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Structural characterization of a homopolysaccharide
with hypoglycemic activity from the roots of
Pueraria lobata+t
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A water-soluble neutral homopolysaccharide (PLP-1) was obtained from the roots of Pueraria lobata by
DEAE cellulose and Sephadex G-200 gel chromatography purification. The average molecular weight of
PLP-1 was 16.2 kDa. Monosaccharide composition analysis showed that PLP-1 was composed of glucose
as a glucan. The structure of PLP-1 was characterized on the basis of extensive physical and chemical
analysis, which indicated that the backbone of PLP-1 was mainly composed of —3)-a-p-Glcp(l— and
—4)-p-p-Glcp(l— with a molar ratio of 7.0 : 1.0. Moreover, the hypoglycemic activity of PLP-1 was investi-
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gated by palmitic acid and high glucose induced insulin resistant HepG2 cells. The results elucidated that
PLP-1 could decrease the glucose concentration by up-regulating the expression of PI3K and AKT, and
down-regulating the expression of FoxO1, PCK2, and G6Pase in insulin resistant cells. Therefore, PLP-1
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1. Introduction

Diabetes mellitus, one of the most universal chronic diseases,
has been emerging as a major health burden in the 21st
century since its incidence has risen rapidly in the past few
decades.” 415 million people worldwide were suffering from
diabetes in 2014, and it is predicted that the number of
patients will reach 642 million by 2040.> More than 90% of the
diabetic population are diagnosed as type II diabetes mellitus
(T2DM), which is characterized by chronic hyperglycemia with
disturbances of carbohydrate, fat and protein metabolism due
to insulin resistance (IR) and/or inadequate insulin secretion.’
The mechanistic studies of IR have mainly drawn attention to
improving IR due to its central process in the pathogenesis of
T2DM.* Currently, there are some oral hypoglycemic medi-
cations on the market, such as biguanides, sulfonylureas and
thiazolidinediones, but these synthetic agents are associated
with poor compliance and certain adverse effects.”> Therefore,

“Jiangxi University of Traditional Chinese Medicine, Nanchang 330006, Jiangxi,

PR China. E-mail: qwen12@fudan.edu.cn

"The National Pharmaceutical Engineering Center (NPEC) for Solid Preparation in
Chinese Herbal Medicine, Nanchang 330006, Jiangxi, PR China.

E-mail: fengyulin@126.com

“State Key Laboratory of Innovative Drug and Efficient Energy-Saving Pharmaceutical
Equipment, Nanchang 330006, Jiangxi, PR China

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
dofo01234c

1 Co-first author.

7104 | Food Funct, 2020, 11, 7104-7114

could serve as a dietary supplement to ameliorate insulin resistance for diabetic patients.

natural edible plant products with low toxicity and hypoglyce-
mic effect are attractive to many researchers.®”

Pueraria lobata (Willd.) Ohwi, belonging to the genus
Pueraria of the family Leguminosae, is one of the earliest
known and most important edible vine herbs in most parts of
China.? Biological studies have indicated that roots of P. lobata
have potential effects, exhibiting antidiabetic,” antihyperten-
sive,'® antioxidative,"" antiosteoporosis'*> and immunoregula-
tory™® activities. Aqueous extract of P. lobata has been used by
local Chinese people and hospitals in folk medicine for the
treatment of diabetes mellitus, or as an ingredient for many
Chinese prescriptions for anti-diabetes formulations,"* but the
active constituents of aqueous extract of P. lobata are ambigu-
ous. Interestingly, it has been reported that the crude polysac-
charides from roots of P. lobata have potential for treatment of
T2DM in rats."® However, which kind of homopolysaccharides
with particular structures from such crude polysaccharides
that exert pharmacological activity is still unclear.

Therefore, the aim of this study was to isolate and purify
active hypoglycemic homopolysaccharides from water extract
of roots of P. lobata, and to elucidate the structural character-
istics. Furthermore, the potential mechanism of action was
investigated using insulin resistant HepG2 cells.

