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Abstract

Pholiota adiposa is an edible chestnut mushroom with many health benefits, such as antioxidant and anticancer activity.
In this paper, polysaccharides were extracted from Pholidota adiposa using an acid extraction process. The crude polysac-
charide was purified using DEAE-cellulose chromatography, and two polysaccharide fractions of SPAP2-1 and SPAP2-2
were obtained. The structure was characterized using UV, GPC, GC, FT-IR, methylation, and NMR analysis. Monosac-
charide component analysis indicated that SPAP2-1 (19 kDa) and SPAP2-2 (20 kDa) contained mannose, glucose, and
galactose with different molecular ratios. Their antitumor effects were investigated using the 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl tetrazolium (MTT) assay, Annexin V-fluorescein isothiocyanate (FITC), propidium iodide (PI) staining, and
flow cytometry. By analyzing the changes in the cells, SPAP2-1 caused damage and changed the proliferation rate of HeLa
cells. SPAP2-1 showed strong interference to the cell cycle of HeLa cells and induced cell apoptosis. Overall, these results
suggested that polysaccharides from Pholiota adiposa, especially SPAP2-1, may have the potential to be used as a tumor

cell inhibitor, which needs further study.
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Introduction

Pholiota adiposa, an edible chestnut mushroom, is culti-
vated in Japan, China, Europe, and North America. It is a
good source of trace minerals and contains free amino acids
and vitamins[ 1, 2]. Cultivation parameters, such as optimal
temperature, pH, and cultivation media formula can affect
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the nutrient composition of P. adiposa [3]. The components
isolated from P. adiposa have been reported to be bioactive
with multiple health-related functions. The stigmasterol,
pentapeptide, adenosine, lectin, water extract, and metha-
nol extract obtained from P. adiposa were reported to have
anti-tumor, antioxidant, anti-hypertension, anti-microbial,
anti-proliferative, anti-viral, and immunomodulatory activ-
ity [1, 4-11].

Polysaccharides are biological macromolecules com-
posed of monosaccharides linked together through glyco-
sidic bonds and widely distributed in animals, plants, and
microorganisms. In recent years, much attention has focused
on polysaccharides due to their various potential bioac-
tivities such as anti-tumor, antioxidant, anti-inflammatory,
anti-microbial, anti-viral, and immunomodulatory activity
[12—15]. The antitumor activity of P. adiposa polysaccha-
rides (PAP) was investigated and showed a prominent effect
in counteracting Lewis lung cancer in mice. The investiga-
tions have demonstrated that PAP can be an effective anti-
oxidant compound in scavenging oxyradicals, superoxide
ions, and 1,1-diphenyl-2- picrylhydrazyl (DPPH) radicals
[5, 16].
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In our previous work, the results suggested that PAP can
inhibit the proliferation of HeLa, Caco2, and HepG2 cells,
especially the acid-extracted PAP (SPAP2) showed 91%
inhibition of HeLa cells [17]. However, the structural prop-
erties have not been reported yet. In this study, the extrac-
tion, purification, and structural characterization of the
acid-extracted PAP from the fruit body of P. adiposa were
investigated. The anti-tumor activities of PAP were explored
by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium
(MTT) assay, Annexin V-fluorescein isothiocyanate (FITC),
propidium iodide (PI) staining, and flow cytometry.

Materials and methods
Materials

Dried fruit bodies of P. adiposa were grown and provided
by the Forest Protection Laboratory in the College of For-
estry, Northeast Forestry University (Harbin, China). P
adiposa spawn was cultured in sterilized substrates in poly-
thene bags and then incubated at 30 °C for three months to
grow into a fruiting body which was dehydrated using an
air-drying oven at 55 °C for two days. HeLa cells (Cat. No.
D611002-0001) were purchased from Sangon Biotechnol-
ogy Co. (Shanghai, China).

