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ARTICLE INFO ABSTRACT

Keywords: This study aimed to optimize the extraction process of polysaccharides from Rosa laevigata Michx. (RLMP) using
Rosa laevigata Michx. an ultrasound-microwave-assisted method and investigate its in vitro hypoglycemic activity. Key factors affecting
Polysaccharides

RLMP yield were identified using a Plackett-Burman design, followed by a Box-Behnken design and respon-
se-surface methodology, to determine the optimal extraction conditions. RLMP was purified using DEAE-52
cellulose, yielding two homogeneous fractions: RLMP-1 and RLMP-2. Monosaccharide composition was
analyzed by gas chromatography, and structural characterization of RLMP, RLMP-1, and RLMP-2 was performed
using FT-IR, SEM, and TEM. Methylation analysis and NMR were used to elucidate the sugar-chain structure of
RLMP-1. In vitro hypoglycemic activity analysis showed that RLMP improved the glucose consumption and
glycogen synthesis and enhanced the activities of pyruvate kinase and hexokinase in IR-HepG2 cells. Moreover,
RLMP significantly increased the activities of antioxidant enzymes, such as CAT, SOD, and GSH-Px and decreased
those of ROS and MDA. Western blotting analysis confirmed that RLMP enhances glucose and lipid metabolism
and reduces oxidative stress by activating the PI3K/Akt/GLUT-4 signaling pathway, thereby exerting its hypo-
glycemic effect. These findings suggest that RLMP is a promising candidate for developing novel antioxidant
agents or hypoglycemic drugs.

In vitro hypoglycemic activity

signaling pathway, leading to IR and elevated blood glucose (Glc) levels.
Hyperglycemia and oxidative stress interact both causally and through

1. Introduction

Diabetes mellitus (DM), a systemic chronic metabolic disease, is a
significant global health concern, affecting approximately 500 million
patients worldwide, and this number is expected to increase to 700
million by 2045 [1,2]. DM can be classified as type 1 DM (T1DM), type 2
DM (T2DM), and gestational DM, among others based on their causes.
Among these, T2DM accounts for over 90 % of diabetes cases and is
characterized by postprandial hyperglycemia due to insulin secretion
deficiency and insulin resistance (IR). Hyperglycemia increases oxida-
tive stress and the production of reactive oxygen species (ROS). This
activates the redox-sensitive signaling pathway and blocks the insulin

their respective effects on each other [3]. Improving oxidative stress and
reducing IR are key strategies in the clinical treatment of diabetes.

Polysaccharides from different natural resources exhibit good anti-
diabetic activity [4-6]. Upon administration, polysaccharides can
reduce blood Glc levels by scavenging free radicals or increasing the
activity of antioxidant enzymes, thus inhibiting lipid peroxidation and
alleviating cell damage caused by free radicals. Natural polysaccharides
with strong antioxidant effects are potential hypoglycemic drugs
because of their low toxicity and lack of side effects [7,8].

Belonging to the Rosaceae family, Rosa laevigata Michx. (RLM) is a
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typical traditional medicinal and edible plant widely distributed across
southeastern and southwestern China. Its dried and mature fruits have
been used to treat polyuria, urinary incontinence, menstrual flow ir-
regularities, uterine prolapse, leucorrhea, and astringency [9,10]. >100
secondary metabolites have been isolated from RLM and identified,
including triterpenoids, polysaccharides, flavonoids, organic acids, and
tannins. Among these metabolites, polysaccharides from Rosa laevigata
Michx. (RLMP) are the main active components, and 2020 Chinese
Pharmacopoeia stipulates that the RLMP must exceed 25 %. RLMP has
several biological activities, including antioxidative, hypolipidemic, and
antitumor properties [11-14]. However, further studies are required to
investigate whether RLMP exerts hypoglycemic activity and elucidate
the underlying potential mechanisms.

Traditional Chinese medicine (TCM) products exhibit remarkable
diversity and complexity, necessitating a comprehensive understanding
of their constituents. Polysaccharides, a crucial class of compounds in
TCM, have varying physicochemical properties and structural charac-
teristics depending on the extraction processes used [15]. The physico-
chemical and structural properties of polysaccharides are closely
associated with their biological activity and functional properties
[16,17]. Therefore, selecting an appropriate polysaccharide extraction
process is important for studying biological activities. Compared to
conventional extraction methods, which are characterized by longer
extraction time and lower extraction efficiency, ultrasonic microwave-
assisted extraction (UMAE), a technology that utilizes the advantages
of ultrasonic vibration for mass transfer and microwave radiation for
rapid internal heating to optimize the rate and efficiency of extraction,
has been successfully applied to extract natural polysaccharides [18,19].
The extraction efficiency of UMAE is extremely high, approximately 6
times higher than that of hot water extraction [20]. In addition, UMAE
improved the antioxidant activity of polysaccharides by modifying their
structure [21]. Currently, an industrialized UMAE device called “ultra-
sonic-microwave synergistic extractor” is commercially available, which
allows the application of UMAE in industrial scale.

In this study, UMAE was used to obtain RLMP and the extraction
process parameters were optimized. Two homogeneous polysaccharides
were obtained by isolation and purification. Structural characterization
was performed using FT-IR, monosaccharide composition analysis,
methylation analysis, NMR analysis, SEM, and TEM. Furthenmore, hy-
poglycemic activities and mechanisms of RLMP were evaluated. The
findings of this study provide a theoretical foundation for the develop-
ment of RLMP as functional food ingredients with hypoglycemic effect.

2. Materials and methods
2.1. Materials and reagents

Dried fruits of RLM were purchased from local drug stores in
Changchun, Jilin, China. D-mannose (Man), L-rhamnose (Rha), p-
glucose (Glc), D-galactose (Gal), D-xylose (Xyl), and L-arabinose (Ara)
were purchased from the National Institutes for Food and Drug Control
(Beijing, China). p-nitrophenyl-p-D-galactopyranoside (PNPG) was pro-
cured from Sigma Chemical Co. (MO, USA). DEAE-cellulose and tri-
fluoroacetic acid (TFA) were purchased from Hefei Bomei
Biotechnology Co., Ltd. (Hefei, China). Cyclohexane—1,2,3,4,5,6-hexol
(MYO) was purchased from Aladdin Biochemical Polytron Technologies,
Inc. (Shanghai, China). o-glucosidase was obtained from JinSui
Biotechnology Co., Ltd. (Shanghai, China). Minimum essential medium
(MEM), fetal bovine serum (FBS), penicillin—streptomycin, and
phosphate-buffered saline (PBS) were purchased from Gibco Life Tech-
nologies (Grand Island, NY, USA). Kits for glucose tests and hexokinase
(HK), pyruvate kinase (PK), catalase (CAT), superoxide dismutase
(SOD), reduced glutathione (GSH), and malondialdehyde (MDA) assays
were purchased from Shengyang Wanlei Bioengineering Institute
(Shengyang, China). Antibodies against PI3K, phosphorylated PI3K (p-
PI3K), Akt, phosphorylated Akt (p-Akt), IRS-1, phosphorylated (p-IRS-1)
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B-actin, and their corresponding secondary antibodies were obtained
from Cell Signaling Technology (MA, USA). All additional chemical re-
agents used in this study were of analytical grade and purchased locally.
Double-distilled water was used in all experiments.

