, in addition to fair amounts of 1,3,4-linked Manp and 1-linked

ucp. Interestingly, all fractions were found to contain mannoses
s seen by the presence of 1,3-linked Manp, but the mannose
esidues existed in PDSP-3 as 1,3-linked Manp (12.3%), 1,3,4-linked
anp (10.5%) as well as 1-linked Manp (5.3%), most of which were

ot detected in the other fractions. The results indicated that the
ugar residues 1,3-linked Araf, 1,3-linked Manp and 1,3,4-linked
anp with fair amounts of 1-linked Fucp formed the majority

f the polysaccharide chain of PDSP-3. PDSP-4 presented as an

cid polysaccharide, but unlikely to PDSP-1, uronic acid appeared
n PDSP-4 mainly as 1,3,4-linked GalpA units, and with smaller
mounts of 1,4-linked GalpA and 1,4-linked GlcpA. Besides, only
,2-linked Araf and 1,3,5-linked Araf appeared in PDSP-4.
ations of PDSP fractions in terms of NO content (A) and TNF-� production (B). The
05, ** p < 0.01 vs.  blank control.

3.5. Immunomodulatory effects of PDSP fractions

Proliferation of splenocytes is an indicator of immunoactiva-
tion, being related to immunity improvement of T-lymphocyte
or B-lymphocyte (Sarangi, Ghosh, Bhutia, Mallick, & Maiti, 2006;
Wang et al., 2012b). Literatures have also reported that combi-
nation of the polysaccharide and its receptor on the surface of
macrophages may  increase the secretion of cytokines, such as NO
and TNF-�, which can regulate both cellular and humoral immune
responses (Schepetkin and Quinn, 2006). Effects of PDSP-1, PDSP-
2, PDSP-3 and PDSP-4 on splenocyte proliferation with mitogens
(ConA or LPS) and without mitogens were shown in Fig. 3. They
could stimulate proliferation of spleen lymphocytes significantly
(p < 0.05) with the increase of sample concentration ranging from
5 to 125 �g/mL. In particular, all the concentrations of PDSP-3
significantly increased lymphocyte proliferation, presenting the
strongest promoting effect in the four fractions, not only in the
presence of ConA or LPS as mitogens for lymphocytes, but also with-
out mitogens (Fig. 3A–C). Furthermore, Supplementary Tables S1

and S2 demonstrated that PDSP-3 improved the splenocytes pro-
liferation activity more noticeably co-treated with LPS than with
ConA. As a whole, it was indicated that capacity of PDSP-3 was
shown to increase the activate potential of T and B cells. It can be
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Table  2
Monosaccharide linkages (mol%) of four PDSP fractions from seeds of P. depressa by
methylation analysis using GC–MS.

PDSP-1 PDSP-2 PDSP-3 PDSP-4

1,3-Linked Araf 10.7 −a 17.2 11.0
1,3,6-Linked Araf 24.0 − 3.1 −
1,6-Linked Araf 11.2 − − −
1,5-Linked Araf − 41.4 − −
1-Linked Araf − 14.9 7.6 −
1,2-Linked Araf − − − 8.0
1,3,5-Linked Araf − − − 10.0
1,3,4-Linked GalpA − 5.1 4.2 12.5
1-Linked GalpA 20.1 − − −
1,4-Linked GalpA 1.9 − 3.9 4.9
1,3-Linked GalpA − 10.6 − −
1,3-Linked Manp 3.2 1.7 12.3 9.8
1,3,4-Linked Manp − − 10.5 2.0
1-Linked Manp − − 5.3 −
1,3,4-Linked Fucp 28.7 − 5.8 6.8
1,3-Linked Fucp − 12.9 − −
1,2,4-Linked Fucp − 4.6 − −
1-Linked Fucp − − 10.1 9.1
1,3-Linked Xylp − 8.2 8.4 6.5
1,2-Linked Xylp − − 1.5 5.5
1,4-Linked GlcpA − − 3.4 4.8
1,3-Linked Galp − − 0.2 −
1,3,6-linked Galp − − 3.9 −
1-Linked Glcp − − 1.4 4.3

s
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s
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s
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t
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1,6-Linked Glcp − − − 2.6

a Not detected.

een from Fig. 4 that all the isolated PDSP fractions significantly
ctivated macrophage NO content and TNF-� production in a dose-
ependent manner. Very interestingly, PDSP-3 possesses strong

mmunomodulatory potential in both production of NO and TNF-�,
eading to the conclusion that PDSP-3 is the most active P. depressa
olysaccharide fraction to modulate the macrophage function and
timulate the immune system.