Pyridine, acetic anhydride, DEAE-cellulose, Sepharose
CL-6B, standard monosaccharides of L-rhamnose (RHA),
D-fucose (Fuc), D-arabinose (Ara), D-xylose (Xyl), D-man-
nose (Man), D-glucose (D-Glc), D-galactose (Gal), and
D-inositol (Ino), standard dextrans of known MW (5, 12,
25, 50, 80, 150, 410, 670 kDa) according to the manufac-
turer were purchased from Sinopharm Chemical Reagent
Co. (Shanghai, China). Formic acid, acetic acid, methanol,
absolute ethanol, and sodium hydroxide were purchased
from Beijing Chemical Works Co. (Beijing, China). Dul-
becco’s modified essential medium (DMEM), trypsin
(bovine, ~ 10,000 BAEE units/mg protein), trifluoroacetic
acid (TFA), dimethyl sulfoxide (DMSO), and hydroxyl-
amine hydrochloride were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Sodium phosphate-buffered saline
(PBS), fetal bovine serum (FBS), penicillin, streptomy-
cin, and lysine amide were purchased from Gibico (Grand
Island, NY, USA). Fluorouracil (5-Fu) was purchased
from Lima Biotechnology Co. (Shanghai, China). Annexin
V-FITC/PI staining kit was purchased from Sangong Bio-
technology Co. (Shanghai, China). All other chemicals and
reagents were analytical grade.
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Isolation and purification of the crude
polysaccharides

The dry fruit bodies of P. adiposa were ground into pow-
der (60 mesh sieved) using a high-speed disintegrator
(SL-250ABS, Yunda Co., Yongkang, China). The pow-
der was soaked in petroleum ether (1:4, w/v) for 24 h to
remove lipid. To remove the petroleum ether, the mixture
was rotary evaporated under a vacuum at 45 °C (RE-5205,
Biobase Co., Ji’nan, Shandong, China) before air-drying.
The dry mixture was then added to 0.1 mol/L HCI (1:30,
w/v) and extracted at 45 °C for 4 h (2x) using a water bath.
Extracts were combined and the pH adjusted to 7.0 (Met-
tler-Toledo Co., Greifensee, Switzerland) and concentrated
at 45 °C using the evaporator to approximately 1/3 of the
original volume. The concentrated extracts were dialyzed
using Spectra/Pro 3 dialysis tubing (Repligen Co., Shang-
hai, China, with a nominal cut-off of 3.5 KDa according to
the manufacturer) against distilled water for 48 h. Then four
volumes of 95% (v/v) ethanol were added to the dialysate,
and the mixture was allowed to stand overnight at 4 °C.
After 10 min centrifugation at 10,000 rpm (25 °C; BKC-
VH20R, Biobase Co.), filtration (Whatman # 1 filter paper;
Starlab Scientific Co., Xi’an, Shaanxi, China) and lyophi-
lization (Bilang Instrument Co., Shanghai, China), crude
SPAP1 was obtained.

The polysaccharide content of Pholiota adiposa was
determined by the phenol-sulfuric acid method. Using glu-
cose as the standard, draw the content curve. The polysac-
charide content was calculated by measuring the absorbance
value of the sample and then substituting it into the standard
curve.

CVN

Yield (%) = x100%

m

where C represents the mass concentration of polysaccha-
ride of Pholiota adiposa calculated according to the stan-
dard curve, %; V is the total volume of the polysaccharide
extract, mL; N is the final dilution ratio of the solution; m
is the total polysaccharide content of Pholiota adiposa, g.
The crude SPAP1 powder was dissolved and then depro-
teinized using the Sevag method four times[18]. Briefly, 17
mL of Sevag reagent (V pioroform” V 1-butanol = 4:1) was added
to 50 mL of SPAP1 solution (10.0 mg/mL), then left for
30 min after vortex treatment. The supernatant was removed
and the precipitate was discolored for 3 h at 37 °C using
5% H,0, (v/v). The deproteinized and discolored SPAPI,
termed SPAP2, was obtained after dialysis, alcohol precipi-
tation, and lyophilization previously described for SPAP1
extraction. The SPAP2 was dissolved in distilled water
(10.0 mg/mL), and centrifuged (10,000 rpm, 25 °C) for
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10 min. The supernatant was obtained after suction filtra-
tion (Starlab Scientific Co.) using Whatman # 1 filter paper.
Then 50 mL of SPAP2 solution was applied to a DEAE-
cellulose (Sigma-Aldrich) column (1.6 x 10 cm) and eluted
with distilled water, followed by gradient elution with 1 and
2 mol/L NaCl and collected in 10 mL tubes (60 tubes for
each elution solution) to obtain the elution curves. The same
fractions were combined and concentrated using rotary
evaporation and dialyzed against distilled water for 48 h.
Two polysaccharides, named SPAP2-1 and SPAP2-2, were
obtained after lyophilizing the dialysate.