2. Materials and methods
2.1. Materials and reagents

The roots of P. lobata were purchased from Zhangshu, Jiangxi
province, China. The sample (P. lobata) was identified by

This journal is © The Royal Society of Chemistry 2020
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Professor Fei Ge at School of Pharmacy, Jiangxi University of
Traditional Chinese Medicine, Nanchang, China, where a
voucher specimen (no. PL-190210-07) is deposited. Palmitic
acid, metformin hydrochloride and glucose assay kit were pur-
chased from Solarbio Science & Technology Co. Ltd (Beijing,
China). DEAE-52 cellulose and Sephadex G-200 were purchased
from Yuanye Bio-Technology Co. Ltd (Shanghai, China).
Dextran standards and monosaccharide standards were pur-
chased from National Institutes for Food and Drug Control.
Dimethyl sulfoxide (DMSO) and iodomethane were purchased
from Chemical Technology Co. Ltd (Shanghai, China). Sodium
hydride and potassium bromide were purchased from Aladdin
Reagent Co. Ltd (Shanghai, China). Deuterium oxide (D,O)
was purchased from Qiaoyi Biotechnology Co. Ltd (Shanghai,
China). Ultrapure water was prepared from a Milli-Q water
purification system (Millipore, MA, USA). All other chemicals
were of analytical grade. TRIzol purchased from
ThermoFisher Scientific Inc. (Invitrogen, USA). cDNA synthesis
kit and TransStart Tip Green qPCR kit were purchased from
TransGen Biotechnology Co. Ltd (Beijing, China). p-Actin,
PI3K, GSK-3f, FoxO1, PCK2 primary antibody and 1gG second-
ary antibody were purchased from Cell Signaling Technology
(Boston, USA). AKT and Gé6Pase primary antibody were
obtained from Abcam (Cambridge, UK).

was

2.2. Extraction and purification of polysaccharides

The method of water extraction and alcohol precipitation in
our laboratory was used to extract crude polysaccharides.'®
Briefly, the dried roots of P. lobata (500 g) were crushed into
coarse powder and extracted twice with 10 times the amount
of deionized water for 3 h each time by a reflux device. All
water extracts were combined and concentrated to about 1.0 L
using a rotavapor vacuum concentrator (EYELA N-1300, Tokyo,
Japan), which was then precipitated with anhydrous ethanol
(1:3, v/v, 3 L) at 4 °C for 12 h, followed by centrifugation at
4000g for 10 min using a centrifuge (Xiang li CTL550, Hunan,
China). The precipitate dissolved in 400 mL of ultrapure water
was then centrifuged at 4000g for 10 min. All supernatant
liquids were collected and concentrated to about 200 mL,
which was then lyophilized at —80 °C (FD-1C-80, Shanghai,
China) to obtain crude polysaccharide PLP (10.2 g). PLP was
dissolved in distilled water, then loaded on macroporous resin
HP-20 (Mitsubishi, Japan) to remove proteins and pigments,
which was eluted with deionized water by decompression fil-
tration. Eluent was concentrated to about 100 mL, followed by
centrifugation at 4000g for 10 min. All supernatant liquids
were eluted by distilled water on DEAE-52 cellulose column
until phenol-sulfuric acid reaction'” showed a colorless result.
After that, the fraction was further purified by Sephadex G-200
chromatography,'® eluted with deionized water at a flow rate of
1.0 mL min~" to obtain PLP-1 (1.2 g). The homogeneity of
PLP-1 was determined by HPGPC-RID methods (Fig. S17).

2.3. Structural characterization of PLP-1

2.3.1. Purity and chemical properties analysis. The purity
and molecular weight of PLP-1 were determined by high-
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performance gel permeation chromatography (HPGPC) with a
differential refractive index detector (RID-20A, Shimadzu,
Japan) and TSK gel G3000PWXL column (7.8 x 300 mm,
TOSOH, Japan).'® The mobile phase was 0.1 mol L' sodium
nitrate solution at a flow rate of 0.6 mL min™" at 35 °C. A
series of dextran (D0, D1, D2, D3, D4, D5, D6 and D7) were
chosen as the calibration standards. The retention times were
plotted against the logarithms of the average molecular weight
of standards, and the relative molecular weight of PLP-1 was
calculated according to the standard curve.

