
International Journal of Biological Macromolecules 131 (2019) xxx

BIOMAC-11956; No of Pages 11

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

j ourna l homepage: ht tp : / /www.e lsev ie r .com/ locate / i jb iomac
Structural characterization and anti-inflammatory activity of
alkali-soluble polysaccharides from purple sweet potato
Hong Chen a,1, Jian Sun b,c,1, Jun Liu a,⁎, Yarun Gou a, Xin Zhang a, Xiaonan Wu a, Rui Sun a, Sixue Tang a,
Juan Kan a, Chunlu Qian a, Nianfeng Zhang a, Changhai Jin a,⁎
a College of Food Science and Engineering, Yangzhou University, Yangzhou 225127, Jiangsu, China
b College of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou 225002, Jiangsu, China
c Xuzhou Institute of Agricultural Sciences in Jiangsu Xuhuai Area, Xuzhou 221131, Jiangsu, China
⁎ Corresponding authors.
E-mail addresses: junliu@yzu.edu.cn (J. Liu), chjin@yzu

1 The co-first author.

https://doi.org/10.1016/j.ijbiomac.2019.03.126
0141-8130/© 2019 Elsevier B.V. All rights reserved.

Please cite this article as: H. Chen, J. Sun, J. Li
from pu..., , https://doi.org/10.1016/j.ijbioma
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 2 February 2019
Received in revised form 21 February 2019
Accepted 19 March 2019
Available online xxxx
In this study, the structural characterization and anti-inflammation effect of dilute alkali-soluble polysaccharides
from purple sweet potato were investigated. Three fractions (F-1, F-2 and F-3) were obtained by purifying crude
polysaccharides on DEAE-52 cellulose column. The main fraction (F-1) was further purified on Sephadex G-200
column to afford purified alkali-soluble sweet potato polysaccharide (ASPP). The chemical structure of ASPP was
analyzed by gas chromatography, Fourier transform infrared spectroscopy, methylation analysis and nuclear
magnetic resonance spectroscopy. Monosaccharide compositional analysis showed ASPP was composed of
rhamnose, arabinose, xylose, mannose and glucose in themolar ratio of 2.8:1.9:1.0:7.6:53.3. Moreover, the back-
bone of ASPP was composed of 1,4-linked Glcp with side chains attached to the O-6 position. The anti-
inflammation effect of ASPP was further investigated by in vitro and in vivo experiments. Results showed ASPP
could inhibit the levels of nitric oxide, interleukin (IL)-6, IL-1β and TNF-α but increase the production of IL-10
in lipopolysaccharide (LPS)-treated RAW 264.7 macrophage cells. In addition ASPP could reduce the secretion
of IL-6, IL-1β and TNF-α in LPS-treated mice. Our results suggest ASPP can be developed as a novel anti-
inflammation agent.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Inflammation, including acute and chronic types, is the consequence
of tissue injury, malfunction, stress and infections. Chronic inflamma-
tion can increase the probability of cancer, atherosclerosis and cardio-
vascular diseases. The mast cells and macrophages at inflamed tissues
can engender inflammatory mediators such as interleukins (IL) and
tumor necrosis factor-α (TNF-α) [1]. Currently, several in vitro and
in vivo studies have demonstrated that natural polysaccharides possess
anti-inflammatory effects [2–7].

In recent years, natural polysaccharides have gained increasing at-
tentions for valuable pharmacological activities without causing signifi-
cant side effects. It has been reported that polysaccharides isolated from
different natural resources displayed antioxidant [8], antitumor [9], an-
algesic [10], anti-inflammatory [11], immunomodulatory [12] activities.
In general, these functional properties of polysaccharides are closely re-
lated with their chemical structures [13].
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Purple sweet potato is one member of sweet potato, which belongs
to the family Convolvulaceae [14]. Yuan et al. [15] isolated a polysaccha-
ride from sweet potato tuber and elucidated the polysaccharide was
composed of rhamnose, glucose and galactose. Wu et al. [14] revealed
that purple sweet potato polysaccharide is a promising natural antioxi-
dant and antitumor agents. Yong et al. [16] found the purple sweet po-
tato could be used to prepare antioxidant and intelligent pH-sensing
films in active food packaging. In our previous studies, we isolated
water-soluble, dilute alkali-soluble and concentrated alkali-soluble
polysaccharides from purple sweet potato [17,18]. The crude polysac-
charides from purple sweet potato were demonstrated to possess po-
tential antioxidant activity, hepotaprotective effect against CCl4-
induced acute injury and immunomodulatory activity.