Structure characterization of SPAP2
UV and MW analysis

Proteins and nucleic acids were detected using an ultravio-
let spectrophotometer (model 752, Shanghai Optical Instru-
ment Factory Co., Shanghai, China) as described by Yuan
et al. [19]. Briefly, two fractions were dissolved and diluted
to 2 mg/mL respectively, and they were scanned from 200
to 1200 nm.

The MW of SPAP2-1 and -2 were determined using
gel permeation chromatography (GPC) using a Shimadzu
LC-10 A high-performance liquid chromatography (HPLC)
system (Shimadzu Corp., Tokyo, Japan) fitted with a Sepha-
rose CL-6B column (1.5x 100 cm) (Sigma-Aldrich) and a
differential refractive index detector (RID) (Shimadzu). The
sample was dissolved in ultrapure water (0.2%, w/v) and
centrifuged at 10,000 rpm, 25 °C, for 5 min, the superna-
tant (20 pL) was then applied to the column at 0.6 mL/min
at 35 °C (column), 7 MPa. The running time was 30 min,
and 0.15 mol/L NaCl solution was used as the eluent at
0.15 mL/min. The retention time was obtained using this
method. Dextrans of different MW (5, 12, 25, 50, 80, 150,
410, 670 kDa) according to the manufacturer (Sinopharm
Chemical Reagent Co.) were used as standards for MW
measurements.

Monosaccharide composition

Monosaccharide composition was determined using gas
chromatography (GC) using the method of Yuan et al. [19]
with slight modifications. L-rhamnose, D-fucose, D-arabi-
nose, D-xylose, D-mannose, D-glucose, and D-galactose
(Sigma-Aldrich) were the monosaccharide standards.
The polysaccharide samples (5 mg) were degraded with 4
mL TFA (2 mol/L) at 120 °C for 3 h, then extra TFA was
removed by evaporating three times after adding methanol.
Hydroxylamine hydrochloride (10 mg) and 0.5 mL of pyri-
dine were added into the degraded product with 7 mg ino-
sitol used as the internal reference, mixed by vortex, and

then incubated at 90 °C in a water bath for 30 min. After
incubation, the mixture was cooled to room temperature and
acetylated using 0.5 mL of acetic anhydride in a water bath
at 90 °C for 30 min. All standard sugars were converted to
their acetylated derivatives using the above method.

The acetylated mixture was analyzed using a GC system
(Agilent 6890 N, Wilmington, DE, USA) equipped with a
fused silica capillary column (RTX-1701, 0.25 pmx30.0 m,
Supelco, Bellefonte, PA, USA) and a flame ionization detec-
tor (FID) (Agilent), with nitrogen (99.9% of purity) as the
carrier gas. The temperature program was: 180 to 220 °C at
5 °C/min, holding for 5 min, and then to 280 °C at 10 °C/
min holding for 20 min. The monosaccharide composition
was determined based on the retention time of the mono-
saccharide standards. The area normalization method was
used to calculate the molar proportion of monosaccharides
in SPAP2-1 and 2.