The total sugar was determined by the phenol-sulfuric acid
method with p-glucose as standard.>® The content of protein
was measured by the Bradford method with bovine serum
albumin as standard.>

2.3.2. Monosaccharide composition analysis. GC-MS ana-
lysis was carried out according to a reported method.>* PLP-1
(3 mg) was hydrolyzed with 2 M trifluoroacetic acid (TFA)
(3 mL) in an oil bath (100 °C) for 6 h in a sealed tube. The
hydrolyzed product and monosaccharide standards were
reduced with sodium borohydride (40 mg) at room tempera-
ture for 2 h, which were then neutralized with 20% glacial
acetic acid until no bubbles were produced. Finally, the
reduced product was acetylated with acetic anhydride (1.5 mL)
and pyridine (1.5 mL) in an oil bath (100 °C) for 1 h. The
alditol acetates were analyzed by GC-MS (Agilent 7890A)
equipped with an HP-5MS column (30.0 m x 0.25 mm,
0.25 pm, Agilent, USA). Conditions: injection temperature
280 °C, column velocity 1.66 mL min~", column temperature
programmed from 140 to 180 °C at 2 °C min", then increas-
ing to 185 °C (holding for 3 min) at 1 °C min™", increasing to
188 °C (holding for 5 min) at 1 °C min™", increasing to 192 °C
(holding for 2 min) at 1 °C min~", increasing to 200 °C at 2 °C
min~", and finally to 250 °C (holding for 4 min) at 5 °C min™".
Nitrogen was used as the carrier gas.

2.3.3. Infrared spectral analysis. 2 mg of PLP-1 sample was
ground with 200 mg KBr powder and then pressed into pellets,
and spectra recorded with a Fourier transform infrared
spectrometer (EQUINOX 55, Bruker, Germany) in the fre-
quency range of 4000-500 cm™".>?

2.3.4. Methylation and GC-MS analysis. Methylation reac-
tions were carried out 2 times until the absence of the absorp-
tion peak corresponding to hydroxyl band (3200-3700 cm™") in
FT-IR spectra according to previously reported methods** with
slight modification. Briefly, sodium hydride (2 g) with oil was
treated with anhydrous petroleum ether (20 mL) by means of
shock and static settling. Afterwards, the petroleum ether was
dumped. The process was repeated 3 times to obtain oil-free
sodium hydride, which was blown until it was powdered by
nitrogen. Anhydrous DMSO (20 mL) was injected and reacted
in an oil bath (50 °C) for 6 h. Finally, the reaction solution was
filled with nitrogen and stored for further use.

PLP-1 (10 mg) was dissolved in a reaction flask with anhy-
drous DMSO (2 mL), and placed on a magnetic agitator with
nitrogen protection. Then the reaction solution (2.5 mL) was
injected slowly and reacted at room temperature for 30 min.
Afterwards, iodomethane was added to the reaction flask in an

Food Funct, 2020, 11, 7104-714 | 7105


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0fo01234c

Open Access Article. Published on 03 August 2020. Downloaded on 7/15/2025 4:52:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

ice bath for 3 hours. After that, the resulting solution was dia-
lyzed using 3500 Da dialysis membrane (MD 44, Solarbio,
China) in flowing water for 48 h and deionized water for 24 h.
The products of complete methylation were hydrolyzed,
reduced and acetylated according to the above monosacchar-
ide composition and analyzed by GC-MS. MS analysis con-
ditions: injection temperature was 280 °C, electron energy was
70 eV, the ion source temperature was 230 °C, scanning mode
was selective ion detection, solvent was removed during
2.5 min.