In this study, dilute alkali-soluble polysaccharides were isolated
from purple sweet potato and purified on DEAE-52 cellulose and
Sephadex G-200 columns. For thefirst time, the detailed chemical struc-
ture and anti-inflammatory activity of alkali-soluble sweet potato poly-
saccharide (ASPP) were investigated. The structure of ASPP was
characterized by gas chromatography (GC), Fourier transform infrared
(FT-IR) spectroscopy, methylation analysis and nuclear magnetic reso-
nance (NMR) spectroscopy. The in vitro and in vivo anti-inflammatory
activities of ASPP were further evaluated by lipopolysaccharide (LPS)-
ation and anti-inflammatory activity of alkali-soluble polysaccharides
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induced RAW 264.7 cells and LPS-treated mice models, respectively.
Our results are useful to establish the structure-function relationships
of ASPP and facilitate the application of ASPP in food and pharmaceuti-
cal industries.

2. Materials and methods

2.1. Materials and chemicals

Purple sweet potato (variety of Xuzi No. 3) was purchased from Xu-
zhou Institute of Agricultural Sciences in Jiangsu Xuhuai Area (Xuzhou,
China). Macroporous resin (AB-8) was obtained from Chemical Plant of
Nankai University (Tianjin, China). DEAE-cellulose 52 and Sephadex G-
200 resins were purchased from Whatman (Maidstone, UK) and
Pharmacia (Uppsala, Sweden) Companies, respectively. Dulbecco's
modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco Invitrogen Co. (Carlsbad, CA). LPS from
Escherichia coliO111: B4, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) and dimethyl sulphoxide (DMSO) were pur-
chased from Sigma-Aldrich Co. (St. Louis, MO). Enzyme-linked
immunosorbent assay (ELISA) kits for IL-1β, IL-6, TNF-α, IL-10 and
Griess reagent for nitrite oxide (NO) were obtained from Nanjing
Senbeijia Bioengineering Institute (Nanjing, China). All other chemicals
and reagents were analytical and purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

2.2. Isolation and purification of the alkali soluble polysaccharide (ASPP)
from purple sweet potato

ASPP was extracted from purple sweet potato according to previ-
ously reported method [19]. Briefly, purple sweet potato powder was
first defatted with 95% of ethanol (v/v), and was extracted with deion-
ized water at 70 °C for 2 h and 0.5 mol/L sodium hydroxide solution at
60 °C for another 2 h. After cooling, the pH of mixture was adjusted to
7.0 using 0.5 mol/L hydrochloric acid solution and then centrifuged at
8000g for 15min. The supernatantwas deproteinated by Sevagmethod,
followed by decolorization using AB-8 macroporous resin [20]. The ex-
tract solution was dialyzed (Mw cutoff = 3000 Da) against deionized
water for 3 days and then freeze-dried to gain crude polysaccharides.
The crude polysaccharides were re-dissolved in distilled water and pu-
rified on DEAE-52 cellulose column (4.6 cm × 50 cm), which was se-
quentially eluted with distilled water, 0.1, 0.3 and 0.5 mol/L NaCl at
1 mL/min. The fractions were measured by phenol-sulphuric acid
method [21]. The major polysaccharides fractions (namely F-1, F-2
and F-3) were collected, dialyzed, concentrated and lyophilized for fur-
ther analysis. Themain fraction of F-1 was further purified on Sephadex
G-200 column (3 cm × 100 cm) with distilled water at a flow rate of
0.2 mL/min to obtain purified polysaccharide fraction, which was
named as ASPP.

2.3. Structural characterization of ASPP

2.3.1. Monosaccharide composition analysis
The monosaccharide composition of ASPP was performed according

to the method of Zhu et al. [22]. ASPP (5 mg) was dissolved in 4 mL of
2 M trifluoroacetic acid (TFA) and heated at 95 °C for 10 h. The excess
TFA was removed by evaporation with methanol under vacuum. The
hydrolyzate was reduced by NaBH4 at 60 °C for 1 h and evaporated to
dryness, followed by incubation with acetic anhydride and pyridine
(v/v = 1:1) at 100 °C for 1 h. The obtained alditol acetates were ana-
lyzed on GC (Agilent Technologies, CA, USA) equipped with flame ioni-
zation detector (FID) and HP-5 capillary column (30m× 0.32mm, 0.25
μm). The column temperature was programmed from 70 °C to 210 °C at
10 °C/min (held for 1min), and increased to 235 °C at 5 °C/min (held for
2 min), and then increased to 250 °C at 10 °C/min (held for 1 min), and
finally increased to 280 °C at 15 °C/min for 1min. Nitrogen gaswas used
Please cite this article as: H. Chen, J. Sun, J. Liu, et al., Structural characteriz
from pu..., , https://doi.org/10.1016/j.ijbiomac.2019.03.126
as the carrier gas and was set at 0.7 mL/min. The temperatures of injec-
tor and detector were 250 and 300 °C, respectively.

