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Abstract 

Background Dioscorea opposita Thunb, as a dual-purpose edible plant with excellent nutritional and medical value, 
accumulates abundant bioactive compounds, including polysaccharides. Polysaccharides from D. opposita have been 
widely recognized and studied due to various biological activities, such as anti-inflammatory and anti-cancer, which 
are influenced by their complex structures. In recent years, numerous studies have investigated the structures and 
activities of D. opposita polysaccharides, and the relationships between them. However, the detailed structures remain 
different because the structures are susceptible to various species, producing areas, growth conditions (weather, soil, 
temperature, moisture, etc.), and extraction and separation methods. In this study, the structures of purified polysac-
charides from D. opposita were determined and the biological activities were preliminarily investigated including 
anti-inflammatory and anti-tumor activities.

Results The crude polysaccharides DOP1 and DOP2 were isolated and purified via DEAE-52 and Sephadex G-100 
to obtain two purified polysaccharides fractions (DOP1-1 and DOP2-1), with the molecular weights of 15.63 kDa and 
32.32 kDa, respectively. The structures of DOP1-1 and DOP2-1 were analyzed by HPLC, FT-IR, methylation, and 1D (1H, 
13C) and 2D (HSQC, COSY, TOCSY, and ROESY) NMR spectra. The results indicated the presence of → 2)-β-Manp-(1 → 4
)-α-Glcp-(1 → 2)-β-Manp-(1 → ,  → 1)-β-Manp-(2 → 1)-α-GalpA-(4 →, and  → 2)-β-Manp-(1 → 2)-β-Manp-(1 → in DOP1-
1, and the ratio was 2:11:5. The bone structure of DOP2-1 was predicted as → 1)-β-d-Galp-(4 → , along with two main 
branching structures composed of arabinose of different degrees of polymerization. Preliminary anti-inflammatory 
and anti-tumor activities were investigated. DOP1-1 and DOP2-1 demonstrated inhibitory effects on macrophages 
cells (RAW264.7). DOP2-1 exhibited anti-tumor effects against hepatocellular carcinoma (SNU-739 and HepG2).

Conclusions The structures and bioactivities of DOP1-1 and DOP2-1 were analyzed to provide a basis for the estab-
lishment of structure/function relationships. The polysaccharides derived from Dioscorea opposita could be potentially 
employed in functional food, health care, and pharmaceutical industries.
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Graphical Abstract

Introduction
Dioscorea opposita Thunb. (Chinese yam, family: 
Dioscoreaceae) accumulates abundant bioactive 
compounds, making it a dual-purpose edible plant 
with excellent nutritional and medical value [1]. D. 
opposita Thunb. contains polysaccharides, flavonoids, 
allantoin, phenolic compounds, and many other bioactive 
substances [2–5]. Among them, polysaccharides of D. 
opposita have attracted much attention due to their high 
bioactivity and good biocompatibility [6].

Polysaccharides of D. opposita are a kind of 
carbohydrate polymer, composed of more than ten 
monosaccharides connected by glycosidic linkages, 
with anti-inflammatory, anti-cancer, antioxidant, 
immunoregulation, cardioprotective, and other effects 
[7–9]. The bioactivities of polysaccharide are influenced 
by the complex structure, including molecular weights, 
monosaccharide compositions, glycosidic linkages, 
triple helix conformations, substituents, and degree of 
branching [10–12]. For example, acidic polysaccharide 
obtained from tea showed markedly increased effect, 
while neutral polysaccharides obtained from tea 
exhibited markedly inhibitory effects at 400  μg/mL on 
the proliferation of HeLa cells [13].

However, the structures and bioactivities of D. 
opposita polysaccharides show significant difference 
under different species and growth conditions, which 
greatly increases the difficulty of structure analysis [1]. In 
recent years, the bioactivities of purified polysaccharides 
from Chinese yam with different structures have been 
investigated. The water-soluble polysaccharide (YP-1) 
purified from D. opposite roots by Zhao et  al. showed 
immunomodulating effects, main chain of which is 
(1 → 3)-α-glucopyranose, with the side chain of -β-galacto

pyranose-[(1 → 2)-α-mannopyranose]3-(1 → 2)-α-manno
pyranose-(1 → 6)- [14]. Yang et al. stated that the purified 
Chinese yam polysaccharide containing β-1,3-glucose, 
α-1,6-galactose, and α-1-galactose presented antioxidant 
activity [15]. Zhu et  al. revealed that the purified 
polysaccharides from Chinese yams (CYS-1 and CYS-
2) were mainly galactose, which possessed antioxidant 
and anti-cancer effects. The backbone of CYS-1 had two 
linkages, β-(1 → 2) and β-(1 → 4), and overall, there were 
two α and four β glycosidic linkages. CYS-2 had two α 
and three β glycosidic linkages [1].

Researches on polysaccharides substantially thrived 
in 2021. Zhou et  al. identified the structure of purified 
polysaccharide from Chinese yam as having α-d-
Gluc-(1 → 4) glycosidic bond, and the C2 hydroxyl 
group was replaced by ethoxyl group [16]. However, Huo 
and Tian commented on this study and alerted readers 
to consider residue ethanol solvent signals in NMR at 
16.89  ppm and 57.49  ppm [17]. Meanwhile, Tang et  al. 
also characterized the structure of polysaccharides 
of Chinese yam as a low methyl-esterified pectin 
containing homogalacturonan (approximately 
59.1%) and highly branched rhamnogalacturonan 
(approximately 38.1%) with side chains embracing 
arabinogalactan and rabinan-/arabino-galactan. 
Additionally, the homogalacturonan backbone consists 
of  → 4)-α-GalpA-(1 → and → 4)-α-GalpA-6-O-
methyl-(1 → with molar ratio of 2:1, and repeating unit of 
arabinogalactan side chain composed of α-Araf-(1 → and 
→ 3,6)-β-Galp-(1 →  [18].