Methylation analysis

Polysaccharides were methylated by the modified method
of Ciucanu (1984). Dried polysaccharide (5 mg) was dis-
solved in a vial with 0.5 mL of anhydrous DMSO (99.9%
purity) at room temperature, followed by the addition of 0.5
mL of NaOH-DMSO suspension. A total of 1 mL of methyl
iodide was added dropwise to the mixture and the mixture
was stirred in an ice bath for 30 min. The resulting mixture
was dialyzed and the retentate was subjected to hydrophilic
treatment. The methylation step was repeated twice before
washing three times with water and dichloromethane (1:1,
v/v). The dichloromethane was removed by vacuum distilla-
tion and the permethylated polysaccharide was hydrolyzed
and converted to partially methylated aldehyde condensate
(PMAA) and analyzed by an Agilent Technologies 7890B
GC and 5977B MSD system equipped with an Agilent DB-
35MS capillary column (Wilmington, DE, USA). The tem-
perature program was 140 °C (2 min) to 170 °C (3 min) at
5 °C/min, to 180 °C (5 min) at 1 °C/min, to 220 °C (1 min)
at 3 °C/min and to 295 °C (3 min) at 20 °C/min. Gas chro-
matography uses helium as a carrier.

FT-IR

The freeze-dried sample was ground and mixed with spec-
troscopic grade KBr powder. The mixture was pressed into
a 1 mm pellet for FT-IR analysis with an Affinity-1 IR spec-
trophotometer (Brucker Technology Co., Beijing, China)
within 4000-400 cm™! at a resolution of 4 cm™! [20, 21].
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NMR spectroscopy analysis

The sample (about 50 mg) was dissolved in 1 mL D,O in a
NMR tube. ! H and !> C NMR spectra were recorded at 600
and 150 MHz, respectively, on a Bruker NMR spectrometer
(AVANCE III HD 600, Bruker, Germany) at 25 °C. Two-
dimensional spectra (heteronuclear single quantum coher-
ence, HSQC, and heteronuclear multiple bond correlation,
HMBC) were recorded using the standard Bruker pulse
procedures.

Cell inhibitory assay

The inhibitory effects of SPAP2 on the tumor cell were
determined using the colorimetric 3-(4, 5-dimethyl-2-thia-
zolyl)-2, 5-diphenyltetrazolium bromide (MTT) assay using
the method of Li et al[22]. with slight modifications. HeLa
cells were cultured with DMEM containing 10% FBS,
penicillin (100 U/mL), and streptomycin (100 mg/mL) in a
37 °C, 5% CO, humidified incubator [23, 24].

Cells (100 uL/well) in logarithmic phase were treated
with 0.25% trypsin solution at 5x 10% cells/mL suspension
in 96-well plates. Three groups were set as blank (DMEM
only), control (DMEM and cells), and SPAP2 (DMEM,
SPAP2 solution, and cells). SPAP2 solutions were added to
final concentrations of 0.25, 0.5, 0.75, 1.0, 2.0, 3.0, 4.0, 5.0,
and 6.0 mg/mL. Six repeats were conducted for each group.
All groups were incubated for 24, 48, and 72 h.

After incubation, 20 pL of MTT was added to each well,
and groups were incubated for 4 more h. After the second
incubation, cells were centrifuged (1,000 rpm) for 3 min
at 4 °C (TGL-16 K, Xi’an Yima Opto-electrical Technol-
ogy Co., Xi’an, Shanxi, China) and precipitates were col-
lected followed by the addition of 150 pL of DMSO. The
absorbance of each well was measured at 490 nm using an
MR-96 A microplate reader (Mindray, Shenzhen, Guang-
dong, China). The proliferation rate and inhibition rate were
calculated using Egs. (1) and (2), and they were used to
determine the ICs, concentration for further research.

Proliferation rate (%) = Absorbance(spaps)/Absorbance(cntror x 100% (l)

Inbition rate (%) = 1 — Proliferation rate 2

Cell cycle distribution assay

HeLa cell cycle distribution was determined using prop-
idium iodide (PI) staining and flow cytometry as previ-
ously described [25]. The control group (HeLa cells) and
the SPAP2 group (SPAP2 treated HeLa cells) were used.
Cells in the logarithmic phase were treated using the 0.25%
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trypsin solution at a density of 1-5x10° cell/mL and pel-
leted by centrifugation at 1,000 rpm for 3 min at 4 °C (Xi’an
Yima centrifuge), washed twice in pre-cooled PBS (pH 7.4),
and centrifuged again. Cells were then fixed in a dilution of
pre-cooled PBS and ethanol (70%, v/v) at 4 °C for 2 h, the
cell pellet was washed once in pre-cooled PBS and re-cen-
trifuged. The pellet was stained using 100 pL of 1 mg/mL
propidium iodide solution and incubated at 4 °C for 30 min
in the dark. Then 2 pL of Triton X-100 was added at the
25" min to assist with staining. The stained cells were cen-
trifuged at 1,000 rpm for 3 min at 4 °C and re-suspended in
1 mL of pre-cooled PBS for flow cytometric analysis using
FACSAria flow cytometry (Becton- Dickinson, Mansfield,
MA, USA) and Modfit software (Version 3.2, Bio-Rad, Her-
cules, CA, USA).