2.3.2. Molecular weight analysis
Themolecular weight of ASPP was determined by high performance

gel permeation chromatography (HPGPC) on Agilent 1200 system
(Agilent Technologies, CA, USA) equipped with TSK-gel G4000 PWXL

column (300 mm × 7.8 mm) and evaporative light scattering detector
(ELSD) [20]. The column and detectorweremaintained at 40 °C. Sample
solution (20 μL, 2 mg/mL) was injected into the system and eluted with
50 mmol/L NaCl at a flow rate of 0.5 mL/min. Molecular weight of ASPP
was estimated through the standard curve established by T-series dex-
tran standards (T-500, T-200, T-100, T-50 and T-10).

2.3.3. Fourier-transform infrared (FT-IR) spectroscopy analysis
ASPP was mixed with dried KBr powder, pressed into 1 mm thick

disk and analyzed on Varian 670 FT-IR spectrophotometer (Varian
Inc., CA, USA). The FT-IR spectrum was recorded in the range of
4000–400 cm−1.

2.3.4. Methylation and GC–MS analysis
Methylation analysis of ASPP was performed according to the previ-

ously reported method [20]. Dried ASPP (70 mg) was dissolved
completely in DMSO (10 mL) with addition of NaOH powder
(100 mg), which was reacted at 20 °C for 1 h. Then CH3I (2 mL) was
added slowly into the solution and further reacted for 1 h. Finally,
2 mL of distilled water was added to terminate the reaction. The solu-
tion was dialyzed (Mw cut off = 3600 Da) in deionized water for
3 days and then freeze-dried to gain methylated polysaccharide. The
methylation reaction was repeated for four times until the polysaccha-
ride was completely methylated, which was confirmed by the disap-
pearance of O\\H band at 3200–3700 cm−1 in FT-IR spectrum.

The methylated polysaccharide was dissolved in 4 mL of 2 M
trifluoroacetic acid (TFA) and heated at 95 °C for 10 h. The hydrolyzate
was dissolved in 2mL distilled water, reduced by NaBH4 at 60 °C for 1 h
and evaporated to dryness. Then, 1.5 mL of acetic anhydride and 1.5 mL
of pyridinewere added into the systemand reacted at 100 °C for 1 h. The
reaction products were subjected to GC–MS analysis (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with HP-5 MS column (30 m
× 250 μm, 0.25 μm). The initial column temperature was 50 °C (held
for 5 min) and then increased to 250 °C at 15 °C/min (held for 5 min).
The partially methylated alditol acetates were identified by their rela-
tive retention times and MS fragmentation patterns.

2.3.5. NMR analysis
ASPP (50 mg) was dissolved in 0.5 mL of D2O. The 1D and 2D NMR

spectra including 1H NMR, 13C NMR, 1H/1H homonuclear correlation spec-
troscopy (COSY), nuclear overhauser enhancement spectroscopy (NOESY),
heteronuclear single quantum coherence (HSQC) and heteronuclear
multiple-bond coherence (HMBC) were recorded by AVANCE-600 NMR
spectrometer (Bruker Inc., Rheinstetten, Germany) at 25 °C.

2.4. Measurement of the cytotoxicity of ASPP

RAW264.7 cells were obtained from the cell bank of Chinese Acad-
emy of Science (Shanghai, China) andwere grown inDMEMmedia sup-
plemented with 10% of heat-inactivated fetal bovine serum (FBS),
100 U/mL of penicillin and 100 μg/mL of streptomycin at 37 °C under
a humidified incubator containing 5% of CO2. Effect of ASPP on the via-
bility of RAW264.7 macrophage cells were measured via MTT assay.
Briefly, cells were cultivated in a 96-wells plate at a concentration of 1
× 105 cells/mL overnight. Different concentrations of ASPP were added
into 96-wells plate and cultured for 24 h. Then, the culture supernatant
wasdiscarded and 10 μL ofMTT (5mg/mL)was added. After reaction for
4 h, the colored formazanwas dissolved by addition of 100 μL of DMSO.
The absorbance of reaction solution at 570 nm was measured by a
ation and anti-inflammatory activity of alkali-soluble polysaccharides
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Fig. 1. Anion-exchange chromatogram of crude polysaccharides on DEAE-52 column
(A) and the main fraction of F-1 on Sephadex G-200 column (B) and HPGPC profile of
ASPP (C).
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microplate reader (Varioskan Flash, Thermo Scientific, USA). The cell vi-
ability was calculated according to the formula:

Cell viability %ð Þ ¼ As=Acð Þ � 100 ð1Þ

where As and Ac represented the absorbance of sample group and nor-
mal control group, respectively.