2.2. Ultrasound-microwave assisted extraction

RLM was dried in an oven at 100 °C for 4 h, ground to powder using a
pulverizer, and filtered through a 40-mesh sieve. For RLMP extraction,
50 g of the powdered sample was mixed with 200 mL of 95 % ethanol (v/
v) and shaken for 6-10 h to remove fat and small molecules. Following
filtration, the obtained filter cake was subjected to extraction on an
ultrasound-microwave combined extractor (XH-300B, Xianghu, China)
under the following conditions: liquid-solid ratio, 8:1 (mL/g); immer-
sion time, 4 h; microwave temperature, 60 °C; microwave power, 400
W; ultrasonic power, 500 W; ultrasonic time, 20 min; and microwave
time, 5 min. After extraction, the supernatants were combined and
concentrated to an indicated volume. The mixture was precipitated
using 80 % (v/v) ethanol at 4 °C for 12 h. Crude polysaccharides were
collected by centrifugation at 5000 rpm for 15 min. Polysaccharide
content was determined using the phenol-sulfuric method [22]. RLMP
yield (Y) was calculated as follows:

__ polysaccharide content (g)

Y(%) = weight of extract (g) L)

2.3. Screening design

PBD was used to identify the main factors affecting RLMP yield. It
compares the differences between two levels of each factor and the
entire system [23,24]. This study aimed to evaluate the effects of liq-
uid-solid ratio (X7), microwave temperature (X,), microwave power
(X3), ultrasonic power (X4), ultrasonic time (Xs), microwave time (Xs),
immersion time (X), and particle size (Xg) on the system. These pa-
rameters were varied using a two-level PBD, and the factors and levels
tested using Plackett-Burman design are summarized in Table S1. A
matrix was established for the eight parameters with 16 group experi-
ments (Table 1).

The effects of different factors on RLMP yield were determined using
the first-order model, as described in Eq. (2) below:

Y = py + Exax1 + ExoXp + - ExiX; (2)

where Y is the predicted response, ffy is the model intercept, and X; is the
level of the ith independent variable.

The effect of each argument on the response value was calculated as
follows:

g M =3 M

xi N 3

where E,; is the influence level for each independent variable, M, is the

Table 1

Plackett-Burman experimental design.
No. X3 X2 X3 X4 Xs X6 Xz Xg Y (%)
1 30 60 1000 1500 20 20 4 40 25.49
2 8 60 400 1500 50 20 4 100 27.56
3 8 90 1000 500 50 5 4 40 26.31
4 8 60 1000 1500 50 5 12 100 28.3
5 30 90 1000 500 50 20 4 100 28.16
6 8 90 1000 1500 20 20 12 40 27.50
7 30 60 1000 500 20 5 12 100 26.19
8 8 60 400 500 20 5 4 40 22.58
9 8 90 400 500 20 20 12 100 25.28
10 30 90 400 1500 20 5 4 100 27.77
11 30 60 400 500 50 20 12 40 26.36
12 30 90 400 1500 50 5 12 40 30.70
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maximum predictive response value, M; is the minimum predictive
response, and N is the number of trials.

2.4. Optimization design

RSM was used to optimize the process parameters. Experimental runs
and data processing were performed in the Design Expert (V8.0.6.1)
software. The combined effects of ultrasonic time (30, 40, and 50 min),
microwave temperature (70, 80, and 90 °C), ultrasonic power (600, 800,
and 1000 W), liquid-solid ratio (15:1, 20:1, and 25:1 mL/g), and im-
mersion time (6, 8, and 10 h) on the final RLMP yield were investigated
using the BBD. The selected factors and levels are summarized in
Table S2. The complete experimental design comprised 40 experimental
points and 6 replicates at the center point to estimate a pure error sum of
squares [25,26]. All experiments were conducted following the BBD
matrix (Table 2).

A quadratic polynomial model was established using multiple
regression of the experimental data as follows:

5 5 5
Y=Po+ Y fuXit+ > XX+ D fuXd (€]
i=1 i=1

i<j=2

where Y is the response value; f is the regression coefficient for a

Table 2
Box-Behnken experimental design.
No. A B C D E Y (%)
1 0(40) 0(80) 0(800) -1(15) -1(6) 25.80
2 -1(30) 0(80) 0(800) 0(20) -1(6) 26.15
3 0(40) 0(80) 0(800) 0(20) 0(8) 29.73
4 0(40) -1(70) 1(1000) 0(20) 0(8) 28.40
5 -1(30) 0(80) —1(600) 0(20) 0(8) 27.66
6 —1(30) 0(80) 0(800) —1(15) 0(8) 28.21
7 0(40) 1(90) 0(800) —1(15) 0(8) 29.15
8 0(40) —1(70) 0(800) 0(20) —1(6) 25.12
9 0(40) 1(90) 1(1000) 0(20) 0(8) 29.07
10 0(40) 0(80) 1(1000) 1(25) 0(8) 27.78
11 0(40) —1(70) 0(800) 0(20) 1(10) 28.14
12 —1(30) 0(80) 0(800) 0(20) 1(10) 27.55
13 0(40) 0(80) —1(600) 0(15) 0(8) 25.57
14 0(40) 0(80) 0(800) 0(20) 0(8) 31.11
15 —1(30) 0(80) 0(800) 1(25) 0(8) 27.61
16 1(50) 0(80) 0(800) 0(15) 0(8) 27.93
17 1(50) —1(70) 0(800) 0(20) 0(8) 28.22
18 1(50) 0(80) 0(800) 0(20) -1(6) 27.56
19 0(40) 0(80) 0(800) 0(20) 0(8) 30.23
20 —1(30) 1(90) 0(800) 0(20) 0(8) 27.15
21 1(50) 0(80) 1(1000) 0(20) 0(8) 29.11
22 0(40) 1(90) 0(800) 1(25) 0(8) 29.07
23 0(40) 0(80) —1(600) 1(25) 0(8) 27.14
24 0(40) 1(90) —1(600) 0(20) 0(8) 28.33
25 0(40) 0(80) 0(800) 0(20) 0(8) 29.57
26 0(40) 0(80) 0(800) -1(15) 1(10) 28.77
27 0(40) 0(80) —1(600) 0(20) 1(10) 26.96
28 0(40) 0(80) 0(800) 0(20) 0(8) 29.97
29 —1(30) 0(80) 1(1000) 0(20) 0(8) 28.14
30 0(40) —1(70) 0(800) 1(25) 0(8) 27.46
31 0(40) —1(70) 0(800) -1(15) 0(8) 26.81
32 0(40) 0(80) —1(600) 0(20) -1(6) 26.32
33 —1(30) —1(70) 0(800) 0(20) 0(8) 27.77
34 0(40) 0(80) 1(1000) 0(20) —1(6) 30.11
35 1(50) 0(80) —1(600) 0(20) 0(8) 29.65
36 1(50) 0(80) 0(800) 0(20) 1(10) 28.81
37 0(40) 0(80) 0(800) 0(20) 0(8) 30.55
38 0(40) 1(90) 0(800) 0(20) 1(10) 27.12
39 0(40) 0(80) 1(1000) -1(15) 0(8) 27.98
40 0(40) 0(80) 0(800) 1(25) 1(10) 26.87
41 0(40) 1(90) 0(800) 0(20) —1(6) 29.25
42 0(40) —1(70) —1(600) 0(20) 0(8) 27.74
43 0(40) 0(80) 1(1000) 0(20) 1(10) 29.04
44 1(50) 1(90) 0(800) 0(20) 0(8) 28.45
45 0(40) 0(80) 0(800) 1(25) —1(6) 27.78
46 1(50) 0(80) 0(800) 1(25) 0(8) 29.91
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constant; f;, f, and B are the linear, quadratic, and interaction terms,
respectively, of the A, B, C, D, and E ; factors on the response; and X; and
X;j are coded-independent variables.

2.5. Comparison of extraction methods

Heat-reflux extraction (HRE), ultrasonic-assisted extraction (UAE),
and microwave-assisted extraction (MAE) of polysaccharides from RLM
were performed at the following parameters: immersion time of 8 h, and
liquid-solid ratio of 20:1. HRE was performed at 100 °C with an
extraction time of 4 h. UAE was performed for 45 min at 850 W. MAE
was performed for an extraction time of 45 min at a microwave tem-
perature of 85 °C. The RLMP yield under the three extraction methods
was measured using the phenol-sulfuric acid method.

2.6. Polysaccharide purification

Proteins in RLMP were removed using the Sevage method. Subse-
quently, the polysaccharides were dissolved in deionized water and
loaded onto a DEAE-52 cellulose column (3 x 30 cm) for elution. At the
indicated time points, water, 0.1 mol/L NaCl, and 0.3 mol/L NaCl were
used as elution solvents at a flow rate of 1.5 mL/min. The eluate was
collected using an automatic collector, and the polysaccharide content
was determined using the phenol-sulfuric method. The same compo-
nents were combined, concentrated, and packed into a dialysis bag to
remove NaCl. Finally, two fractions were obtained, namely RLMP-1 and
RLMP-2.

2.7. Monosaccharide composition

Polysaccharide derivatization was carried out using the literature
method with some modifications [27]. A 10 mg polysaccharide sample
was hydrolyzed with 4 mol/L trifluoroacetic acid. After hydrolysis, the
supernatant was purified with methanol to remove excess acid. The
residue was dissolved in water and transferred to a volumetric flask.
Reduction was performed with pyridine and hydroxylamine hydro-
chloride at 100 °C. Acetylation followed by adding acetic anhydride and
incubating at 100 °C. Rha, Ara, Xyl, Man, Glc, and Gal standards were
derivatized using the same procedure.

Monosaccharide composition analysis of RLMP was conducted using
a gas chromatograph (7820 A, Agilent Technologies, Santa Clara, CA,
USA), equipped with a 7693 A automatic sampler and an Agilent HP-5
capillary column (30 m x 0.32 mm, 0.25 pm). Experimental parame-
ters were as follows: carrier gas, nitrogen; flow rate, 1.5 mL/min;
auxiliary gases, hydrogen and air at rates of 30 mL/min and 300 mL/
min, respectively; detector temperature, 280 °C; sample injector tem-
perature, 210 °C; injection volume, 0.2 pL; and split flow ratio, 10:1. The
temperature of the chromatographic column was initially set at 90 °C
and maintained for 2 min. It was increased to 160 °C at a rate of 7 °C/
min and maintained for 3 min. It was then and raised to 190 °C at a rate
of 3 °C/min and maintained for 5 min. Eventually, the temperature was
increased to 200 °C at a rate of 5 °C/min and maintained for 5 min. The
internal standard was cyclohexane-1,2,3,4,5,6-hexol.

2.8. Characterization of polysaccharides

2.8.1. UV spectroscopy

RLMP-1 and RLMP-2 was dissolved in distilled water to form a so-
lution of 0.6 mg/mL. The UV absorption spectrum of the solution was
recorded in the wavelength range of 200-400 nm using a UV-vis spec-
trophotometer (TU-1950, Beijing Puxi General Instrument Co., Ltd.,
Beijing, China). The protein content was analyzed using the Coomassie
Brilliant Blue method [28], with bovine serum albumin (BSA) as the
standard.



S. Chen et al.

2.8.2. Molecular weight distribution

The homogeneity and molecular weight distributions of RLMP-1 and
RLMP-2 were examined by high-performance gel permeation chroma-
tography (HPGPC) using a Waters 1515 HPLC instrument equipped with
a Waters Ultrahydrogel column (250 A, 6 pm, 7.8 x 300 mm) and a
refractive index detector [29,30]. A polysaccharide sample (30 mg) was
weighed and placed in a 100-mL volumetric flask. Deionized water was
added to the flask up to the marked line, and the solution was mixed
thoroughly and filtered through a 0.45-pm microporous membrane
before injection. The chromatographic system comprised a mobile phase
of 0.1 M sodium nitrate aqueous solution, with column and detector
temperatures maintained at 40 °C and a flow rate of 1.0 mL/min. Mo-
lecular weights in the range of 500 and 10,000 Da were detected. Pul-
lulan standards were used to obtain a calibration curve, and the
molecular weights of the polysaccharides were calculated based on the
standard curve.