2.3.5. Nuclear magnetic resonance (NMR) spectroscopy
analysis. 20 mg PLP-1 was dissolved in 0.6 mL D,O for NMR
analysis. The 1D-NMR ('H-NMR, “C-NMR) and 2D-NMR
(DEPT-135°, HSQC, HMBC and 'H-'H COSY) spectra were
recorded with an NMR instrument (600 M, Bruker, Germany)
at 25 °C.

2.3.6. Atomic force microscopy (AFM) analysis. Surface
topography of PLP-1 was investigated according to a previous
report.”® Briefly, PLP-1 was fully dissolved in distilled water.
The solution was further diluted to 10 pg mL™", placed on a
freshly cleaved mica plate and dried thoroughly in ambient
air. This caused adhesion of molecules to substrate which
facilitates scanning of biopolymer by the AFM tip. AFM was
conducted in contact mode (NanoScope, Bruker, USA). Two-
dimensional images were captured with Nanoscope software
(Bruker).

2.4. Assay of hypoglycemic activity in vitro

2.4.1. Cell cultures. Human HepGz2 cell lines were supplied
from Chinese Academy of Science (Shanghai, China).
Dulbecco’s Modified of Eagle’s Medium (DMEM) was pur-
chased from Solarbio Science & Technology Co. Ltd. Fetal
bovine serum (FBS) was purchased from ThermoFisher
Scientific Inc. (Gibco, USA). HepG2 cells were cultured in
DMEM supplemented with 10% FBS and 1% penicillin/strep-
tomycin at 37 °C in a 5% CO, humidified environment.

2.4.2. Cytotoxicity assay. HepG2 cells were seeded in
96-well plates (5 x 10° cells per well) and allowed to adhere for
24 h. After that, cells were treated with various concentrations
of PLP-1 (1.925 puM, 3.85 uM, 7.7 uM, 15.4 uM, 30.8 uM) for
24 h. Cells treated with medium were used as control group.
Then, the cell viability was determined by MTT assay.>® The
absorbance of each well was measured with a multi-function
enzyme labeling instrument (Spectra Max i3, Molecular
Devices, USA). The absorbance of untreated cells was con-
sidered as 100%.

2.4.3. Effect of PLP-1 on glucose metabolism in insulin
resistant model HepG2 cells. In order to explore the effect of
PLP-1 on glucose metabolism, IR model HepG2 cells were
used according to the method of previous reports with slight
modifications.”” Briefly, HepG2 cells were seeded in a 6 cm
culture dish and allowed to adhere for 24 h. The IR cell
models were induced with 0.5 mM palmitic acid (PA) plus
30 mM glucose (Glu) in 2% serum medium for 8 h. Then,
PLP-1 was dissolved in PBS and diluted to the required concen-
trations (30.8, 15.4, and 7.7 uM) with culture medium and
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incubated with IR cells for 10 h. 2 mM metformin (Met) was
used as a positive control and PBS as a blank control. The Glu
content was measured with a glucose assay kit according to
the instructions. The content of Glu was calculated according
to the concentration of protein, and expressed as pmol mg™*
protein.”®

2.4.4. Quantitative real-time polymerase chain reaction
(RT-PCR). The mRNA expression levels of PI3K, AKT, GSK-38,
FoxO1, PCK2 and Gé6Pase were determined by the RT-PCR
process.>® HepG2 cells were seeded and grown to confluence,
induced to insulin resistance by PA and Glu for 8 h, then
treated with PLP-1 (30.8 pM) and Met (2 mM) respectively.
Untreated cells were used as a control group. After incu-
bation for 10 h, total RNA from HepG2 cells was extracted
using TRIzol Reagent (Invitrogen) and RNA was reverse tran-
scribed to cDNA using a ¢cDNA synthesis kit (Trans) accord-
ing to the manufacturer’s instructions. RT-PCR analysis was
performed using SYBR® Green Reagents on ABI prism 7500
software. Primer pairs (Table S1f) were designed and syn-
thesized by Tsingke Biotechnology Co. Ltd (Beijing, China).
The levels of transcripts were normalized using f-actin as an
internal standard. Fold changes were calculated using the
2744 method.