Assay of apoptosis induced by purified SPAP2

Control (HeLa cells), SPAP2 (SPAP2 treated HeLa cells),
and the positive control (5-Fu group, 0.15 mg/mL fluoroura-
cil treated HeLa cells) were used to study HeLa cell apop-
tosis induced using purified SPAP2. Cells in the logarithmic
phase were treated with 0.25% trypsin solution (without
EDTA) after reaching 1-5x 10> cells/mL and pelleted by
centrifugation at 1,000 rpm for 3 min at 4 °C, washed twice
in pre-cooled PBS (pH 7.4), centrifuged again to collect
cells. Then 100 pL of Binding Buffer was added before
straining with 5 pL of Annexin V-FITC (Sangon Biotech)
and 5 pL of propidium iodide solution (Sangon Biotech) in
the dark for 10 min. Following the staining, another 400
pL of Binding Buffer has added to re-suspend the cells.
The proportions of apoptotic cells were detected using flow
cytometry, and the results were analyzed using the Modfit
software.

Statistical analysis

Cell inhibition assays were carried out with 6 repeats. Cell
cycle distribution and apoptosis assays were carried out in
triplicate. The results were expressed as mean+SD, and
P<0.05 was considered statistically significant. The data
were analyzed using the T-test by SPSS 13 software (SPSS
Inc., Chicago, IL, USA).

Results and discussion
Isolation and purification of polysaccharides
After dialysis and ethanol precipitation, the yield of the

crude polysaccharide SPAP1 was 9.26% =+ 0.81%. SPAP1
was deproteinized and discolored to produce SPAP2 (yield
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of 6.61% £ 0.56%), which was further fractionated on
a DEAE-cellulose column and target fractions SPAP2-1
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(yield of 62.41% + 0.43%) and SPAP2-2 (yield of 3.82% +
0.64%) was obtained.

Fig. 1 Elution curve (A) and UV spectra (B) of SPAP2-1 and -2

Fig.2 Gas chromatogram of
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sition of SPAP2-1, and (C) the
monosaccharide composition of
SPAP2-2

B

absorbance

2.5

2.0

in
I

o
1

0.5+

0.

=

SPAP2-2

71 SPAP2-1

200

T T T T 1
400 600 800 1000 1200
wavelength (nm)

soumeyy

soong

=—__ somquiy

[oysouy

souueyy
s0oN[9

D —
—
] L—-aso;uwg
h
1

> souumey

s0an[9

1 === 1onsouy

o [== esopejen

BT

souueyy

s0on|)

r asojoe[es

p

] g [oysouy

4

@ Springer



518

Glycoconjugate Journal (2022) 39:513-523

MW and monosaccharide composition of SPAP2-1
and -2

After purification with a DEAE-Sepharose fast flow column
(Fig. 1 A), two major fractional peaks, eluted with ultrapure
water and 0.15 M NaCl, were obtained.

In this study, we mainly focused on the SPAP2-1 fraction
and SPAP2-2 fraction. Ultraviolet spectra (Fig. 1B) of these
two fractions showed no absorbance at 260 or 280 nm, sug-
gesting the absence of proteins and nucleic acids[26]. As
shown in Fig. 1 A, a single absorption peak was observed
and the average molecular mass of SPAP2-1 was estimated
to be 19 kDa according to the dextran standard curve.
Since both SPAP2-1 and SPAP2-2 were eluted as a single
and symmetrical peak, this indicated that both SPAP2-1
and SPAP2-2 may be a homogeneous polysaccharide. The
molecular weight of a polymer and its retention time (or
efflux volume) is inversely proportional, the smaller the
molecular weight, the later the peak emergence time.