Although structural analysis of D. opposita 
polysaccharides (DOP) are available in literature, the 
detailed structures remain different because the structure 
is susceptible to various species, producing areas, growth 
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conditions (weather, soil, temperature, and moisture etc.), 
and extraction and separation methods. In the present 
study, five polysaccharides’ fractions (DOP1-1, DOP1-
2, DOP1-3, DOP2-1, and DOP2-2) were isolated and 
purified from crude polysaccharides of D. opposita. The 
structures of purified polysaccharides were determined 
via monosaccharide analysis (high-performance liquid 
chromatography, HPLC), Fourier transform infrared (FT-
IR) spectroscopy, methylation analysis, and extensive 
nuclear magnetic resonance (NMR) studies (1H, 13C, 
heteronuclear single quantum correlation [HSQC], 
correlation spectroscopy [COSY], total correlation 
spectroscopy [TOCSY], and rotating-frame nuclear 
overhauser effect spectroscopy [ROESY]). Additionally, 
biological activities including anti-inflammatory and 
anti-cancer activities were investigated.

Materials and methods
Materials and animals
Dried slices of D. opposita were purchased from Bao He 
Tang (Jiaozuo) Pharmaceutical Co., Ltd. in November 
2019 (Lot No.: BHT20191019154427). DEAE-Cellulose 

A52 and Sephadex G-100 were procured from Whatman 
Co. (Maidstone, Kent, UK) and Beijing Solarbio Science 
& Technology Co., Ltd. (Beijing, China), respectively. 
The standard samples and dialysis membranes were 
purchased from Beijing Solarbio Science & Technology 
Co., Ltd. All other reagents were purchased from Sigma-
Aldrich Co., Ltd. and Tianjin Kemiou Chemical Reagent 
Co. Ltd., China. All chemicals used were of analytical 
grade.

Male and female Sprague–Dawley (SD) rats (140–
180  g) and the standard diet were purchased from 
the Center of Laboratory Animals of Henan Province 
(Zhengzhou, China). All animals were housed in a 
room maintained at 22 ± 3  °C under natural light/
dark conditions, with free access to food and water. All 
experimental animal procedures were approved by the 
Henan University Institutional Animal Care and Use 
Committee (No. 410975211100011935).

Extraction and purification of polysaccharides
Crude polysaccharides from D. opposita were extracted 
as previously described [6, 19], and a representative 

Fig. 1 Flowchart of extraction and purification of polysaccharides from Dioscorea opposita Thunb
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flowchart is shown in Fig. 1. The dried slices of D. oppos-
ita were ground and sifted through a 40-mesh sieve. The 
dried D. opposita powder (1.0 kg) was extracted twice for 
3 h at 80 °C in a water bath with 8.0 L of anhydrous eth-
anol and then filtrered. The precipitation was extracted 
twice for 3 h at 80 °C in a water bath with 8.0 L of distilled 
water. The aqueous extract was concentrated to 1/3 of the 
volume of the primary extracted solution; then anhydrous 
ethanol was added until the concentration of ethanol (Ce) 
reached approximately 20% v/v. The solution was precipi-
tate for 24 h to obtain residue III (discarded). Anhydrous 
ethanol (1/3 volume of supernatant I) was added to the 
supernatant I until Ce was approximately 40% v/v, and the 
crude polysaccharides (S1) were centrifuged after 24  h. 
The crude polysaccharides (DOP1) were obtained after 
deproteinizing using Sevag reagent (1-butanol: chloro-
form = 1:4 v/v), dialyzing, and lyophilizing [20]. The same 
method was used to obtain S2 (Ce = 60% v/v), which was 
further purified to obtain DOP2. The samples were pre-
served in vacuum desiccators over  P2O5 until further 
investigation.

The polysaccharides DOP1 and DOP2 were purified 
using column chromatography (Fig.  1). Briefly, DOP1 
and DOP2 (20.0  mg/mL) were filtered through a 
0.45  μm membrane and eluted with 0.05  M, 0.1  M and 
0.2  M NaCl on a DEAE-Cellulose 52 chromatography 
column (2.5 cm × 50 cm) at a flow rate of 1.00 mL/min, 
respectively. The contents of polysaccharides in eluent 
were determined by phenol–sulfuric acid colorimetric 
method [21], and the high contents were eluted with 
distilled water on a Sephadex G-100 gel permeation 
chromatography column (1.6 cm × 100 cm) at a flow rate 
of 0.5 mL/min. The eluates were collected, concentrated, 
and lyophilized to obtain purified polysaccharides DOP1-
1, DOP1-2, DOP1-3, DOP2-1, and DOP2-2.

Structural characterization of purified polysaccharides
Chemical composition analysis
Total carbohydrate content was determined by the 
phenol–sulfuric acid assay [21]. Uronic acid content 
was measured via the meta-hydroxydiphenyl assay 
[22]. Sulfated groups content was determined using the 
methods described by Dodgson and Price [23].

Determination of molecular weight
For purified DOP samples, the weight-average molecular 
weights (Mw) were determined by high-performance size 
exclusion chromatography attached to a multiangle laser 
light scattering and refractive index detector (HPSEC-
MALLS-RID, Wyatt Technology Co., USA) with an 
OHpak SB-802.5 HQ column (8.0 mm × 300 mm, Shodex 
Co., Japan). The mobile phase was 0.1  M  NaNO3 at a 
flow rate of 0.5 mL/min, with 50.0 μL of sample solution 

(1.8  mg/mL) injected. The chromatogram was analyzed 
using ARTRAV software (Wyatt Technology Co., USA) 
[6].

Determination of monosaccharides composition
Monosaccharides of purified DOP samples were 
hydrolyzed with sulfuric acid and analyzed using the 
1-phenyl-3-methyl-5-pyrazolone (PMP) pre-column 
HPLC method [24, 25]. The purified DOP sample 
(40  mg) was added to 4  mL sulfuric acid (2  mol/L), 
hydrolyzed at 100  °C for 8  h, and then 4  mol/L NaOH 
was added to neutralize pH value (pH 7). The hydrolysate 
was then derivatized by PMP and analyzed using HPLC 
(Agilent, 1260 infinity, USA) with a Spursil C18 column 
(5 µm, 4.6 × 250 mm). A mixture of a 0.05 M phosphate 
buffer solution (pH 6.7) and acetonitrile (84:16, v/v) was 
used as the mobile phase at a flow rate of 1 mL/min. The 
temperature of the column was maintained at 25 °C and 
absorbance was measured using a UV–visible detector 
(VWD) at 245 nm.