2.8.3. FT-IR analysis

RLMP, RLMP-1, and PLMR-2 were subjected to FT-IR analysis using a
Nicolet 6700 FT-IR spectrometer (Thermo Fisher Scientific, USA).
Samples were ground with KBr powder and pressed into 1-mm pellets
for measurement. Results were recorded in the range of 4000-400 cm ™!

at a resolution of 8 cm™?.

2.8.4. Methylation analysis

Methylation analysis was conducted to determine the types of
glycosyl linkages present in the RLMP-1 sample [31]. RLMP-1 was
sequentially methylated, hydrolyzed, reduced, and acetylated to obtain
partially methylated alcohol acetates (PMAAs) of RLMP-1, which were
further analyzed by GC/MS.

2.8.5. NMR

RLMP-1 was subjected to deuterium exchange in D20 thrice. The
sample (50 mg) was dissolved in DO (0.5 mL). 1D NMR was conducted
with 'H NMR, and '3C NMR and 2D NMR (COSY, HSQC, HMBC, and
NOESY) data analyses were performed [32] on an NMR spectrometer
(Avance III HD 600 MHz, Brucker, Germany).

2.8.6. SEM and TEM

The morphological and surface characteristics of RLMP, RLMP-1,
and PLMR-2 were observed and recorded using SEM. A drop of poly-
saccharide sample solution (5 pg/mL) was added to the mica, and gold
was sprayed after drying. An S-4800 field emission scanning electron
microscope (S-4800, Hitachi, Japan) was used for observation and
image collection.

The microscopic structures of the polysaccharides were observed by
TEM [33]. Samples were dissolved in distilled water, ultrasonicated for
20 min, and immediately dropped onto copper mesh for testing. A high-

Table 3

Analysis of variance for the Plackett-Burman test.
Source df Adj SS Adj MS F P Inference
Model 8 42.9084 5.3636 15.77 0.022
Linear 8 42.9084 5.3636 15.77 0.022
Xy 1 4.2483 4.2483 12.49 0.039
Xo 1 7.1148 7.1148 20.92 0.020
X3 1 0.2408 0.2408 0.71 0.462 -
X4 1 12.8961 12.8961 37.92 0.009
Xs 1 13.188 13.188 38.77 0.008 *
Xe 1 0.1875 0.1875 0.55 0.512 -
X7 1 3.4776 3.4776 10.22 0.049
Xg 1 1.5552 1.5552 4.57 0.122 -
Residual 3 1.0204 0.3401
Cortotal 11 43.9288

—: means not significant.
** Means highly significant (P < 0.01).
" Means significant (P < 0.05).
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Table 4
ANOVA of the response surface quadratic model.
Source Sum of DF  Mean F p
squares square
Model 64.52 20 3.23 4.77 0.000 2
A 5.52 1 5.52 8.16 0.008 5
B 3.93 1 3.93 5.81 0.023 6
C 6.58 1 6.58 9.73 0.004 5
D 0.72 1 0.72 1.07 0.311 3 -
E 1.67 1 1.67 2.47 0.128 7 -
AB 0.18 1 0.18 0.27 0.6099 -
AC 0.26 1 0.26 0.38 0.5408 -
AD 1.66 1 1.66 2.46 0.1294 -
AE 5.625E-003 1 5.625E- 8.315E- 0.9281 -
003 003
BC 1.600E-003 1 1.600E- 2.365E- 0.9616 -
003 003
BD 0.13 1 0.13 0.20 0.6610 -
BE 6.63 1 6.63 9.80 0.0044
CD 0.78 1 0.78 1.16 0.2922 -
CE 0.73 1 0.73 1.08 0.3085 -
DE 3.76 1 3.76 5.56 0.0265
A2 6.30 1 6.30 9.31 0.0053
B? 9.97 1 9.97 14.74 0.000 7
c? 7.43 1 7.43 10.99 0.0028
D? 15.97 1 15.97 23.61 <0.000
1
E? 21.25 1 21.25 31.41 <0.000
1
Residual 16.91 25 0.68
Lack of fit 15.29 20 0.76 2.36 0.1737 -
Pure Error 1.62 5 0.32
Correct Total 81.43 45
R-Squared 0.7923
Adjusted R- 0.6262
square

—: means not significant.
™ Means highly significant (P < 0.01).
" Means significant (P < 0.05).

resolution field emission transmission electron microscope (FEI Talos
F200S 200 kV, Thermo Scientific, US) was used for observation and
image collection.

2.9. Assessment of hypoglycemic activity

2.9.1. a-Glucosidase inhibitory activity

The a-glucosidase inhibitory activity of RLMP was measured using
PNPG as the substrate and acarbose as the positive control [34]. Various
volumes of the sample, a-glucosidase solution (40 pL, 4200 U/mL), and
phosphate buffer (pH 6.8) were added into 96-well plates, and the final
volume of each reaction system was made to 260 pL. After pre-
incubation at 37 °C for 20 min, PNPG (30 pL, 20 mmol/L) was added
and incubated for another 20 min. The reaction was stopped with so-
dium carbonate, and absorbance was measured at 405 nm. All samples
were analyzed in a triplicate. The inhibitory rate was calculated using
Eq. (5). The half-maximal inhibitory concentration (ICsg) values were
calculated using GraphPad Prism (version 9.5.1).

Ac —Aq
Aa _Ab

Inhibitory rate = (1 - > x 100% (5)

where A, is the absorbance of buffer solution, enzyme liquid, and sub-
strate; Ap is the absorbance of buffer solution; A, is the absorbance of
sample solution, enzyme liquid, and substrate, and A is the absorbance
of sample and buffer solutions.

2.9.2. Cytotoxicity assay

HepG2 cells were grown in MEM containing 10 % FBS in an incu-
bator at 37 °C with 5 % CO,. Cells in the logarithmic growth phase were
selected and digested, and the cell suspension was aspirated and added
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Fig. 2. GC chromatogram of RLMP (A) (1-Rha, 2-Ara, 3-Xyl, 4-Man, 5-D-Glu, and 6-Gal) and the standard substance mixture (B), FT-IR spectra of RLMP, RLMP-1 and
RLMP-2 (C).
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to PBS. Trypan blue dye was added, and the mixture was kept at 25 °C.
Cells were counted using a fluorescence microscope. After dilution based
on the counting results, cells were evenly inoculated into 96-well plates
and placed in an incubator. After 24 h, 100 pL of polysaccharide solu-
tions at 0.1, 0.3, 0.6, 0.8, and 1.0 mg/mL were added to the wells, and
the plates were incubated for another 24 h. Then, cells were treated
according to the CKK-8 kit’s manufacturer’s instructions. The wells
without polysaccharide solution served as blank controls. Cell survival
rate was calculated based on the absorbance value of each well at 490
nm.