2.5. Measurement of the in vitro anti-inflammatory activity of ASPP

2.5.1. Experimental models
The anti-inflammation effect of ASPP was assessed by two different

experimental models [23]. Model A: to evaluate anti-inflammatory po-
tential of ASPP on RAW264.7 macrophages stimulated by LPS.
RAW264.7 macrophages were cultured with LPS (1 μg/mL) and differ-
ent concentrations of ASPP samples (250, 500, 1000 and 2000 μg/mL)
for 48 h. Model B: to examine the curative effect of ASPP on the inflam-
mation induced by LPS. RWA264.7 macrophages were firstly cultured
with LPS (1 μg/mL) in 96-wells plate for 24 h, and then LPSwas removed
by discarding the supernatant. Finally, different concentrations of ASPP
samples (250, 500, 1000 and 2000 μg/mL) were added into 96-wells
plate for another 24 h.

2.5.2. Measurement of nitric oxide (NO) release
The concentration of NO in supernatant was determined by Griess

reagent. Briefly, 50 μL of cell culture medium was mixed with 50 μL of
Griess reagent I (5% phosphoric acid containing 1% sulphanilamide)
and 50 μL of Griess reagent II (0.1% N-1-naphthyl-enediamide
dihydrochloride in distilled water) and placed at room temperature
for 30 min. The absorbance of reaction mixture was read at 540 nm
using a microplate reader. NO concentration was calculated according
to the standard curve of sodium nitrite.

2.5.3. Measurement of pro-inflammatory and anti-inflammatory cytokines
production

After incubation, cell supernatant was collected to determine the
levels of pro-inflammatory (IL-1β, IL-6, TNF-α) and anti-inflammatory
(IL-10) cytokines by using ELISA kits according to manufactures' in-
structions. The absorbance of reaction mixture was read at 540 nm by
a microplate reader.

2.6. Measurement of the in vivo anti-inflammatory activity of ASPP

2.6.1. Animals and treatments
A total of 48 female ICR mice (18–20 g, 4 weeks old) were obtained

from the Comparative Medical Center of Yangzhou University (Yang-
zhou, China), maintained at 20 ± 2 °C with 12 h light-dark cycles and
were free to access standard chow (Xietong Co., Nanjing, China) and
water for one week. All experiments were conducted according to the
Guidelines for the Care and Use of Laboratory Animals issued by the
People's Republic of China, andwere approved by the Ethics Committee
of Experimental Animal Care at Yangzhou University (permit No.
SYXK2016-0019). Mice were randomly divided into four groups (n =
12) including normal, LPS, normal + ASPP and LPS + ASPP treatment
groups. The LPS and LPS + ASPP groups were intraperitoneally injected
with LPS (0.5 mg/kg) on days 5, 6 and 7 [24]. The normal + ASPP and
LPS + ASPP groups were given ASPP (400 mg per kg BW) and the
other two groups were given saline by gavage once daily. On the 30th
day, the mice were weighed and sacrificed by cervical dislocation.

2.6.2. Measurement of the levels of cytokines (IL-1β, IL-6, TNF-α and IL-10)
in liver and serum

The levels of IL-1β, IL-6, TNF-α and IL-10 in the liver and serum of
mice were analyzed by ELISA Kits according to the manufacturer's
instructions.
Please cite this article as: H. Chen, J. Sun, J. Liu, et al., Structural characteriz
from pu..., , https://doi.org/10.1016/j.ijbiomac.2019.03.126
2.7. Statistical analysis

All the data were expressed as mean ± standard derivation (SD).
Statistical analysis was performed via SPSS software (version 17.0, Chi-
cago, IL, USA).

3. Results and discussions

3.1. Isolation, purification and molecular weight of ASPP

The extraction yield of crude dilute alkali-soluble polysaccharide
from purple sweet potato was 4.29%. After decolorization and
deproteinzation, the crude polysaccharide was loaded onto DEAE-52
cellulose column and three fractions including F-1, F-2 and F-3 were
ation and anti-inflammatory activity of alkali-soluble polysaccharides
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Fig. 3. FT-IR spectra of ASPP.
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obtained (Fig. 1A). The main fraction of F-1 was further subjected to
Sephadex G-200 gel filtration column to afford ASPP (Fig. 1B). The pu-
rity and molecular weight of ASPP was measured by HPGPC system.
There is only one single peak on the column, suggesting ASPP was a ho-
mogeneous polysaccharide (Fig. 1C). Themolecular weight of ASPPwas
determined as 1.8 × 105 Da based on the standard curve of dextran T-
series.Wu et al. [14] found that threewater-soluble polysaccharide frac-
tions from purple sweet potato showed molecular weights of 3.33
× 104, 1.78 × 104 and 7.53 × 104 Da, respectively. The difference in the
molecular weights of alkali-soluble and water-soluble polysaccharides
might be due to different extraction methods used.