2.4.5. Western blot. IR HepG2 cells were incubated with
PLP-1 (30.8 pM) and Met (2 mM) for 10 h, and total protein
was extracted using RIPA buffer containing PMSF (Solarbio,
Beijing, China). Protein concentration was determined by BCA
protein assay kit (Solarbio, Beijing, China) and proteins were
separated by 7.5% SDS-PAGE and transferred to PVDF mem-
branes (Millipore, USA). Non-specific bindings were blocked
with a 5% nonfat milk solution for 2 h at room temperature,
and target proteins were probed with primary antibodies
against PI3K, AKT, GSK-3f, FoxO1, PCK2 and G6Pase at 4 °C
overnight. The blots were then incubated with the corres-
ponding HRP-conjugated secondary antibody for 2 h at room
temperature. The reactive protein was detected with an
extreme hypersensitivity ECL  chemiluminescence kit
(Beyotime, Shanghai, China). The relative optical band den-
sities were recorded by Image] software and were normalized
to the P-actin chemiluminescence signal for relative total
protein quantification.

2.4.6. Immunofluorescence staining for FoxO1l. FoxO1
protein expression in HepG2 cells was determined by immuno-
fluorescence assay as previously described.*®*" Firstly, HepG2
cells were cultured on glass coverslips and induced to insulin
resistance as described above. After that, the cells were treated
with PLP-1 (30.8 uM) and Met (2 mM) for 10 h, and then
washed with PBS three times, fixed in 2% (w/v) paraformalde-
hyde for 15 min at room temperature, and then blocked with
10% blocking serum for 1 h. Then, cells were incubated with
FoxO1 antibody for 2 h at room temperature. After being
washed 3 times, cells were incubated with Alexa Fluor 488-con-
jugated secondary antibody (Invitrogen, USA) for 1 h in dark-
ness. The nuclei were stained with DAPI (30 pL) for 15 min.
Fluorescent images were obtained with a positive fluorescence
microscope (Eclipse Ni, Nikon, Japan).

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0fo01234c

Open Access Article. Published on 03 August 2020. Downloaded on 7/15/2025 4:52:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

2.5. Statistical analysis

Each cell culture experiment was performed at least three sep-
arate times. All values were expressed as (£ + s). The experi-
mental data were statistically analyzed by ANOVA, where
P < 0.05 was assumed to be statistically significant. SPSS 19.0
software was used for statistical analysis.

3. Results and discussion

3.1. Isolation and purification

The crude polysaccharide (PLP) was obtained from the roots of
P. lobata by the water-extraction and alcohol-precipitation
method, and the yield was about 2.0%. PLP was then separated
by a DEAE-52 cellulose column to obtain water-eluted fraction.
The fraction was further purified by a Sephadex G-200 column
to obtain pure sub-fraction named PLP-1. The HPGPC trace
showed a single symmetrical peak (Fig. 1), which indicated
that PLP-1 was a homogeneous polysaccharide. The average
molecular weight was 16.2 kDa based on the equation of
dextran standard curve (Ig M,, = —0.4232¢ + 9.5597, R* = 0.997).

nRIU
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20 y =-0.4232t+9.559
5000 2 R?=0.997
1
0
0 5 10 15 20
Retention time (min)
0
0 5 10 15 20

Retention time (min)

Fig. 1 HPGPC profile of PLP-1.
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Moreover, the total sugar and protein contents of PLP-1 were
determined to be 98.7% and 0.4%, respectively (Table S2+).