2.9.3. Glc consumption assay

A glucose consumption assay was performed using insulin-resistant
HepG2 (IR-HepG2) cells, as previously described with slight modifica-
tions [35]. Experiments were conducted in normal, model, positive
control, and sample groups. Cells were seeded in MEM containing in-
sulin (0.5 pM) for 24 h. The medium was replaced, and cells were treated
with three different concentrations of RLMP: low (0.1 mg/mL), medium
(0.3 mg/mL), or high (0.6 mg/mL). Cells were continuously cultured for
24 h. Then, the culture medium was collected and centrifuged, and the
Glc content in the supernatant was determined.

2.9.4. Glycogen content and HK and PK activities

HepG2 cells were cultured into six-well plates at a density of 5 x 10*
cells/mL and incubated for 24 h. Then, IR-HepG2 cells were established
according to the above description. Cells were collected and treated with
cell lysis buffer at 4 °C for 10 min. The glycogen content of cell lysates
was quantified using the Glycogen Content Assay Kit and BCA Protein
Concentration Assay Kit. HK and PK activities were tested using their
respective Kits.

2.10. In vitro antioxidant activity

2.10.1. ROS levels

The ROS inhibitory activity of RLMP was assessed following Cao
et al.’s method [36]. After treatment with different concentrations of
RLMP (0.1, 0.3, and 0.6 mg/mL), the cells were rinsed with PBS and
incubated with DCFH-DA (10 pM) for 20 min in the dark at 37 °C. They
were then rinsed twice with PBS and analyzed using a fluorescence
spectrophotometer with excitation and emission wavelengths of 485 and
535 nm, respectively. The positive control group was treated with
metformin.

2.10.2. CAT, SOD, and GSH-Px activities and MDA content

HepG2 cells were inoculated into six-well plates and grown in me-
dium containing RLMP for 24 h. Cells were lysed and centrifuged, and
supernatants were collected and analyzed to determine CAT, SOD, and
GSH-Px activities and MDA content using their corresponding kits.

2.11. Western blotting analysis

Western blotting analysis was conducted as previously described
[37]. HepG2 cells were grown and grouped as follows: normal, model,
positive (MET media), and with different concentrations of RLMP dis-
solved in MEM for 24 h. Total proteins were extracted using RIPA buffer,
centrifuged, and quantified using a BCA kit. Thereafter, 40 pg of proteins
were resolved using 10 % SDS-PAGE and transferred onto PVDF mem-
branes blocked with 5 % skim milk in TBST for 1 h. Subsequently, the
membranes were incubated with p-PI3K (1:500 dilution), PI3K (1:500),
p-Akt (1:500), Akt (1:1000), p-IRS — 1 (1:500), IRS — 1 (1:300), GLUT4
(1:500), and p-actin (1:1000) antibodies overnight at 4 °C. The blots
were washed with TBST buffer thrice and inoculated with goat anti-
rabbit IgG (1:5000) secondary antibody for 45 min at 25 °C. Protein
bands were visualized by electrochemiluminescence and analyzed using
the Gel-Pro-Analyzer software.
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2.12. Statistical analysis

All experimental data are presented as the mean + SD and were
analyzed in GraphPad Prism (GraphPad Software, Boston, USA, version
9.5.1). Data were evaluated for significance using one-way analysis of
variance (ANOVA), followed by Tukey’s post-hoc test. Significant dif-
ferences between groups at different levels were identified as follows: *p
< 0.05, **p < 0.01, and ***p < 0.001.

3. Results
3.1. PBD

As shown in Table 3, The p values for the ultrasonic time (Xs), mi-
crowave temperature (X3), ultrasonic power (X4), liquid-solid ratio (X7),
and immersion time (X;) were <0.05, indicating that the effects of these
factors on polysaccharide yield were significant at a 95 % confidence
interval. The Pareto plots (Fig. S1) show the relative importance of the
corresponding factors (X; to Xg) on polysaccharide yield. The stan-
dardized effect value was used to quantify the effect of the factor on the
yield, with larger values indicating a greater effect. At a standardization
effect >3.182, ultrasonic time, microwave temperature, ultrasonic
power, liquid-solid ratio, and immersion time exhibited significant ef-
fects on the polysaccharide yield, consistent with the results in Table 3.
Therefore, these five factors were selected to further optimize the
extraction process.

3.2. RSM analysis

The BBD experimental data were analyzed using Design Expert
software 8.0.6.1. Relationships between the response value and test
variables were established using the second-order polynomial equation
shown in Eq. (6), where the response value is denoted by Y. ANOVA with
the quadratic model is shown in Table 4.

Y = -187.6 + 0.4274 A + 2.255B + 0.06182C + 3.113D +
14.42E+2.125E—03AB — 1.280E—04 AC + 0.01290 AD— 1.875E—03
AE+1.000E-05 BC— 3.650E—03BD — 0.06438BE—4.43E—04CD —
1.069E—03 CE—0.097DE—8.496E—03A%-0.01069B°-2.300E—05C?-0.0
5412D%-0.3901E% (6).

As listed in Table 4, the p-value of the model was highly significant
(p < 0.01), while the p-value of the lack of fit was 0.1737, suggesting no
significance and verifying the model’s validity. The R? value of 0.7923
and adjusted R? value of 0.6262 confirmed the model’s reliability and its
goodness of fit [27]. Notably, the model response value was obtained
using significant linear coefficients (A, B, and C), interaction term co-
efficients (BE, DE), and quadratic term coefficients (A%, B% % D and
E%) (p < 0.05), and the lack of a significant effect of D and E (p > 0.05)
demonstrated the lack of effect of these values on the RLMP content. The
increasing order of effects of the factors was ultrasonic power (C) >
ultrasonic time (A) > microwave temperature (B) > immersion time (E)
> liquid-solid ratio (D).