Fourier transform infrared spectroscopy (FT‑IR)
Purified DOP samples were mixed with potassium 
bromide, milled, pressed into a pellet (7  mm diameter), 
and analyzed using an FT-IR spectrometer (Vertex 70, 
Bruker, Germany) in a frequency range of 400–4000  cm−1 
[26].

SEM
A scanning electron microscope (SEM, JSM-7001, Japan 
Electron Optics Laboratory Co Ltd., Tokyo, Japan) 
was used to characterize the morphology of samples 
according to previous studies [27]. The freeze-dried 
sample powders were distributed on a copper with 
double-side adhesive, sprayed with gold powder, and 
examined in a vacuum specimen chamber.

Methylation analysis
To determine the glycosidic linkages in purified DOP 
samples, the polysaccharides samples were methylated 
as previously described [28, 29]. Briefly, 15 mg of a dried 
sample was dissolved into 1 mL distilled water, and then 
0.2  mL NaOH mixed in 0.2  mL methanol was added. 
The mixture was diluted with 6.0 mL dimethyl sulfoxide 
(DMSO), followed by sonication in an ultrasonic bath for 
10  min. The solution was stirred at room temperature 
(20  °C) for 1  h, and 1.0  mL iodomethane was added 
slowly. The reaction mixture was placed in darkness for 
2 h, followed by the addition of distilled water (2.0 mL). 
The methylated polysaccharide was extracted with 
chloroform (2.0  mL) three times, dried, and collected. 
The methylated polysaccharide was analyzed using FT-IR 
to confirm the disappearance of the hydroxyl stretching 
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vibration absorptive band in the range of 3400–
3600  cm−1. The methylated polysaccharide was dissolved 
in 2 M trifluoroacetic acid (TFA) at 105  °C for 6 h. The 
solvent was removed by adding methanol and 2.0  mL 
 NaBH4 (25 mg/mL) for 3 h at room temperature (20 °C). 
The solution was neutralized with 25% acetic acid, and the 
remains were dried and acetylated with acetic anhydride 
(3.0  mL) at 100  °C for 1  h. The residue was extracted 
with chloroform, and the organic phase was washed with 
distilled water (1:1 v/v) three times. The resulting alditol 
acetates were injected into a gas chromatography–mass 
spectrometer (GC–MS, Agilent, 1260, USA) with Agilent 
122-2932 DB 225 (0.25 mm × 30 m × 0.25 μm).

Nuclear magnetic resonance (NMR) spectroscopy
Purified DOP samples (30  mg) were dissolved in  D2O, 
centrifuged, filtered, and analyzed on a Bruker AVANCE-
III-600 spectrometer (Bruker, Germany). The 1H NMR 
and 13C NMR, HSQC, COSY, TOCSY, and ROESY were 
recorded using Bruker software [30].

Anti‑inflammatory activity of purified polysaccharides
Cell culture
Murine macrophage RAW264.7 cells were obtained 
from the Cell Bank of Shanghai Institute of Biochemistry 
and Cell Biology (Chinese Academy of Sciences, China) 
and cultivated in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum 
(FBS) at 37 °C in a humidified atmosphere of 5%  CO2.

Cell viability
In brief, cells were seeded in a 96-well plate (1 ×  104 
cells/mL) cultured for 24  h to obtain a confluent 
monolayer and then treated with 10 μL culture medium 
(blank group) or 10  μL purified DOP samples (100  μg/
mL or 200  μg/mL, extract groups) with 10 μL LPS 
(lipopolysaccharide, 1.0  μg/mL) for 48  h. Cells treated 
with LPS (1.0  μg/mL, cultivated for 48  h) were used as 
the control group. Then, cells were incubated with MTT 
(10 μL, 5  mg/mL in phosphate-buffered saline [PBS]) 
for 4 h at 37  °C in a humidified atmosphere of 5%  CO2; 
subsequently, cells were lysed in dimethyl sulfoxide 
(DMSO) with gentle vibration for 10 min. The formation 
of formazan was measured at 590 nm using a microplate 
reader (CLARIOstar, BMG LABTECH, Germany), and 
the percentage of cells (cell viability) showing cytotoxicity 
was measured relative to the control group [31]. Each 
viability inhibition experiment was replicated at least 
three times.

Cell morphology
In brief, cells were inoculated into six-well plates (1 ×  105 
cells/well) and treated with purified DOP samples 

(100  μg/mL and 200  μg/mL, respectively) and LPS 
for 48  h. Then, the cell morphology was observed and 
photographed using an inverted fluorescence microscope 
(Leica, Germany).

Measurement of nitric oxide (NO) production
RAW264.7 cells were seeded in a 96-well plate (1 ×  105 
cells/well) and incubated with culture medium 
(blank group) or purified DOP samples at different 
concentrations (100 μg/mL and 200 μg/mL, respectively), 
along with LPS (1.0  μg/mL) for 48  h. Cells treated with 
LPS (1.0 μg/mL) for 48 h were used as the control group. 
CheKine™ nitric oxide (NO) assay kit (Abbkine, Wuhan, 
China) was employed, and absorbance was measured at 
590 nm. Nitrite concentrations in the supernatants were 
determined by comparing with a sodium nitrite  (NaNO2) 
standard curve [32].

Phagocytosis activity
Macrophage cells (5 ×  105 cells/well) seeded in 96-well 
plates were pre-incubated in complete DMEM, followed 
by stimulation with culture medium or purified DOP 
samples (100  μg/mL and 200  μg/mL, respectively) and 
LPS for 48  h. Cells treated with LPS (1.0  μg/mL) were 
used as a positive control. After each treatment, neutral 
red (0.075%, w/v) was added to each well, and cells were 
incubated for another 1  h. Then, cells were washed 
three times with PBS and resuspended in a mixture of 
ethanol, glacial acetic acid, and water (1:1:1, v/v/v). After 
incubation for 1 h, the absorbance of the culture medium 
was measured at 540  nm using a microplate reader 
(CLARIOstar, BMG LABTECH, Germany) [32].