3.2. Monosaccharide composition and FT-IR spectrum

PLP-1 was decomposed by acid hydrolysis, and its alditol acet-
ates were subjected to GC-MS for analysis. Compared with
monosaccharide standards, the results showed (Fig. 2A) that
PLP-1 was composed of glucose as a glucan. Moreover, FT-IR
spectral analysis is an effective method to study the structure
of polysaccharides owing to the characteristic absorption of
functional groups. As shown in Fig. 2B, a major broad peak at
around 3305 cm™' was due to O-H stretching vibrations of
hydroxyl group. The small band at 2923 cm™" was attributed to
the C-H stretching and bending vibrations. The peak at
1642 cm™ ' was caused by the bending vibration of ~OH. The
absorption peak at 1361 cm ™" was attributed to variable angle
vibrations of C-H.?**? Furthermore, the absorption peaks at
1149 em™', 1078 em™" and 1017 cm™' were ascribed to the
stretching vibrations of pyranose ring.*?

3.3. Methylation and NMR spectroscopy analysis

Methylation analysis was applied to determine the linkage
forms among monosaccharide units of PLP-1. Methylated
alditol acetate (PMAA) derivatives were formed after PLP-1
being fully methylated, hydrolyzed and acetylated, followed by
GC-MS measurement. It could be concluded that PLP-1 mainly
contained two glycosidic linkages, namely —3)-p-Glcp-(1— and
—4)-p-Glep-(1—, with a relative molar ratio of 7.0: 1.0 (Table 1)
based on analysis of PMAA peak retention time (Fig. S21) and
mass fragments described in the literature.***®

The structure of PLP-1 was further determined by NMR
spectra which are shown in Fig. 3. The chemical shift and
coupling constant of the anomeric proton signals were used to
determine the o/ configurations of residues.’®*” Two anome-
ric proton signals (§y 5.30 and 8y 4.55 ppm) were identified in
the "H-NMR spectrum (Fig. 3A), which were ascribed to two

5
A 100 - B
.F'-M
" R
&
=) 80 4
o 2923 1642
2 S 1361
£
= 3305 1149
! 5 2 1078
2 416 § 50 -
= 1017
40 -
: . ' ' 4000 3500 3000 2500 2000 1500 1000 500
10 20 30 40

Retention time (min)

Wavenumbers (cm?)

Fig. 2 A: The upper profile represents monosaccharide composition of PLP-1; the bottom profile represents the monosaccharide standards

(1-L-rhamnose, 18.3 min; 2-L-arabinose, 18.8 min; 3-p-xylose, 19.6 min;

B: FT-IR spectrum of PLP-1.
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Table 1 The results of methylation analysis of PLP-1
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Mass fragments (m/z)

PMAA Linkage type Molar ratio
2,4,6-Me;-Glcp —3)-0-Glep-(1— 7.0
2,3,6-Me;-Glcp —4)-p-Glep-(1— 1.0
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Fig. 3 NMR spectra of PLP-1: *H (A); **C (B); HSQC (C); HMBC (D).
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different residue types of residue A [—3)-Glcp-(1—] and residue
B [—4)-Glcp-(1—] according to integration. & 5.30 ppm (A/H-1)
is inferred as a-configuration owing to a small coupling con-
stant J = 2.0 Hz. &y 4.55 ppm (B/H-1) is inferred as
B-configuration due to a large coupling constant J = 8.0 Hz.
The two corresponding anomeric carbon signals §c 101.5 and
97.7 ppm were determined in the ">C-NMR spectrum (Fig. 3B)
by the correlations from &y 5.30 to 6 101.5 and 6y 4.55 to 6¢
97.7 on the basis of the HSQC spectrum (Fig. 3C).