3.2. Structural characterization of ASPP

3.2.1. Monosaccharides composition of ASPP
Monosaccharide composition analysis showed ASPP was composed

of rhamnose, arabinose, xylose, mannose and glucose in the molar
ratio of 2.8: 1.9: 1.0: 7.6: 53.3 (Fig. 2A and B). Sun et al. [18] also
found that crude alkali-soluble polysaccharide extracted from purple
sweet potato was mainly composed of glucose.

3.2.2. FT-IR spectrum
The FT-IR spectrum of ASPP is shown in Fig. 3. The distinctive broad

band at 3429 cm−1 was due to the vibration of O\\H [25]. The weak
band at 2931 cm−1 was attributed to the stretching vibration of C\\H
[26]. The strong absorption bands around 1413 and 1387 cm−1 indi-
cated the vibrations of C\\H [26]. Besides, three bands at 1147, 1078
and 1024 cm−1 indicated the presence of pyranoside, and the peak at
858 cm−1 indicated that the presence of α-type glycoside [27]. In addi-
tion, the weak band at 914 cm−1 suggested that the presence of the β-
type glycoside [25]. The weak band at 613 cm−1 was assigned to C\\C
stretching [28]. Sun et al. [18] and Wu et al. [14] also found that β-
type glycoside in the polysaccharides isolated frompurple sweet potato.

3.2.3. Methylation analysis
To determine the linkage patterns of monosaccharides, ASPP was

methylated and analyzed byGC–MS. As shown in Table 1, eight partially
Fig. 2.GC chromatograms of standardmonosaccharides (A) andmonosaccharide composition o
galactose).
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methylated alditol acetates were identified, namely 2,3,6-tri-Me-
glucitol, 2,3,-di-Me-glucitol, 2,3,4,6-tetra-Me-rhamnitol, 2,3-di-Me-
rhamnitol, 2,3,4,6-tetra-Me-mannitol, 2,3,5-tri-Me-arabitol, 2,3,4-tri-
Me-xylitol and 2,3,4,6-tetra-Me-glucitol. Obviously, the major deriva-
tive was 2,3,6-tri-Me-glucitol (42.44%), indicating ASPP was mainly
composed of 1,4-linked glucopyranosyl residues.

3.2.4. NMR
The structure of ASPP was further investigated by 1D and 2D NMR

analysis. According to the 1H NMR of ASPP (Fig. 4A), the chemical shift
at 5.32 ppm (H-1) should be α-linked residue (residue A). According
to the cross-peaks of COSY spectrum (Fig. 4C), the H-2, H-3, H-4, H-5,
H-6 and H-6′ of residue A were successively identified at 3.56, 3.88,
3.58, 3.77, 3.84 and 3.68 ppm, respectively. Then the signals at 99.64,
f ASPP (B) (peaks: a, rhamnose; b, arabinose; c, xylose; d, inositol; e,mannose; f, glucose; g,

ation and anti-inflammatory activity of alkali-soluble polysaccharides
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Table 1
Methylation analysis of ASPP.

Retention time (min) Linkage pattern Partial methylated alditol acetates Mass fragments (m/z) Molar percentages (%)

11.54 →4)-Rhap-(1→ 2,3-Me2-Rhap 43, 45, 57, 60, 81, 91, 105, 135, 145, 163, 191, 205 0.43
13.13 Glcp-(1→ 2,3,4,6-Me4-Glcp 43, 45, 57, 71, 87, 101, 117, 129, 161, 191, 206 10.71
13.94 Rhap-(1→ 2,3,4,6-Me3-Rhap 43, 71, 89, 101, 117, 131, 133, 161, 175 5.08
14.65 Xylp-(1→ 2,3,4-Me3-Xylp 43, 57, 71, 85, 97, 117, 135, 162 0.21
17.00 Manp-(1→ 2,3,4,6-Me4-Manp 43, 45, 71, 87, 101, 113, 117, 129, 145, 161, 205 8.06
17.09 →4)-6-Glcp-(1→ 2,3-Me2-Glcp 43, 57, 71, 85, 99, 117, 127, 155, 207, 261 29.13
18.51 →4)-Glcp-(1→ 2,3,6-Me3-Glcp 43, 57, 71, 87, 99, 113, 117, 129, 145, 161, 205 42.44
18.86 Araf-(1→ 2,3,5-Me3-Araf 43, 57, 71, 87, 99, 101, 117, 129, 161 3.94