Three-dimensional (3D) graphs were plotted with the response value
(Y) on the Z-axis against any two factors, with the remaining factors held
constant at their center point values (coded value = 0) to visualize the
interactions between two independent variables. Fig. 1A-J show the
effects of the independent variable interactions on the RLMP yield, with
significant factors indicated based on the surface steepness. The optimal
conditions for RLMP yield were identified by the circle’s center shown in
the contours. Optimum conditions were as follows: ultrasonic power,
857.45 W; ultrasonic time, 44.05 min; microwave temperature,
83.38 °C; immersion time, 7.75 h, and liquid-solid ratio, 20.75:1 (mL/
g). Considering real-life operating convenience in production, the opti-
mum conditions with a predicted RLMP content of 30.48 % were
adjusted as follows: ultrasonic power, 850 W; ultrasonic time, 45 min;
microwave temperature, 85 °C; immersion time, 8 h, and liquid-solid
ratio, 20:1 (mL/g). Procedural accuracy and stability were verified
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Table 5

Methylated analysis results for RLMP-1.
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Retention time

Methylated sugar

Mass fragments (m/z)

Molar ratio

Type of linkage

10.329 2,3,5-Mes-Araf 45,71,87,101,117,129,145,161 0.199 Araf-(1-
14.994 2,3-Me,-Araf 45,71,87,99,101,117,129,161,189 0.122 —5)-Araf-(1—
16.749 2,3,4,6-Me,-Glep 45,71,87,101,117,129,145,161,205 0.174 Glep-(1—
20.809 2,3,6-Me3-Manp 45,87,99,101,113,117,129,131,161,173,233 0.076 —4)-Manp-(1—-
21.168 2,3,6-Me3-Glcp 45,87,99,101,113,117,129,131,161,173,233 0.151 —4)-Glep-(1—
21.91 2,4,6-Mes-Galp 45,87,99,101,117,129,161,173,233 0.216 —3)-Galp-(1-
22.748 2,3,4-Mes-Galp 45,87,99,101,117,129,161,189,233 0.054 —6)-Galp-(1-
26.367 2,3-Me,-Glep 45,71,85,87,99,101,117,127,159,161,201,261 0.245 —4,6)-Glep-(1—
28.88 2,4-Me,-Galp 45,87,117,129,159,189,233 0.084 —3,6)-Galp-(1—
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Fig. 3. 1D and 2D NMR spectra of RLMP-1. 1H NMR spectrum (A), 13C NMR spectrum (B), HSQC spectrum (C), DEPT 135 spectrum (D), 1H—'H cosy spectrum (E),

NOESY spectrum (F), HMBC spectrum (G).

through three parallel experiments, yielding an average RLMP content
of 30.12 %, with a relative error of 1.2 %, indicating the consistency
between the actual and predicted values.

3.3. Comparison of extraction methods

It can be seen from Fig. S2 that the RLMP yield obtained using UMAE
(30.12 %) was significantly higher than yield from UAE (28.45 %), MAE
(27.33 %), and HRE (26.13 %). The yield using HRE was significantly
lower than those using UAE and MAE (p < 0.01). Additionally, the yield
using UAE was significantly higher than that using MAE (p < 0.05).
These results indicate that ultrasonication and microwave treatment

enhance RLMP extraction efficiency.
3.4. Monosaccharide composition

As shown in Fig. 2A, the six standard monosaccharides were suc-
cessfully separated within 35 min. The monosaccharide composition of
the sample was identified by aligning the retention times and using the
standard addition method with those of the standards. The predominant
monosaccharides present in RLMP were Rha, Ara, Xyl, Man, D-Glc, and
Gal, with a molar ratio of 1.0:20.7:4.3:7.4:65.3:10.8. Among them, Ara,
D-Glc, and Gal were the most abundant monosaccharides in RLMP.
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Fig. 4. The structure link of RLMP-1.

3.5. Characterization of polysaccharides

3.5.1. UV-vis spectra

Fig. S4 shows the UV-visible spectra of RLMP-1 and RLMP-2 in the
wavelength range of 200-400 nm. The absorbance at 280 nm confirms
the presence of protein in RLMP-1 and RLMP-2, with protein contents of
3.42 % and 4.07 %, respectively. Moreover, the absence of absorbance at
260 nm indicates that nucleic acids are not present in either sample.

3.5.2. Distribution of molecular weights

The homogeneity and molecular weights of the two purified poly-
saccharides were determined by HPGPC (Fig. S5). The average molec-
ular weights of RLMP-1 and RLMP-2 were 12.3 kDa and 8.3 kDa,
respectively, representing low-molecular-weight polysaccharides [13].
The purity of RLMP-1 was calculated using the peak area normalization
method, yielding a purity of 82.2 %. This indicates that RLMP-1 is not a
single homogeneous polysaccharide. However, comparing the chro-
matograms of RLMP-1 and RLMP-2, RLMP-1 has a higher degree of
homogeneity as a polysaccharide. Further methylation analysis and
NMR tests were conducted to gain insights into the structural charac-
teristics of RLMP-1.

3.5.3. FT-IR analysis

Infrared spectroscopy analysis revealed differences in the charac-
teristic peaks of RLMP before and after purification (Fig. 2B). In RLMP,
the broad absorption band at 3500-3300 cm ™! is attributed to O—H
stretching vibrations, whereas the weak absorption peak at 2930 cm ™! is
attributed to C—H stretching vibrations. The characteristic absorption
peak at 1600 cm ! corresponds to C=0 stretching vibrations or hy-
drated hydroxyl groups [38,39]. Additionally, multiple characteristic
peaks of pyranose sugars are observed in the fingerprint region of
1000-1200 cm™}, which are typically attributed to C-O-C and C-O-H
vibrations [40]. The weak absorption peak at 830 cm ™! is characteristic
of a-glycosidic bonds [41,42]. In RLMP-1 and RLMP-2, the O—H and
C—H stretching vibration peaks remain at approximately 3400 cm™!
and 2920 cm™!, respectively. However, the absorption peaks at
1000-1200 cm ! are simplified, suggesting that some impurities or non-
polysaccharide components were removed during separation and puri-
fication. Although the main absorption peaks are retained, changes in
their intensity and position indicate the effect of the purification process
on the polysaccharide structure.

3.5.4. Methylation analysis

Based on the determination of monosaccharide composition of
RLMP-1 by ion chromatography (Fig. S6 and Table S3), GC-MS analyses
were conducted to determine the types of glycosyl linkages present in
RLMP-1, and the results are summarized in Table 5 and illustrated in
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Fig. S6. RLMP-1 contained (1—)-linked Araf, (1 — 5)-linked Araf, (1-)-
linked Glcp, (1 — 4)-linked Manp, (1 — 4)-linked Glcp, (1 — 3)-linked
Galp, (1 — 6)-linked Galp, (1 — 4,6)-linked Glcp, and (1 — 3,6)-linked
Galp.