The monosaccharide compositions of SPAP2-1 and
-2using GC are shown in Fig. 2; Table 1. It suggested that
both fractions were composed of mannose, glucose, and
galactose, and glucose was the predominant monosaccha-
ride in both fractions (especially in SPAP2-2), which was
similar to the findings of [27].

Methylation and GC-MS analysis

PAP2-1 and -2 were methylated using the modified method
of Ciucanu and the obtained PMAA were analyzed by
GC-MS. The related linkage patterns and the molar ratio
of the glycoside residues of SPAP2-1 and -2 were summa-
rized in Table 2. The GC-MS separation chromatograms of
SPAP2-1 and SPAP2-2 are shown in Fig. 3.

The results of the methylation analysis showed that both
fractions mainly consisted of 1,4-Glcpand 1,3,4-Glcp, and
terminal Glcp and terminal mannose were also presented.
However, the proportions of other glycosidic linkages in
SPAP2-1 and -2 showed a significant difference. In both
polysaccharides, glucose was also linked by a 1,3- and
1,3,6- linked glycosidic bond. Mannose was also linked by
(1—-3)glycosidic bond. Galactose was linked by 1,6- and
1,2,6- linked glycosidic bonds. These results suggested that
SPAP2-1 and -2 were heteroglycans with multiple link-
ages in the backbone and had glucose and galactose as the

Table 1 MW and GC analysis results of SPAP2-1 and -2

Fractions MW (kDa) Monosaccharide (molar ratio)
Man Gle Gal

SPAP2-1 19.00 1.00 6.02 1.91

SPAP2-2 20.00 1.00 23.00 3.72

Man: D-mannose, Glc: D-glucose, Gal: D-galactose

@ Springer

Table 2 Glycoside linkage composition of methylated SPAP2-1 and-2

PMAA Linkage pattern Mol.%
SPAP2-1 SPAP2-2

2,3,4,6-Me,-Glcp Terminal Glcp 9.7 11.1
2,3,6-Me;-Glep 1,4-Glep 60.3 76.7
2,4,6-Me;-Glep 1,3-Glep 4.4 0.5
2 ,6-Me,-Glcp 1,3,4-Glcp 8.7 9.0
2,4-Me,- Glep 1,3,6-Glcp 1.5 0.3
2,3,4,6-Me,-Manp Terminal Manp 5.0 0.6
2,4,6-Me;-Manp 1,3 -Manp 1.2 0.8
2,3,4-Me;-Galp 1,6- Galp 3.5 0.4
3,4-Me,-Galp 1,2,6-Galp 5.7 0.6

branching points with glucose and mannose as the terminal
sugars.

FT-IR spectrum

The FT-IR spectrum of SPAP2-1 and-2 are presented in
Fig. 4. Both fractions showed strong absorption peaks near
3411 cm™!, which was attributed to the stretching vibrations
of O-H. The weak absorption bands at 2927/2929 cm™ ' are
related to the C-H stretching vibrations of free sugars, which
are characteristic groups of carbohydrates [28]. There were
no absorption peaks in both fractions in the range of 1700—
1750 cm™! or around 1590 cm™!, indicating the absence
of uronic acid [29]. Furthermore, it was reported that the
band at 1637 cm™! was related to the bound water and that
the 1417 cm™! band represented C-H bending vibrations in
SPAP2-1 and-2 molecules [30, 31].

Each fraction had a specific absorption in the
1200 - 1000 cm! region, which is dominated by ring vibra-
tions overlapped with stretching vibrations of C-OH side
groups and with the C-O-C glycosidic bond vibration [32].
The absorption peaks at 1153/1079/1024 cm™ were typical
for a pyranose ring [33]. In particular, the 1079 cm™' peak
was characteristic of B-type glycosidic linkages[28]. The
peaks at 850 and 575 cm™' were characteristic of a-type
glycosidic linkages and mannose, respectively[34, 35]. The
results suggested that SPAP2-1 and -2 had typical func-
tional groups, bonds, and linkages of polysaccharides.