.6. Discussion on structure-activity relationship

Nature-derived polysaccharides play an important role in acti-
ating various immune system responses in the host such as
plenocyte and macrophage-dependent immune system responses
Lee et al., 2008). Macrophages activated by polysaccharides exert
heir antitumor action by secreting secondary compounds, such
s nitric oxide (NO) and tumor necrosis factor-alpha (TNF-�),  by
egulating the immune system to process and present antigens
Mackay & Pussell, 1986). From the results, we found that all
he isolated PDSP fractions showed significant immunomodula-
ory effects with molecular weights larger than 1200 kDa, which

ight be proved by some reports that water-soluble polysaccha-
ide fraction, with molecular weights larger than 100 kDa, exhibited
mmunoenhancing effects (Wang, Hu, Su, & Lee, 2001). Among
ll the fractions, PDSP-3 has the highest capacity for promoting
he splenocytes proliferation, upregulating TNF-� expression and
eleasing NO, acting as an immunostimulant through the activation
f splenocytes and macrophages. Because of the structural vari-
bility of polysaccharides with monosaccharide residues joined to
ach other by glycosidic linkages, it is highly important to deter-
ine the accurate structures, such as their chemical composition,
olecular weight, conformation, glycosidic linkage (Yadomae &
hno, 1996). It is worth noting that PDSP-3 was found to mainly
ontain arabinose and mannose (Table 1). For a long time, with
imilar structure of PDSP-3, arabinomannan (Z-100) has been

ecognized as a classical polysaccharide dictating the immunomod-
latory activity (Oka et al., 1999, 2002, 2003, 2004). In addition,
he bioactivity of PDSP-3 may  also depend on the composition
f (1 → 3)–linked mannopyranosyl which existed as a backbone
lymers 112 (2014) 63–72

in an acidic heteropolysaccharide (TAPA1) purified from Tremella
aurantialba stimulating the proliferation of mouse spleen lympho-
cytes in vitro (Du et al., 2009). Besides, PDSP-2 also presented
the higher immunomodulatory effects, which may be due to its
main composition of 1,5-linked Araf (41.4%) and that certain link-
age characteristic was proved to contribute to immunomodulatory
activity in some polysaccharides, according to Wang et al. (2007).

4. Conclusions

In this study, four bioactive polysaccharide fractions were iso-
lated and purified from the hot water extract of P. depressa by
DEAE-52 cellulose and Sephacryl S-400 HR column chromatogra-
phy. They all exhibited homogeneity with high molecular weight,
and many evidences demonstrated that these fractions were
bounded with protein, presented as acid heteropolysaccharides.
They mainly contained �-type glycosidic linkages, with arabinose,
fucose and galacturonic acid except PDSP-3, which contained high
content of mannose but low content of galacturonic acid. The
results showed that PDSP-1, PDSP-2, PDSP-3 and PDSP-4 could
significantly exhibit beneficial stimulating effects not only on
splenocyte proliferation but also on NO and TNF-� secretion from
RAW 267.4 macrophages in vitro in a dose-dependent manner, and
PDSP-3 presented the strongest effect. PDSP-3, a high molecular
mass homogeneous polysaccharide with an arabinomannan-like
composition and the main linkage of 1,3-linked Araf and 1,3-linked
manp, would be a potent murine splenocyte and macrophage
stimulator. The observed differences in biological activities among
them were probably due to their structure differences such
as monosaccharide compositions, linkage types and molecular
weight. These studies indicated that P. depressa polysaccharides
have immunomodulatory potential for further research. To entirely
reveal the structure-activity relationship of this polysaccharide,
mechanism studies in terms of signaling pathways on splenocytes
and macrophages will be further investigated.
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