In the HMBC spectrum (Fig. 3D), a cross-peak signal
from &y 5.30 (A/H-1) to 5 78.6 (A/C-3) was assigned, which
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as backbone. In addition, the correlation between &y 3.56
(B/H-4) and §c 101.5 (A/C-1), 6y 5.30 (A/H-1) and ¢ 78.1
(B/C-4) indicated that C-1 of residue A was linked to C-4
of residue B. Furthermore, in the DEPT-135° spectrum
(Fig. S5t), PLP-1 had negative methylene signals at &¢
62.3 ppm without downfield shift, indicating that there was
an absence of linkage at C-6 position of residues A and B,
which were consistent with results of methylation. Thus,
the possible structure of PLP-1 was deduced (Fig. S8%).
Additionally, the signals for carbon and hydrogen for PLP-1
are fully shown in Table 2 according to the HMBC spectrum

suggested a repeat unit —3)-a-p-Glcp(1—3)-a-p-Glep(1— and the literature.*®*°
Table 2 **C and *H NMR chemical shifts of PLP-1 recorded in D,O
Chemical shift (ppm)
Sugar residue C1/H1 C2/H2 C3/H3 C4/H4 C5/H5 C6/H6
—3)-0-p-Glep(1—(A) 101.5 73.1 78.5 71.2 73.5 62.3
5.30 3.86 3.87 3.73 3.75 3.84/3.52
—4)-B-p-Glep(1—(B) 97.7 75.3 75.9 78.1 74.6 62.3
4.55 3.24 3.67 3.56 3.31 3.82/3.53
1.2nm
-1.3 nm
Height Sensor 200.0 nm
Fig. 4 AFM images of PLP-1.
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Fig. 5 The viability of HepG2 cells treated with PLP-1 (A). The glucose content of PLP-1 in IR cells (B). Values are the mean + SD; #*#p < 0.01 vs. the

normal control group; *p < 0.05, **p < 0.01 vs. the model group.
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3.4. AFM analysis

AFM is a powerful technique to characterize the microstructure
of polysaccharides.?>*' Therefore, AFM was utilized to observe
the molecular morphology of PLP-1. As shown in Fig. 4, the 2D
images demonstrated that the polysaccharide rings of PLP-1
were closely arranged due to intermolecular van der Waals
forces, and the polysaccharide chains were also closely twisted
together to form a structure of equally distributed clusters.
The surface roughness of PLP-1 ranged from approximately
—1.3to 1.2 nm.
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3.5. Effect of PLP-1 on glucose content in the IR cell models

When cells were treated with 0.5 mM PA and 30 mM Glu for
8 h, the glucose content was increased significantly compared
with the normal group (P < 0.01), indicating that establish-
ment of insulin resistance model was due to the accumu-
lation of PA. MTT assay results of PLP-1 (Fig. 5A) showed that
there was no cytotoxicity at a concentration of 1.925-30.8 pM.
To assess the effect of PLP-1 on reversing insulin resistance,
the IR cells were incubated with PLP-1 (30.8 pM). In Fig. 5B,
compared with model group, PLP-1 obviously improved
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Fig. 6 The effect of PLP-1 on mRNA expression in IR HepG2 cells (A: PI3K; B: AKT; C: GSK-3p; D: FoxO1; E: PCK2; F: G6Pase). Values are the mean
+ SD; #p < 0.05, #¥p < 0.01 vs. the normal control group; *p < 0.05, **p < 0.01 vs. the model group.
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glucose content in the IR HepG2 cells. At a concentration of
30.8 uM, PLP-1 showed an obvious glucose content decrease
which was nearly comparable to the normal group. Therefore,
PLP-1 (30.8 uM) was chosen for the following mechanism
study.
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3.6. PLP-1 activated the PI3K/AKT signal pathway in
IR HepG2 cells

It is generally acknowledged that the PI3K/AKT signaling
pathway plays a crucial role in the regulation of glucose metab-
olism, including glucose transport, glycogen synthesis and
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Fig. 7 The effect of PLP-1 on the protein expression in IR HepG2 cells (A: PI3K; B: AKT; C: GSK-3p; D: FoxO1; E: PCK2; F: G6Pase) (1: control; 2:
model; 3: Met; 4: PLP-1). Values are the mean + SD; #p < 0.05, #*#p < 0.01 vs. the normal control group; *p < 0.05, **p < 0.01 vs. the model group.
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gluconeogenesis suppression.*”> PI3K is considered as a
second messenger, playing an important role in cellular
chemical signal transfer. Activated PI3K can phosphorylate
AKT, thus activating AKT.*> GSK-3f is a negative regulatory
gene in glycogen synthesis, which is regulated by AKT. In the
state of insulin resistance, AKT phosphorylation is weakened,
the activity of GSK-3p is strong, which inhibits the activity of
glycogen synthase, thus inhibiting glycogen synthesis. On the
contrary, activated AKT can reduce the expression of GSK-3p
and promote glycogen synthesis.**** Besides, AKT stimulation
can restrain gluconeogenesis by inhibiting PCK2 and Gé6Pase
expressions and phosphorylating FoxO1.*® Therefore, the
PI3K/AKT signaling pathway plays an exceedingly significant
role in mediating insulin metabolism and is closely correlated
with insulin resistance.