1 13
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Fig. 4. H NMR (A), C NMR (B); COSY (C); HSQC (D); HMBC (E) and NOESY (F) spectra of ASPP.
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Fig. 4 (continued).
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71.49, 73.17, 76.79, 71.23 and 60.51 ppm were determined as C-1, C-2,
C-3, C-4, C-5 and C-6 of residue A, owing to 13C NMR and HSQC spectra
(Fig. 4B and D). According to methylation analysis and literature [29],
residue A was identified as →4)-α-D-Glcp-(1→. For residue B, its H-1
signal was at 5.28 ppm. From COSY spectrum (Fig. 4C), the H-2 of resi-
due B was determined at 3.58 ppm because of its correlation with H-1
(5.28 ppm). Likewise, the H-3, H-4, H-5 and H-6 were successively de-
termined at 3.66, 3.85, 3.62 and 3.34 ppm, respectively. According to
Please cite this article as: H. Chen, J. Sun, J. Liu, et al., Structural characteriz
from pu..., , https://doi.org/10.1016/j.ijbiomac.2019.03.126
HSQC spectrum (Fig. 4D), the C-1, C-2, C-3, C-4, C-5 and C-6 of residue
B were determined at 99.77, 71.49, 72.47, 76.79, 72.91 and 69.42 ppm,
respectively. Based on the results ofmethylation and literature [29], res-
idue Bwas determined as→4)-6-α-D-Glcp-(1→. Other residues' signals
were assigned in the same way. All proton and carbon signals of each
residue are summarized in Table 2. However, the signals of some resi-
dues detected by GC–MS (such as Xylp-(1→ and →4)-Rhap-(1→)
were not detected by NMR spectroscopy, possibly due to their low
ation and anti-inflammatory activity of alkali-soluble polysaccharides
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Table 2
Summary of 1H and 13C chemical shifts for ASPP.

Residues Chemical shift assignments of ASPP

1 2 3 4 5 6

A →4)-α-D-Glcp-(1→ H 5.32 3.56 3.88 3.58 3.77 3.84/3.68
C 99.64 71.49 73.17 76.79 71.23 60.51

B →4)-6-α-D-Glcp-(1→ H 5.28 3.58 3.66 3.85 3.62 3.34
C 99.77 71.49 72.47 76.79 72.91 69.42

C α-D-Manp-(1→ H 5.23 3.59 3.69 3.87 3.74 3.72
C 99.64 72.88 70.66 70.34 70.52 60.33

D α-D-Rhap-(1→ H 5.14 3.48 3.93 3.59 3.33 1.24
C 100.49 70.66 70.34 71.11 69.47 16.62

E α-L-Araf-(1→ H 4.88 3.54 3.36 3.53 3.96/3.72
C 98.62 72.2 69.58 71.48 60.99

F β-D-Glcp-(1→ H 4.57 3.19 3.69 3.31 3.37 3.65/3.62
C 95.89 74.02 76.39 69.12 73.17 69.21
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molecular ratio in ASPP. The correlations of both inter- and intra-
residues can be confirmed by the HMBC (Fig. 4E) and NOESY spectra
(Fig. 4F). In the HMBC spectrum, a cross peak was observed between
H-1 (5.32 ppm) and C-4 (76.79 ppm) of residue A, H-4 (5.58 ppm) of
and C-1 (99.64 ppm) of residue A, which implied that the backbone
structure of ASPPwasmainly composed of→4)-α-D-Glcp-(1→ (residue
A). In the NOESY spectrum, the inter-residual cross-peaks of H-4 of res-
idue B (3.85 ppm) and H-1 of residue C (5.23 ppm) indicated that α-D-
Manp-(1→ (residue C) was attached to the O-6 position of→4)-6-α-D-
Glcp-(1→ (residue B). Similarly, other residues including α-D-Rhap-
(1→ (residue D), α-L-Araf-(1→ (residue E) and β-D-Glcp-(1→ (residue
F) were also identified to be linked to O-6 position of →4)-6-α-Glcp-
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(1→ (residue B). Based on the described above analysis, ASPP was
proved to be linear α-(1→4)-glucan with terminal α-Manp, α-Rhap,
β-Araf and β-Glcp residues linked to the backbone at O-6 positions
(Fig. 4G).
3.3. The cytotoxicity of ASPP