λ‑Carrageenan (Carr)‑induced rat paw edema
In vivo anti-inflammatory activity was evaluated using a 
Carr-induced hind paw edema model [33]. After a 2-week 
adaptation period, SD rats (190 ± 20 g) were assigned to 
seven groups (n = 8), including a λ-Carr-induced group 
(Carr-induced), and Carr + DOP1, and Carr + DOP2 with 
three dose groups (50  mg/kg, 200  mg/kg, and 400  mg/
kg) respectively. The Carr-induced group received 
1% Carr (0.1  mL), with normal saline intragastrically 
administered. DOP1 and DOP2, at doses of 50  mg/kg, 
200  mg/kg, and 400  mg/kg, were administered orally, 
30  min before the intraplantar injection of 1% Carr 
(0.1 mL) into the right hind paw of the rat. Paw volume 
was measured immediately after the Carr injection at 
1, 2, 3, 4, 5, and 6 h intervals. The difference in volume 
(ΔmL) between hind paws was considered paw edema.
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Anti‑tumor activity against hepatocellular carcinoma
Cell culture
Human hepatocyte cell line HL-7702, human 
hepatocellular carcinoma cell line SNU-739, and HepG-2 
cells were purchased from the Cell Bank of Shanghai 
Institute of Biochemistry and Cell Biology (Chinese 
Academy of Sciences, China). HL-7702 and SNU-
739 cells were cultured in RPMI-1640 (Roswell Park 
Memorial Institute) medium, and HepG-2 cells were 
cultured in DMEM. All cultures were supplemented with 
10% heat-inactivated FBS,  NaHCO3 (2  g/L), 100  U/mL 
penicillin, and 10  μg/mL streptomycin. Cultures were 
incubated at 37  °C under a humidified atmosphere with 
5%  CO2 [34, 35].

Cell viability
Cell viability was detected by colorimetric MTT assay 
[34]. In brief, the cells suspension (5 ×  104 cells/mL) 
was seeded into a 96-well plate and incubated at 37  °C 
in a 5%  CO2 atmosphere for 24  h. Then, the cells were 
incubated with various concentrations of purified DOP 
samples (50 μg/mL, 100 μg/mL, 200 μg/mL, and 400 μg/
mL) for 24 h or 48 h. Following drug exposure, 10 μL of 
CCK-8 solution was added and incubated at 37 °C for 4 h. 
Absorbance was measured at 570 nm using a microplate 
reader (CLARIOstar, BMG LABTECH, Germany). Six 
wells were analyzed for each concentration, and the 
optical density of control (untreated) cells was considered 
100% viability. Cell viability was calculated using the 
following equation:

where Asample is the optical density value of samples with 
cells, Ablank1 is the optical density value of samples with 
medium, Acontrol is the optical density value of control 
with cells, and Ablank2 is the optical density value of 
control with medium [36].

Statistical analysis
Data values are presented as the mean ± standard 
deviation, and statistical analysis was performed by 
employing one-way analysis of variance (ANOVA) 
plus post hoc Duncan’s test. Statistical significance was 
defined at P < 0.05.

Results and discussion
Isolation and purification
After hot-water extraction, sequential alcohol precipita-
tion, deproteinization and dialysis, the crude polysaccha-
rides from D. opposita (DOP1 and DOP2) were obtained 
with yields of about 1.71% and 0.38%, respectively. The 
DOP1 and DOP2 were isolated by DEAE-52 cellulose 

(1)Cell survival rate (%) =
Asample − Ablank1

Acontrol − Ablank2

× 100,

column and eluted using 0.05 M, 0.1 M, and 0.2 M NaCl, 
respectively, to obtain DOP1-1, DOP1-2, DOP1-3, 
DOP2-1, and DOP2-2 (Fig.  2a, b). The elution peaks of 
DOP1-1 and DOP2-1 obtained by Sephadex G-100 were 
high and sharp (Fig. 2c, d), and the peaks were collected 
for further analysis. The 0.1  M NaCl was employed to 
purify DOP2, but the elution peak was relatively low and 
the yield was approximately zero.

Based on yield, NMR and bioactivity results, the 
structures of DOP1-1 and DOP2-1 were further 
characterized. The structures of DOP1-2, DOP1-3, and 
DOP2-2 require further investigation (data not shown). 
The carbohydrate content of DOP1-1 was 50.32%, 
including 13.96% uronic acid and 0.20% sulfated groups. 
The carbohydrate content of DOP2-1 was 82.00%, 
including 0.78% uronic acid and 0.12% sulfated groups 
(Table 1).

Molecular weight and monosaccharides determination
As shown in Table  1, the molecular weights (Mw) of 
DOP1-1 and DOP2-1 were 15.63  kDa and 32.32  kDa, 
respectively, the number-average molecular weight (Mn) 
of DOP1-1 and DOP2-1 were 9.45  kDa and 18.45  kDa, 
respectively, and the polydispersity (Mw/Mn) values 
of both samples were 1.653 and 1.751, respectively. 
According to Xu et  al., an Mw/Mn value close to 1 
indicated that Mw lies within a small range owing to the 
narrow distribution. Therefore, results suggested that 
the molecular weights of DOP1-1 and DOP2-1 were 
distributed in a relatively wide range [24].

Standard samples containing ten monosaccharides 
(mannose, ribose, rhamnose, glucuronic acid, galac-
turonic acid, glucose, galactose, xylose, arabinose, and 
fucose) were used to analyze the monosaccharide com-
positions of DOP1-1 and DOP2-1 by PMP pre-column 
derivatization. Accordingly, DOP1-1 was composed of 
mannose, ribose, rhamnose, galacturonic acid, glucose, 
galactose, arabinose, and fucose, and the main molar 
ratio was Man:GalA:Glc:Fuc:Gal = 155.71:66.44:12.25:10.
05:6.32, respectively. DOP2-1 demonstrated similar types 
of monosaccharides, except fucose, and the molar ratio of 
DOP2-1 was Gal:Man:Glc:Ara:Rha = 100.65:64.20:49.61:3
2.42:5.74, respectively (Table 1; Fig. 3a).