In recent years, IR HepG2 cell models have been used to
study the hypoglycemic activities and mechanisms of plant
polysaccharides. For instance, the polysaccharide EFSP-1 from
Euryale ferox increased the expression of IRS-1, PI3K, AKT and
GLUT4 in mRNA and protein levels in IR HepG2 cells.’® In
addition, previous research reported that polysaccharides LSP,
OJP and LMP from herbs Maidong upregulated the levels of
PI3K, AKT, InsR, and PPARy and downregulated the levels of
PTP1B in mRNA and protein expression in IR HepG2 cells.”?

To determine whether the PI3K/AKT signal pathway was
affected by PLP-1 treatment in IR HepG2 cells, the expressions
of main protein and mRNA in glucose transport pathway
including PI3K, AKT, GSK-3p, FoxO1, PCK2 and G6Pase were
investigated. As shown in Fig. 6, the downregulation of mRNA
expression of PI3K, AKT, and GSK-3f was observed in the
model group, while the upregulation of mRNA expression of
FoxO1, PCK2 and G6Pase was observed in the model group,
indicating that there was insulin resistance in HepG2 cells.
When treated with PLP-1 and Met, both groups obviously
increased the expression of PI3K, AKT, and GSK-3f and
decreased the expression of FoxO1, PCK2, and G6Pase in
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PLP-1

Fig. 8 PLP-1enhanced FoxO1 protein expression in IR HepG2 cells (control: normal group; IR: model group; Met: 2 mM; PLP-1: 30.8 uM).

mRNA levels as compared to the model group. Meanwhile,
both groups also significantly increased the expression of
PI3K, AKT, and GSK-3p and decreased the expression of FoxO1,
PCK2, and G6Pase in protein levels as compared to the IR
control (Fig. 7). Furthermore, to confirm the role of FoxO1 in
gluconeogenesis stimulated by PLP-1 and Met, the expression
of FoxO1 was demonstrated by immunofluorescence staining.
As shown in Fig. 8, PLP-1 and Met obviously increased FoxO1
expression and enhanced nuclear-cytoplasmic translocation in
HepG2 cells compared with the model group. These results
indicated that IR HepG2 cells could be mitigated by treatment
with PLP-1, the mechanism of which may be associated with
the regulation of PI3K/AKT/FoxO1 signaling pathway to reduce
the content of glucose.

4. Conclusions

In this study, a novel water-soluble polysaccharide, PLP-1, was
purified from the roots of P. lobata. PLP-1 is a glucan with a
molecular weight of 16.2 kDa. The backbone of PLP-1 was
mainly composed of —3)-o-p-Glep-(1— and —4)-p-p-Glep-(1—
with a relative ratio of 7.0:1.0 and special spatial structure.
PLP-1 could ameliorate adverse effects of glucose metabolism
caused by PA and high glucose via down-regulating the
expression of FoxO1, which might occur by activating the PI3K/
AKT/FoxO1 signal pathway in IR HepG2 cells. These findings
provide evidence that PLP-1 may serve as an alternative func-
tional food or clinical adjuvant therapy to mitigate metabolic dis-
orders with T2DM. However, the hypoglycemic effect and under-
lying mechanisms of PLP-1 require further verification in vivo.
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