The cytotoxicity of ASPP on RAW264.7 macrophages was measured
by MTT assay. As shown in Fig. 5A, ASPP have no acute cytotoxicity on
RAW264.7 macrophage cells. Compared to the normal control group,
1000 μg/mL of ASPP treatment could notably increase cell viability.
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3.4. Anti-inflammatory activity of ASPP in LPS-stimulated RAW 264.7 cells

Macrophages play an important role in inflammation and immune
responses. During inflammation, macrophages induce the expression
of pro-inflammatory genes such as inducible nitric oxide synthase
(iNOS). Accordingly, NO is produced from L-arginine by iNOS [30].
Therefore, NO production level is considered as one of the indicators
of macrophage activation. LPS can stimulate macrophages and initiate
inflammatory responses with production of inflammatory cytokines,
such as IL-1β, IL-6, TNF-α and IL-10 [31].

Model A was used to evaluate the anti-inflammatory potential of
ASPP on RAW264.7macrophages. NO production level was significantly
enhanced by LPS (p b 0.05); however, ASPP treatment had a significant
dose-dependent suppression effect on NO production (Fig. 5B). To fur-
ther evaluate the anti-inflammatory effects of ASPP on LPS treated
RAW264.7 cells, inflammatory cytokines including IL-1β, IL-6, TNF-α
Table 3
Effects of ASPP on the body weight, thymus index and spleen index of normal, normal
+ ASPP, LPS and LPS + ASPP treated mice.

Group Initial body
weight (g)

Final body
weight (g)

Thymus index
(mg/g)

Spleen index
(mg/g)

Normal 26.72 ± 0.83 29.70 ± 0.75 2.58 ± 0.43 2.00 ± 0.24
LPS 26.39 ± 1.01 22.50 ± 0.79⁎⁎⁎ 1.22 ± 0.25⁎⁎⁎ 4.11 ± 0.50⁎⁎⁎

Normal + ASPP 26.22 ± 0.69 29.57 ± 0.79 2.54 ± 0.28 1.91 ± 0.32
LPS + ASPP 26.38 ± 1.60 25.87 ± 1.06⁎⁎⁎ 1.42 ± 0.31⁎⁎⁎ 2.99 ± 0.39⁎⁎⁎

⁎⁎⁎ p b 0.001.
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and IL-10 were determined by ELISA kits. As shown in Fig. 5C, D and E,
IL-1β, IL-6 and TNF-α production significantly increased in LPS treat-
ment group (p b 0.05). However, these cytokines' production signifi-
cantly decreased by ASPP treatment (p b 0.05). Meanwhile, there was
no significantly difference in IL-1β and IL-6 secretion between 250
and 500 μg/mL of ASPP treatments (p N 0.05). Therewas also no notably
difference in TNF-α secretion between 500 and 1000 μg/mL of ASPP
treatments (p N 0.05). ASPP notably enhanced the level of IL-10 as com-
paredwith normal control group (p b 0.05) (Fig. 5F). Above results sug-
gested that ASPP had a mild anti-inflammatory potential on RAW264.7
macrophages. Sanjeewa et al. [32] reported that polysaccharide from
Sargassum horneri inhibited the LPS-induced NO as well as pro-
inflammatory cytokine (TNF-α and IL-6) production in RAW 264.7
cells through down-regulating nuclear factor-κB signaling cascade.
Zhang et al. [33] found exopolysaccharides from Auricularia auricula-
judae significantly increased IL-10 secretion.

Model B was used to examine the curative effect of ASPP on LPS-
induced inflammation. Effect of ASPP on NO releasing level was
shown in Fig. 5B. A significant decrease of NO production was observed
in ASPP treatment groupwhen comparedwith LPS treatment group (p b
0.05). Effects of ASPP on pro-inflammatory cytokine (IL-1β, IL-6, TNF-α)
and anti-inflammatory cytokine (IL-10) secretion by LPS-treated
RWA264.7 macrophages were shown in Fig. 5C, D and F. As compared
to LPS treatment group, ASPP treatment could dose-dependently sup-
press TNF-α, IL-1β and IL-6 secretion; however, enhance IL-10 produc-
tion in LPS-stimulated RWA264.7macrophages (p b 0.05). These results
suggested ASPP had a strong curative effect on LPS-induced inflamma-
tion. Lacerda et al. [34] found that polysaccharides from Cabernet
Franc, Cabernet Sauvignon and Sauvignon Blanc wines could inhibit the
production of NO, TNF-α and IL-1β in LPS-stimulated RAW 264.7 cells.
Wen et al. [23] found polysaccharides from Sargassum horneri have cu-
rative effect on inflammation. Our previous study found three crude
polysaccharides (water soluble, dilute alkali soluble and concentrated
alkali soluble polysaccharides) extracted from purple sweet potato
had immunomodulatory functions [17]. Out present study further sug-
gested that ASPP has anti-inflammatory activity on LPS-stimulated
RWA264.7 macrophages via inhibiting pro-inflammatory cytokine pro-
duction (IL-1β, IL-6, TNF-α) and enhancing anti-inflammatory cytokine
(IL-10) level.