FT‑IR
FT-IR spectrum is commonly used to identify the 
organic functional groups in the polysaccharide 
structure (Fig.  3b). The strong hydroxyl stretching 
vibration peak at 3391   cm−1 indicates the presence 
of hydroxyl groups. The absorption at 2980   cm−1 
illustrated the C–H stretching peak [37]. The absorptive 
peaks at 1634   cm−1, the stretching vibration of a free 
carboxylic carbonyl group, suggested that DOP1-1 and 
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DOP2-1 are acidic polysaccharides [38]. The signals at 
1417   cm−1 were attributed to the deformation mode 
of  CH2 [30]. In the range of 1200–1000  cm−1, peaks at 
1150   cm−1, 1089   cm−1, and 1049   cm−1 illustrated the 
presence of C–OH side groups and COC– glycosidic 
bond, indicating the presence of pyranose [27, 39, 
40]. The weak bands near 882   cm−1 and 803   cm−1 
demonstrated that glucosyl residues could be present 
in both β- and α-configurations in the DOP1-1 and 
DOP2-1. The peak at 821   cm−1 for DOP2-1 suggested 
the presence of a furan ring [41].

SEM
Previous studies have shown that surface topography, 
structure, and properties of polysaccharides may be 
affected by the conditions of extraction, purification, 
and preparation [42]. As shown in Fig.  3c, d, the 
microstructures of the samples were analyzed by SEM, 

and the results showed that the polysaccharides had 
similar branched structures with slight differences. 
They presented loose and dendritic-like structures 
which suggested that the polysaccharides coagulate 
more easily and flocculate together to form higher 
molecular weight polymers.

Methylation analysis
Methylation analysis provides further structural infor-
mation of polysaccharides by GC–MS after hydrolysis, 
reduction, and acetylation [38]. As shown in Table  2, 
DOP1-1 was measured to be 1,2,5-Ac3-3,4,6-Me3-D-
Man, 2,3,6-Me3-Gal, and 2,3,6-Me3-Glc with molar 
ratios of 63.2:26.7:5.3; DOP2-1 derivatives were iden-
tified as 2,3,6-Me3-Gal, 1,4,5-Ac3-2,3,6-Me3-D-Man, 
2,3,6-Me3-Glc, 1,3,5,6-Ac4-2,4-Me2-D-Man, 1,4,5-Ac3-
2,3-Me3-D-Ara, and 3,4-Me2-Rha, with molar ratios 
of 32.3:27.1:17.8:7.4:5.3:1.7. The results suggested 
that DOP1-1 contained three linkages: → 2) Manp 

Fig. 2 Chromatographic isolation of polysaccharides from Dioscorea opposita Thunb. on the DEAE-52 column (a, b); chromatographic isolation of 
DOP1-1 (c) and DOP2-1 (d) on Sephadex G-100 column
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(1 → , → 4) Galp (1 → , and → 4) Glcp (1 → . DOP2-1 
contained six linkages: → 4) Galp (1 → , → 4) Manp 
(1 → , → 4) Glcp (1 → , → 3,6) Manp (1 → , → 5) Araf 
(1 → , and → 2) Rhap (1 → . The subsequent NMR analy-
sis corroborated the conclusions drawn from the meth-
ylation analysis.

NMR analysis
The monosaccharide composition, α- or β-anomeric 
configuration, linkage pattern, and sugar unit sequence 
were further determined by NMR spectroscopy. The 1H, 
13C, HSQC, COSY, TOCSY, and ROESY NMR spectra 
of DOP1-1 and DOP2-1 at 600  MHz were investigated 
(Figs. 4, 5).

NMR spectroscopy analysis of DOP1‑1
Three anomeric proton and anomeric carbon signals 
were observed in the 1H and 13C NMR and HSQC spec-
tra (Fig. 4a–c), which were δ 5.13/98.61, 4.61/96.17, and 
5.11/99.01, respectively, and named residues A, B, and 
C. Moreover, the carboxyl signal of 175.46 indicated 
the presence of uronic acid in DOP1-1. The chemi-
cal shifts of other protons were successfully obtained 
from the COSY spectrum (Fig.  4d). The correspond-
ing chemical shifts of carbon atoms were obtained by 
HSQC spectrum (Fig.  4c) and are shown in Table  3. 
Compared with literature data, the result showed that 

residue A was → 4)-α-d-Glcp-(1 → [43–46], the resi-
due B was 1,2-β-Manp [47, 48], and the residue C 
was → 4)-α-d-GalpA-(1 → [49–51].

The sequence of glycosidic linkages between DOP1-1 
residues was determined by ROESY spectrum (Fig.  4e). 
The results indicated the presence of → 2)-β-Manp-(1 → 
4)-α-Glcp-(1 → 2)-β-Manp-(1 → , → 1)-β-Manp-(2 → 1)-
α-GalpA-(4 → and → 2)-β-Manp-(1 → 2)-β-Manp-(1 → in 
DOP1-1. Based on the monosaccharide composition of 
DOP1-1, the ratio of three linkages was estimated to be 
2:11:5. Hence, the structures of DOP1-1 were predicted 
as shown in Fig.  4f, considering the comprehensive 
results of monosaccharide compositions, methylation 
analysis and NMR analysis.

NMR spectroscopy analysis of DOP2‑1
As shown in Fig. 5, the structure of DOP2-1 was further 
analyzed by NMR spectroscopy (1H, 13C, HSQC, 
COSY, ROESY, and TOCSY), and the corresponding 
hydrocarbon signals are shown in Table  3. The 13C and 
1H NMR spectra of DOP2-1 showed five anomeric 
carbon and five anomeric proton signals at δ 5.29/109.30, 
5.12/107.43, 5.11/98.92, 4.69/104.36, and 4.55/103.22, 
named A, B, C, D, and E. The signal at approximately 
1.29 of C-6 methyl proton of rhamnose was observed 
in the 1H spectrum [43]. Residue A was identified as 
T-α-Araf by comparison with the literature data [51, 
52]. The residue B was (1 → 5)-α-Araf according to the 
downfield shifts of C-5 (δ 68.09) [53]. The residues C, D, 
and E were identified as → 4)-α-d-Glcp-(1 → , 1,4-β-d-
Galp, and → 4)-Manp-(1 → by comparison of proton and 
carbon resonances with the literature data, respectively 
[43, 54].