NMR spectrum

The 1D and 2D NMR spectra of the SPAP2-1 and -2 frac-
tions were analyzed. Based on monosaccharide composition
analysis, FT-IR analysis, methylation analysis, and NMR
analysis, the major glycosyl residues were assigned. The 'H,
13C, HSQC, HMBC, and COSY spectra of SPAP2-1 were
shown in Fig. 5.

The 600 MHz '"H NMR spectrum (Fig. 5 A) of SPAP2-1
showed three anomeric proton signals, indicating three
residues. The strong 85.39 ppm signal was assigned to
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Fig. 3 Total ion chromatogram (TIC) of SPAP2-1 and -2

1,4-0-D-Glcp (A), two medium 65.13 and 5.00 ppm signals
were assigned to terminal-B-D-Glcp (B) and 1,3,4-0-D-Glcp
(C), respectively [36-38]. In 151 MHz > C NMR spectrum
(Fig. 5 A) of SPAP2-1, only two anomeric signals appeared
at 6101.74, 100.05 ppm, which were assigned to C-1 of
1,3-B-D-Glcp (D) and 1,4-0-D-Glcp (A), respectively[39].
Accordingly, the cross-peaks at 85.39/100.05, 5.13/98.70,
5.00/98.15, and 4.89/101.74 ppm in HSQC (Fig. 5B) con-
firmed these ! H and '* C NMR results. The signals at
861.22 and 77.64 ppm belonged to C-6 of 1,4-a-D-Glcp
(A) and terminal-B-D-Glcp (B), respectively. The strong
signals at 673.10, 73.49, and 71.74 ppm were assigned to
C-5, C-4, C-3, and C-2 of 1,4-a-D-Glcp (A), respectively
[40, 41]. Resonances at 670.57, 68.69, and 66.98 ppm were
assigned to C-5, C-3, and C-2 of terminal-B-D-Glcp (B),
respectively. As for SPAP2-2 (data not shown), only one
significant anomeric proton signal showed at 85.38 ppm

in the ! H spectrum, which was assigned to 1,4-a-D-Glcp
(A). And the resonance appeared at 8 99.92 ppm in the '3 C
spectrum belonging to C-1 of 1,4-a-D-Glcp (A). The other
chemical shifts failed to assign due to the poor quality of
the 2D spectra. Both fractions showed no shifts around
170 ppm in the C NMR spectrum, indicating the absence
of uronic acid, which confirmed the FT-IR results. FT-IR
analysis showed that SPAP2-1 is a typical a-pyran type
polysaccharide. ! H-NMR and '> C-NMR analysis demon-
strated that the sugar chain structure of SPAP2-1 is [a-Rha
(1-3)-],, and GC-MS analysis showed that rhamnose is
located at the non-reducing end of the sugar chain, while
glucose is located at the non-reducing end or in the sugar
chain in 1,2,6- and 1,3,6-linked forms. Our study clearly
illuminates the primary structure of SPAP2-1, but the 3D
structure of SPAP2-1and its structure-function relationship
is a future challenge.
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g?g;? Fig. 6, the antiproliferative effects of SPAP2-1 and —2 on
] HeLa cells were concentration- and time-dependent. As for
1004 concentration, the inhibition rate of both fractions increased
00 4 significantly to 0.25-4 mg/mL, and this trend slowed down
to 4.0-6.0 mg/mL. Moreover, polysaccharides from fun-
f 80 gus, Phellinus gilvus, inhibited the proliferation of HelLa
H and SGC-7901 cells in a dose-dependent manner and such
'E 7 inhibitory effects were efficient at low concentrations.
£ ol Meanwhile, in the aspect of time, the 48 h samples
= showed stronger inhibitive effects than 24 and 72 h. SPAP2-1
504 showed higher antiproliferative activities against HeLa cell
a0 (P<0.05) with an ICs;, concentration of 0.25 mg/mL, which
is significantly lower than that of SPSP2-2 (5.5 mg/mL).
30 T T T T T T 1
4000 3500 3000 2500 2000 1s00 1000 500 Effects of SPAP2-1 on Hela cell cycle distribution
wavenumber/ cm’
Fig.4 FT-IR spectra of SPAP2-1 and -2 The effect of SPAP2-1 on HeLa cell cycle distribution is
shown in Fig. 7 A. Compared with the control group,
Cell inhibitory assay of SPAP2-1 and —2 the ratio of HeLa cells in the Gl phase grew signifi-