3.5.5. NMR analysis

As shown in Fig. 3A, intricate anomeric proton signals spanning from
83.2 to 64.0 ppm represent the sugar proton ring, and the primary ter-
minal proton peaks at §5.15, 5.08, 5.00, 4.64, 4.55, 4.47, 4.45, 4.41, and
4.37 are concentrated in the 4.3-5.5 ppm region, indicating that RLMP-1
is a heteropolysaccharide with multiple glycosidic linkages. The
anomeric carbon signal (90.0-110.0 ppm) suggests the presence of both
a- and B-configurations in RLMP-1 [16]. Other anomeric signals in the
HSQC spectrum of RLMP-1 (Fig. 3C), including that at 5.0/108.77 ppm,
5.08/108.88 ppm, 5.15/110.62 ppm, 4.64/101.49 ppm, 4.41,/103.84
ppm, 4.55/104.2 ppm, 4.45/103.83 ppm, 4.55/105.39 ppm, 4.37/
104.9 ppm, and 4.47/104.69 ppm, were assigned to a-L-Araf-(1—, —5)-
a-L-Araf-(1-, a-L-Araf-(1-, —4)-a-D-Manp-(1—, —4)-p-D-Glcp-(1-,
B-D-Glep-(1—, —4,6)-B-D-Glep-(1—, —3)-p-D-Galp-(1—, —6)-p-D-Galp-
(1-, —3,6)-p-D-Galp-(1—, respectively.

According to the Iy—1H cosy spectrum of RLMP-1 (Fig. 3E), the
correlation peaks at 5.15/4.13 ppm, 4.13/3.87 ppm, 3.87/4.06 ppm,
and 4.06/3.76 ppm are attributed to the H-1/H-2, H-2/H-3, H-3/H-4,
and H-4/H-5, respectively, of a-L-Araf-(1—, leading to the assignments
of the chemical shifts of the H-2 (4.13 ppm), H-3 (3.87 ppm), H-4 (4.06
ppm), and H-5 (3.76 ppm), respectively. Combined with the HSQC
spectrum of RLMP-1, the corresponding signals at 4.13/82.62 ppm,
3.87/77.97 ppm, 4.06/85.22 ppm, and 3.76/62.64 ppm are assigned to
the H-2/C-2, H-3/C-3, H-4/C-4, and H-5/C-5, respectively, of a-L-Araf-
(1—. Similarly, the chemical shifts at H-2/C-2-H-6/C-6 (H-5/C-5) of the
other sugar residues were deduced and assigned. Detailed chemical shift
assignments are summarized in Table 6.

The anomeric carbon signals, correspondingly labeled as A, B, D, E,
F, G, I, J, K, and L, were identified. Determination of the linking
sequence between sugar residues was conducted using the HMBC and
NOESY spectra. In the HMBC long-range correlation spectrum, the
coupling signal of the anomeric hydrogen with the carbon on each sugar
residue or that between the head carbon and hydrogen on each sugar
residue facilitated this determination. NOESY serves as a supplementary
tool to COSY to complete the assignment of chemical shifts in hydrogen
signals within sugar residues, enabling the determination of the
connection sequence between two sugar residues based on the cross
peak between the anomeric hydrogen of one residue and the hydrogen
on the connected carbon of another residue. The HMBC long-range
correlation spectrum and the NOESY spectrum were instrumental in
inferring the interconnection sequence among various sugar residues. As
shown in the HMBC correlation spectrum (Fig. 3G) and NOESY spectrum
(Fig. 3F) of the polysaccharide sample, the following coupling signals
were found:

Main chain analysis.

A cross peak at § 4.64/80.16 ppm was detected. The shift at 5 4.64
ppm corresponds to the H-1 of residue E, and that at  80.16 ppm cor-
responds to the C-4 of residue F, suggesting that the backbone of RLMP-1
contains —4)-p-D-Manp-(1 — 4)-p-D-Glcp-(1—. In the NOESY spectrum,
the anomeric hydrogen H-1 (8 4.41 ppm) and H-4 (8 3.59 ppm) of the
sugar residue F showed related signal peaks (F H-1/F H-4), indicating
the presence of —4)-p-D-Glcp-(1 — 4)-B-D-Glcp-(1—. The anomeric
hydrogen H-1 (8 4.41 ppm) of sugar residue F and H-6 (5 4.18 ppm) of
sugar residue I showed a related signal peak (F H-1/1 H-6), indicating the
presence of —4)-p-D-Glcp-(1 — 4,6)-p-D-Glep-(1 — link.

Side chain analysis.

The cross peak at & 5.0/68.27 ppm showed the correlation between
the H-1 of residue A and the C-5 of residue B, indicating the branching of
a-L-Araf-(1 — 5)-a-L-Araf-(1—. In the NOESY spectrum, the cross-peak
H-1/ H-6 (4.55/4.18 ppm) presented relevance to the H-1 (§ 4.55
ppm) of the sugar residue J and H-6 (5 4.18 ppm) of sugar residue I,
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indicating the sequences of p-D-Glcp-1 — 4,6)-p-D-Glcp-(1—. The cross-
peak H-1/ H-3 (5.15/3.81 ppm) presented the relevance to H-1 (8 5.15
ppm) of sugar residue D and sugar residue J H-3 (6 3.81 ppm) and the
presence of a-L-Araf-(1 — 3)-p-D-Galp-(1—. The cross-peak H-1/ H-6
(5.15/3.96 ppm) presented the relevance to H-1 (8 5.15 ppm) of sugar
residue D and sugar residue L H-6 (8 3.96 ppm) and the presence of a-L-
Araf-(1 - 3,6)-p-D-Galp-(1 — .

Analysis of main chain and branch chain connections.