The inter-residual and intra-residual connections 
of DOP2-1 were determined by ROESY and TOCSY 
spectra (Fig.  5e, f ). Results indicated the presence 
of → 1)-α-Arbf-(5 → T-α-Arbf and → 1)-Glcp-
(4 → 1)-α-Arbf-(5 → . Therefore, based on the NMR 
information, monosaccharide compositions as well as 
methylation analysis, the bone structure of DOP2-1 was 
speculated to be → 1)-β-d-Galp-(4 → , with two main 
branching structures proposed in Fig. 5g.

The results show that DOP1-1 obtains → 1)-β-Ma
np- (2 → , → 4)-α-Glcp-(1 → and → 1)-α-GalpA-(4 → , 
and the backbone of DOP2-1 consists of  → 1)-β-d-
Galp-(4 → , which is consistent with the finding of 
Zhu et  al. that the backbone of the CY polysaccharides 
contains β-(1 → 2) and β-(1 → 4) linkages [1]. Accord-
ing to Tang et  al. [18], the CY polysaccharides are a 
low methyl-esterified pectin with galacturonan and 
rhamnogalacturonan, which are also partially congru-
ous with our finding. Although we were not able to 
detect few linkages such as → 3,6)-β-Galp-(1 → in the 

Table 1 Molecular weight and molar ratios of DOP1-1 and 
DOP2-1

Data are represented as mean ± standard deviation (SD, n = 3)

DOP1‑1 DOP2‑1

Values for the carbohydrates 
content, uronic acid content (%)

 Carbohydrates 50.32 ± 0.03 82.00 ± 0.05

 Uronic acid 13.96 ± 0.05 0.78 ± 0.01

 Sulfated groups 0.20 ± 0.02 0.12 ± 0.01

Molecular weight
 Mw (kDa) 15.63 32.32

 Mn (kDa) 9.45 18.45

 Polydispersity (Mw/Mn) 1.653 1.751

Molar ratios
 Mannose (Man) 155.71 ± 0.01 64.20 ± 0.10

 Ribose (Rib) 1.00 ± 0.00 1.00 ± 0.00

 Rhamnose (Rha) 1.83 ± 0.00 5.74 ± 0.01

 Galacturonic acid (GalA) 66.44 ± 0.02 2.15 ± 0.01

 Glucose (Glc) 12.25 ± 0.01 49.61 ± 0.06

 Galactose (Gal) 6.32 ± 0.00 100.65 ± 0.11

 Arabinose (Ara) 2.60 ± 0.00 32.42 ± 0.02

 Fucose (Fuc) 10.05 ± 0.01 –
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Fig. 3 HPLC chromatograms of monosaccharides, DOP1-1, and DOP2-1 PMP derivative mixtures (a); FT-IR spectra of DOP1-1 and DOP2-1 (b); SEM 
images of DOP1-1 (c) and DOP2-1 (d)

Table 2 Methylation analysis of DOP1-1 and DOP2-1

Methylation product Mass fragments (m/z) Molar ratio (100%) Type of linkages

DOP1-1

 2,3,6-Me3-Glc 43, 45, 71, 87, 99, 101, 113, 117, 129, 161, 233 5.3  → 4) Glcp (1 → 

 1,2,5-Ac3-3,4,6-Me3-D-Man 71, 129, 161 63.2  → 2) Manp (1 → 

 2,3,6-Me3-Gal 43, 71, 87, 99, 101, 113, 118, 129, 131, 145, 161, 174, 233 26.7  → 4) Galp (1 → 

DOP2-1

 3,4-Me2-Rha 43, 45, 58, 60, 71, 73, 87, 101, 110, 117, 128 1.7  → 2) Rhap (1 → 

 2,3,6-Me3-Glc 43, 45, 71, 87, 99, 101, 113, 117, 129, 161, 233 17.8  → 4) Glcp (1 → 

 1,4,5-Ac3-2,3,6-Me3-D-Man 71, 87, 99, 101, 113, 117, 129, 161, 173, 233 27.1  → 4) Manp (1 → 

 1,4,5-Ac3-2,3-Me3-D-Ara 71, 87, 101, 117, 129, 161, 189 5.3  → 5) Araf (1 → 

 1,3,5,6-Ac4-2,4-Me2-D-Man 71, 87, 101, 117, 129, 189, 233 7.4  → 3,6) Manp (1 → 

 2,3,6-Me3-Gal 43, 71, 87, 99, 101, 113, 118, 129, 131, 145, 161, 174, 233 32.3  → 4) Galp (1 → 
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literature, → 1)-α-Arbf- (5 → was found to supplement 
the results of Tang et  al. The structure of CY polysac-
charides proposed by Zhou, Huang, and Chen com-
prises α-d-Gluc-(1 → 4) glycosidic linkages which present 
in our predicted structures [16]. It is worth noting that 
the structures of purified polysaccharides DOP1-1 and 
DOP2-1 predicted in this study were different from pre-
vious researches [1, 14, 16, 18], which may be caused by 

the planting area, weather, the year and months of har-
vest, and the extraction, separation, and purification 
method of Dioscorea opposita.

Anti‑inflammatory activity
Effects on proliferation
To identify the bioactivities of purified polysaccharides 
from D. opposita, the anti-inflammatory effects of 
DOP1-1 and DOP2-1 against macrophage RAW264.7 

Fig. 4 1H spectrum (a); 13C spectrum (b); HSQC spectrum (c); COSY spectrum (d); ROESY spectrum (e); predicted structure of DOP1-1 (f)
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Fig. 5 1H spectrum (a); 13C spectrum (b); HSQC spectrum (c); COSY spectrum (d); ROESY spectrum (e); TOCSY spectrum (f); the predicted structures 
of two branching chains of DOP2-1 (g)
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cells were investigated. The cell proliferation of cells 
in the control group which was incubated without LPS 
or DOP was considered as 100%. Following treatment 
with DOP1-1 or DOP2-1, the cell proliferation rate of 
LPS-stimulated RAW264.7 cells decreased correlating 
positively with the concentration employed (Fig.  6b). 
Thus, DOP1-1 and DOP2-1 were preliminarily consid-
ered to possess anti-inflammatory effects.