3.5. Anti-inflammatory activity of ASPP in LPS-treated mice

3.5.1. Effect of ASPP on thymus and spleen indices
As shown in Table 3, mice in all groups showed similar initial body

weights. However, mice in LPS and LPS + ASPP treatment groups
showed significantly higher weight losses than other groups (p b

0.001). Moreover, the weight losses of mice in LPS treatment group
were much higher than those of LPS + ASPP treatment group. Thymus
and spleen are major immune organs and their mass indices can reflect
the degrees of inflammation [24]. The spleen and thymus indices of
mice treated with LPS displayed a remarkable difference compared to
these of normal control group (p b 0.001), indicating that the celiac in-
flammation model was established successfully. Besides, the spleen in-
dices were reduced by ASPP but did not reach the normal level.

3.5.2. Effect of ASPP on cytokines production
To study the protective effect of ASPP on LPS-treatedmice, the levels

of cytokines in liver and serumof all groupswere determined. As shown
in Fig. 6, levels of TNF-α, IL-1β, IL-6 and IL-10 in the serum of normal
and normal + ASPP treatment groups were almost the same (p N

0.05). As compared to the normal group, the levels of TNF-α, IL-1β
and IL-6 significantly increased but the level of IL-10 decreased in LPS
treatment group (p b 0.05). The production of IL-1β was significantly
decreased in LPS+ASPP treatment group as compared to LPS treatment
group (p b 0.01), indicating effective anti-inflammatory activity of ASPP.
The production of cytokines such as TNF-α, IL-1β, IL-6 and IL-10 in the
ation and anti-inflammatory activity of alkali-soluble polysaccharides
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liver was also assessed. The levels of TNF-α, IL-1β and IL-6 in the liver
homogenate were higher in LPS treatment group than those in the nor-
mal control group. LPS + ASPP treatment significantly suppressed the
increase in the levels of TNF-α and IL-1β in the liver as compare to
LPS treatment (p b 0.05). However, the level of IL-10 was not signifi-
cantly affected by LPS + ASPP treatment. Results suggested that ASPP
have a mild anti-inflammatory activity on LPS-stimulated mice via
inhibiting pro-inflammatory IL-1β, IL-6 and TNF-α. Rajagopal et al.
[35] reported that the polysaccharide from Curcuma longa could signif-
icantly inhibit pro-inflammatory mediators such as TNF-α and IL-8 and
enhance anti-inflammatory mediators such as IL-10. Both nuclear
factor-κB (NF-κB) and mitogen-activated protein kinases (MAPKs) sig-
naling pathways are critical regulators of immune responses [36]. NF-
κB is considered as the major transcription factor, which regulates
COX-2 and iNOS expression, NO and prostaglandin E2 (PGE2) produc-
tion, and the release of pro-inflammatory cytokines (TNF-α, IL-1β and
IL-6).MAPKs pathway transfers information to the cell in the extracellu-
lar environment and ultimately to the nucleus [37]. Sanjeewa et al. [32]
reported that the crude polysaccharide from Sargassum horneri (brown
seaweed) exhibited anti-inflammatory effects via suppressing NF-κB
Please cite this article as: H. Chen, J. Sun, J. Liu, et al., Structural characteriz
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and down regulating phosphorylation of ERK and p38 kinases in
MAPKs signaling pathway. To elucidate the anti-inflammatory mecha-
nisms of ASPP, further studies at the molecular levels are necessary.

4. Conclusions

A dilute alkali-soluble polysaccharide (ASPP) was extracted from
purple sweet potato and purified by DEAE-52 cellulose and Sephadex
G-200 column. The structure of ASPP was mainly composed of 1,4-
linked Glcp as the backbone with side chains attached to the O-6 posi-
tions. The polysaccharide was found to have anti-inflammation effects
by both in vitro and in vivo assays. Our results suggest ASPP can be ap-
plied as an effective anti-inflammatory agent. Further studies on the
anti-inflammatory mechanisms of ASPP at the molecular levels are
necessary.
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