cantly (P<0.05). Consequently, cell numbers in the S and
The antitumor activities of SPAP2-1 and -2 had determined =~ G2/M phases decreased. The percentage of HeLa cells in
by calculating the inhibition rate of HeLa cells in vitro. In  the S phase decreased significantly after treatment. The
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Fig. 5 NMR spectra of SPAP2-1 in D,0. 'H and *C NMR spectra (A). HSQC (B), HMBC (C), and COSY (D) NMR spectra of SPAP2-1
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Fig.6 The effect of SPAP2-1 A
and SPAP2-2 on cell prolifera-
tion activity of Hela cells. Hela
cells were treated with SPAP2-1
at different concentration
gradients and at different times
(A). Hela cells were treated
with SPAP2-2 at different
concentration gradients and at
different times (B). The error
bars represent standard devia-
tions of means from three repeat
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Fig. 7 Cell cycle distribu- i«
tion and apoptosis induced

by SPAP2-1. (A) Effects 7
of SPAP2-1 on cell cycle
distribution in HeLa cells,

(B) Apoptosis in HeLa cells
(control group), (C) Apoptosis
induction in SPAP2-1 treated
HeLa cells (SPAP2-1 group),
and (D) Apoptosis induction in 2
5-Fu-treated HelLa cells (posi-

tive control group) 0
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proportion of SPAP2-1 treated HeLa cells in the G2/M
phase was reduced. SPAP2-1 treated HeLa cells increased
the population in the G1 phase, hinting that SPAP2-1 might
cause G1 phase arrest, thus interfering with the cell cycle in
HeLa cells.

40+

20+

T "])3 T
FITC-A

Il Control group
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SPAP2-1 induced Hela cell apoptosis

To determine the putative mechanism for the SPAP2-1-po-
tential interference with the cell cycle the flow cytometry
analysis was done and the results have shown in Fig. 7. In
the control group (Fig. 7B), intact HeLa cells accounted for
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the majority, while necrotic cells, and early and late apop-
totic cells were lower. However, the ratios of apoptotic cells
in SPAP2-1 and positive control 5-Fu groups were signifi-
cantly higher (Fig. 7 C and D) than in the control. Further-
more, the necrotic cell increased for the SPAP2-1 group and
even more for the 5-Fu group.

Our results also demonstrated that the proportions of
each phase had rearranged after SPAP2-1 and 5-Fu treat-
ment. In particular, the apoptotic cell population increased,
which indicated that SPAP2-1 played a role in HeLa cell
apoptosis induction but less than that of 5-Fu. Research has
proved that polysaccharides inhibited the proliferation of
cancer cells by inducing apoptosis and G2 /M phase arrest
[42—44]. Bae et al. also supported this mechanism, which
reported that polysaccharides inhibited the proliferation of
melanoma cells by leading cells to apoptosis [45]. Zhang
et al. reported that polysaccharides from Lycium barbarum
lead to significant accumulation of cells in the S phase [46].
Macrophages play a central role in initiating the innate
immune response, which leads to the activation of the adap-
tive response in a later period [47].

Conclusions

This study identified two acid-extracted P. adiposa polysac-
charides (SPAP2-1 and-2) that showed antitumor activity.
The MW of SPAP2-1 and 2 were 19 and 20 kDa, respec-
tively. Both fractions consisted of mannose, glucose, and
galactose. The in vitro cell inhibitory assay suggested that
SPAP2-1 had a stronger inhibitory effect on cell devel-
opment with HeLa cells than SPAP2-2. Further analysis
proved that SPAP2-1 had an impact on cell cycle distribu-
tion and apoptosis, and consequently inhibited tumor cell
development. Therefore, the polysaccharide from P. adi-
posa should be explored as a potential inhibitor of tumor
cell development.
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