Morphology
As shown in Fig.  6a, following LPS treatment for 
48  h, cells were swollen and differentiated, presenting 
numerous pseudopods. Meanwhile, the cytoplasm and 
nuclei became blurred, with white transparent vesi-
cles observed in the cytoplasm. However, the degree 
of cell differentiation (pseudopods, blurred cytoplasm 
and nuclei, and white transparent vesicles) decreased 

Table 3 1H and 13C NMR chemical shifts (ppm) of DOP1-1 and DOP2-1

Glycosyl residues Chemical shift δ H/C (ppm)

H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6

DOP1‑1
 A 1,4-α-Glcp 5.13/98.61 3.75/68.19 4.01/69.33 3.86/69.45 4.02/68.41 3.79/61.00

 B 1,2-β-Manp 4.61/96.17 4.02/68.41 3.76/70.23 3.50/71.35 3.48/71.50 3.77/68.19

 C 1,4-α-GalpA 5.11/99.01 3.75/70.23 4.04/69.45 4.46/79.27 −/71.35 -

DOP2‑1
 A T-α-Arbf 5.29/109.30 4.26/81.21 3.98/76.58 4.13/83.99 3.86/60.77 -

 B 1,5-α-Arbf 5.12/107.43 4.17/80.90 4.05/76.21 4.21/82.33 3.82/68.09 -

 C 1,4-α-d-Glcp 5.11/98.92 3.76/73.30 3.86/71.30 3.82/80.11 3.72/71.82 3.76/61.25

 D 1,4-β-d-Galp 4.69/104.36 3.41/73.30 3.82/73.30 4.21/77.65 3.82/76.21 3.76/60.77

 E 1,4-β-d-Manp 4.55/103.22 3.98/73.30 3.46/71.82 3.73/76.58 3.86/71.30 3.63/71.30

Fig. 6 Effects of the DOP1-1 and DOP2-1 on the general morphology of the LPS-induced RAW264.7 cells (a); RAW264.7 cells were pretreated with 
LPS, and cell proliferation rate was measured by MTT assay (b); effects of the DOP1-1 and DOP2-1 on NO levels of RAW264.7 cells induced by LPS 
(c); effects of DOP1-1 and DOP2-1 on phagocytosis index of RAW264.7 cells induced by LPS (d); effect of DOP2-1 on the viability of HL-7702 cells (e); 
SNU-739 cells (f); HepG2 cells (g). Data are represented as mean ± standard deviation (SD, n = 6). *P < 0.05, **P < 0.01
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significantly at concentrations of 100 μg/mL or 200 μg/
mL for DOP1-1 and DOP2-1. Compared with 100 μg/
mL, the degree of cell differentiation decreased more 
obviously at the concentrations of 200  μg/mL, indi-
cating that the decrease correlated with increased 
concentration.

NO production
Inhibition of NO production is an important way to treat 
various inflammatory diseases [55]. CheKineTM nitric 
oxide assay kit was used to measure NO production 
following reduction of nitrate to nitrite by Griess method. 
NO production of unstimulated RAW264.7 cells was 
undetected, and LPS stimulation significantly increased 
the NO concentration (approximately 17.5 ± 1.3  μM). 
The ability of DOP1-1 and DOP2-1 to decrease the NO 
concentration in LPS-activated RAW264.7 macrophages 
was evaluated (Fig.  6c). Upon LPS stimulation, 
following treatment with DOP1-1 or DOP2-1 at a 
concentration of 100 μg/mL, the NO concentrations were 
significantly decreased to approximately 16.7 ± 2.7  μM 
or 15.5 ± 0.7  μM, respectively; on treating with DOP1-1 
or DOP2-1 at 200  μg/mL, the NO concentrations 
dropped extremely to approximately 11.8 ± 1.2  μM and 
11.6 ± 0.6  μM, respectively. That is to say, RAW264.7 
cells treated with DOP1-1 (100  μg/mL or 200  μg/mL) 
could significantly inhibit NO production mediated by 
LPS-stimulated RAW264.7 cells (4.43% and 32.84%, 
respectively). Similarly, DOP2-1 (100  μg/mL or 200  μg/
mL) can also significantly inhibit NO production (10.94% 
and 33.32%, respectively).

Macrophage phagocytosis
Under stimulation, macrophage phagocytosis is activated 
to eliminate pathogens and cell debris [32]. As shown in 
Fig.  6d, following treatment with DOP1-1 or DOP2-1, 
macrophage phagocytosis (LPS-stimulated RAW264.7) 

was significantly decreased in a dose-dependent manner. 
The results suggested that LPS-stimulated macrophages 
were significantly inhibited, and with increasing concen-
tration, the phagocytic index decreased more sharply. 
Compared with DOP1-1, cells treated with DOP2-1 
inhibited macrophage phagocytosis (P < 0.05). The results 
of the phagocytosis assay were consistent with NO pro-
duction, indicating the anti-inflammatory effects of 
DOP1-1 and DOP2-1.

λ‑Carrageenan (Carr)‑induced rat paw edema
Carr, a polysaccharide, produces clinical symptoms 
such as edema immediately after injection, inducing 
inflammatory responses. The inflammatory response 
is measured by an increase in paw size. DOP1-1 
and DOP2-1 were further purified from crude 
polysaccharides DOP1 and DOP2 with much lower 
yields. Therefore, the anti-inflammatory effects of DOP1 
and DOP2 were evaluated by injected Carr into the right 
hind paw of rats to induce paw edema.

As shown in Table 4, compared with the Carr-induced 
group, symptoms were aggravated after administration of 
DOP1 at oral dosage of 50  mg/kg or 200  mg/kg, which 
may be due to the complexity of the crude polysaccha-
rides, such as glycoprotein. However, the symptom was 
significantly reduced and edema subsided when the oral 
dose of DOP1 reached 400  mg/kg. Oral administration 
of 50 mg/kg DOP2 showed no significant difference, and 
a reduction in edema regression was observed with an 
oral dosage of 200  mg/kg DOP2. The results indicated 
that a dosage of 50  mg/kg was too low to be effective, 
and 400  mg/kg of DOP2 was considered to be an ideal 
dosage. Ultimately, DOP2 showed a superior effect than 
DOP1 in terms of inhibiting inflammatory edema. These 
results suggest that DOP1 and DOP2 both present anti-
inflammatory effects and could be developed as a novel 
health-care food.

Table 4 Effects of DOP1 and DOP2 on carrageenan (Carr)-induced hind paw edema in rats

Data are represented as mean ± standard deviation (SD, n = 8). Significant difference analysis for each row, *P < 0.05, **P < 0.01

Group Value of paw edema (ΔmL)

1 h 2 h 4 h 5 h 6 h

Carr-induced 0.225 ± 0.140 0.293 ± 0.110 0.280 ± 0.060 0.158 ± 0.030 0.095 ± 0.020

DOP1
 50 mg/kg 0.283 ± 0.029 0.417 ± 0.058 0.397 ± 0.075* 0.363 ± 0.085** 0.317 ± 0.076**

 200 mg/kg 0.150 ± 0.050 0.387 ± 0.030 0.360 ± 0.040* 0.327 ± 0.030** 0.267 ± 0.030**

 400 mg/kg 0.137 ± 0.100 0.173 ± 0.070 0.143 ± 0.010** 0.097 ± 0.030* 0.043 ± 0.010**

DOP2
 50 mg/kg 0.190 ± 0.042 0.195 ± 0.064 0.175 ± 0.064 0.115 ± 0.035 0.090 ± 0.014

 200 mg/kg 0.134 ± 0.056 0.158 ± 0.030 0.128 ± 0.030** 0.080 ± 0.030** 0.060 ± 0.020**

 400 mg/kg 0.053 ± 0.040 0.090 ± 0.040 0.063 ± 0.040** 0.037 ± 0.020** 0.017 ± 0.010**
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Anti‑tumor effects against hepatocellular carcinoma
To identify the anti-tumor activity of purified 
polysaccharides, the inhibitory effects of DOP1-1, DOP1-
2, DOP1-3, DOP2-1, and DOP2-2 against hepatocellular 
carcinoma (HepG2 and SNU-739), colorectal carcinoma 
(HCT-116), and cervical carcinoma (HeLa) were 
investigated. Only DOP2-1 exhibited inhibitory effects 
against hepatocellular carcinoma cells.

A comparative study on the cytotoxicity of human 
normal hepatic cells (HL-7702), human hepatocellular 
carcinoma cell line SNU-739, and HepG-2 cells treated 
with various DOP2-1 concentrations (50 μg/mL, 100 μg/
mL, 200  μg/mL, and 400  μg/mL) for 24  h or 48  h was 
performed (Fig.  6e–g). After incubation for 24  h, SNU-
739 cell viability decreased from 89.77% with 50  μg/mL 
to 63.76% with 400 μg/mL DOP2-1. After incubation for 
48  h, the SNU-739 cell viability decreased from 88.15% 
(50  μg/mL) to 40.79% (400  μg/mL) in a dose-dependent 
manner. For HepG2 cells, cell viability decreased from 
83.32% (50 μg/mL) to 43.12% (400 μg/mL) after 24 h incu-
bation, and from 78.35% (50  μg/mL) to 22.44% (400  μg/
mL) after incubation for 48 h, in a dose-dependent man-
ner. Overall, compared with the anti-proliferative effect at 
48 h, the inhibition was lower in the group at 24 h, sug-
gesting that the inhibitory effect of fractions increases 
with time [56]. The anti-proliferative effects of DOP2-1 on 
HepG2 were stronger than those on SNU-739 cells.

DOP2-1 did not affect HL-7702 cells in the range of 
0–100  μg/mL and instead promoted cell proliferation. 
At 200 μg/mL, the effect of DOP2-1 was not significant. 
At 400 μg/mL, DOP2-1 had an inhibitory effect on cells, 
presenting viabilities of 82.27% (24 h) and 64.61% (48 h). 
Therefore, 200  μg/mL was preliminarily considered a 
safe dose. Cell viabilities of SNU-739 and HepG2 were 
75.69% and 56.23%, respectively, after 24 of incubation, 
and 64.29% and 47.64%, respectively, after 48 h of incuba-
tion. Hence, at a 200 μg/mL dose, DOP2-1 is safe and can 
inhibit tumor cell proliferation to a certain extent, which 
could be developed as a safe anti-tumor health product.

Conclusions
In the present study, water-soluble polysaccharides 
DOP1-1 and DOP2-1 were isolated and purified from D. 
opposita, and their structures were assessed by HPSEC–
MALLS–RID, HPLC, FT-IR, methylation analysis, and 
NMR. According to the results, DOP1-1 (15.63  kDa) 
existed as  → 2)-β-Manp-(1 → 4)-α-Glcp-(1 → 2)-β-Man
p-(1 → , → 1)-β-Manp-(2 → 1)-α-GalpA-(4 → and 1 → 2
)-β-Manp-(1 → 2)-β-Manp-(1 → , with a ratio of 2:11:5. 
The bone structure of DOP2-1 (32.32 kDa) was hypothe-
sized to be → 1)-β-d-Galp-(4 → , and contained two main 
branches composed of arabinose with different degrees 
of polymerization.

Additionally, preliminary anti-inflammatory and anti-
tumor  activities were investigated. After treatment 
with DOP1-1 and DOP2-1 (100 μg/mL or 200 μg/mL), 
macrophage phagocytosis (LPS-stimulated RAW264.7) 
was significantly decreased in a dose-dependent 
manner. More importantly, DOP2-1 showed a stronger 
inhibition on macrophage phagocytosis than DOP1-
1. Meanwhile, DOP2-1 can inhibit the proliferation of 
tumor cells (SNU-739 and HepG2) to a certain extent 
at the dose of 200 μg/mL, which can be used as a safe 
anti-tumor health product. Therefore, the structures 
and bioactivity results of polysaccharides could help 
elucidate the use of D. opposita in pharmacological 
fields and functional health-care foods, while also 
providing novel insights into the future development of 
Chinese yam polysaccharides.
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