In the NOESY spectrum, the anomeric hydrogen H-1 (5 5.08 ppm) of
the sugar residue B and H-6 (5 4.18 ppm) of the sugar residue I showed
related signal peaks (B H-1/I H-6), indicating the presence of —5)-a-L-
Araf-(1 - 4,6)-p-D-Glcp-(1—. The anomeric hydrogen H-1 (8 4.27 ppm)
of the sugar residue K and H-6 (& 4.18 ppm) of the sugar residue I
showed related signal peaks (K H-1/1 H-6), indicating the presence of
—6)-p-D-Galp-(1 — 4,6)-B-D-Glcp-(1—. The anomeric hydrogen H-1 (8
4.55 ppm) of the sugar residue J and H-6 (5 4.18 ppm) of the sugar
residue I had related signal peaks (J H-1/I H-6), indicating the presence
of B-D-Glcp-(1 — 4,6)-B-D-Glcp-(1 — .
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In summary, the polysaccharide mainly consists of monosaccharides
Glu, Man, Gal, and Ara, and its main glycosidic bond structure is —4)-
B-D-Manp-(1 — 4)-B-D-Glcp-(1—4)-p-D-Glep-(1 — 4)-p-D-Glep-(1 — 4)-
B-D-Glep- (1 — 4)-p-D-Glep-(1 — glycosidic bond. Moreover, branched
Ara, Glc, and Gal fragments are connected to the main chain via the 0-6
bond of —»4,6)-p-D-Glcp-(1 — (Fig. 4).

Table 6. Chemical shifts of resonances in the 'H and 13C NMR spectra
of RLMP-1.

3.5.6. SEM and TEM

Fig. 5A-C revealed distinct morphological features among the three
samples. RLMP-1 exhibited large, irregular particles with a crumbly
texture, while RLMP-2 had rough, uneven surfaces composed of sponge-
like particles. The RLMP’s structure appeared sheet-like and fibrous,
with the presence of some thin debris. These observed changes in the
apparent structure of the polysaccharides suggest that ultrasonic pro-
cessing can degrade and modify glycosidic bonds, thereby affecting their
overall structural characteristics.

Fig. 5. SEM images of RLMP (A), RLMP-1 (B) and RLMP-2 (C); TEM images of RLMP (D, G), RLMP-1 (E, H) and RLMP-2 (F, I).
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The conformations of RLMP, RLMP-1, and RLMP-2 were verified by
TEM. Following ultrasonic processing, RLMP formed larger aggregates
(Fig. 5 D—I). Notably, the structures of RLMP-1 and RLMP-2 closely
resembled that of RLMP, suggesting that purification had minimal effect
on the internal structure of the polysaccharides.

3.6. Hypoglycemic activity

3.6.1. a-Glucosidase inhibitory activity

It can be seen from Fig. 6A that RLMP, RLMP-1, and RLMP-2
inhibited a-glucosidase in a concentration-dependent manner within a
range of 25-95 pg/mL. RLMP showed an IC50 value of 38.72 pg/mL,
slightly different from that of acarbose (31.09 pg/mL). These findings
suggest that RLMP is a promising candidate for developing antidiabetic
drugs.

3.6.2. Cytotoxicity assay

When a drug is added at a certain concentration and the cell viability
decreases to below 80 % compared to the control group, this suggests
potential cytotoxicity at that concentration [14]. Fig. 6B shows the re-
sults of the toxicity test on HepG2 cells treated with varying concen-
trations of RLMP. After 24 h of treatment with RLMP at concentrations
of 0.1, 0.3, andd 0.6 mg/mL, cell viability remained above 80 %. This
suggests that RLMP does not exhibit significant toxic effects on HepG2
cells within the concentration range of 0.1-0.6 mg/mL.

3.6.3. Glc consumption

As shown in Fig. 6C, glucose consumption in the model group was
significantly lower (0.847 mM) than that in the normal group (2.771
mM), indicating the successful establishment of the model. RLMP’s ef-
fect on the glucose consumption of IR-HepG2 cells compared to model
cells was dose-dependent. At an RLMP concentration of 0.6 mg/mL,
glucose consumption increased to 2.125 mM, reaching up to 2.226 mM

B
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in the normal group. This indicates that RLMP has the ability to improve
glucose metabolism in HepG2 cells.

3.6.4. Intracellular glycogen content

As shown in Fig. 6D, the hepatic glycogen content in the model group
was significantly lower than that in the normal group (p < 0.05).
Compared to that of the model cells, the glycogen content of IR-HepG2
cells treated with RLMP was significantly elevated in a dose-dependent
manner. At an RLMP concentration of 0.6 mg/mL, the glycogen content
increased to 41.938 + 0.963 (pg/mg prot), compared to the model
group (p < 0.05), suggesting that RLMP can promote glycogen synthesis,
potentially improving hepatic insulin sensitivity.

3.6.5. HK and PK activities

As shown in Fig. 6E-F, the activities of HK and PK in the cells of the
model group decreased by 48.92 % and 52.21 %, respectively, compared
to those in the cells of the control group. Treatment of IR-HepG2 cells
with different concentrations of RLMP resulted in a significant
enhancement of intracellular HK and PK activities in all treatment
groups, compared to the model group. Notably, when the concentration
of RLMP was 0.6 mg/mL, the HK and PK activities were elevated by
70.46 % and 74.02 %, respectively, compared to the model group. The
present study demonstrated that RLMP promotes glycolysis and glucose
metabolism.

3.7. Invitro antioxidant activity

3.7.1. ROS levels

The effect of RLMP on the ROS levels in IR-HepG2 cells is shown in
Fig. 7A. Intracellular ROS levels increased significantly in the model
group, compared to the normal group. However, treatment with
different concentrations of RLMP (0.1, 0.3, and 0.6 mg/mL) resulted in
varying degrees of reduction in ROS levels, which decreased with an
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increase in polysaccharide concentration, indicating a dose-dependent
effect. At 0.6 mg/mL, RLMP treatment reduced intracellular ROS
levels by 63.47 %, compared to the model group, demonstrating its
potential to inhibit ROS production. These findings suggest that RLMP
may improve IR by scavenging ROS.

3.7.2. CAT, SOD, and GSH-Px activities and MDA levels

The antioxidant effects of RLMP were assessed by measuring the
levels of CAT, SOD, GSH-Px, and MDA in IR-HepG2 cells (Fig. 7B-E).
Compared to those in the control group, the CAT, SOD, and GSH-Px
activities in IR-HepG2 cells were reduced by 62.41 %, 65.02 %, and
57.09 %, respectively, whereas the MDA content was increased by 75.6
%, indicating enhanced oxidative stress. Pretreatment with RLMP
effectively mitigated oxidative damage in a concentration-dependent
manner, as evidenced by the increased activities of intracellular anti-
oxidant enzymes. Compared to the model group, continuous adminis-
tration of RLMP increased the activities of CAT, SOD, and GSH-Px by
20.4-97.4 %, 8.2-126.6 % and 21.1-80.7 %, respectively, but decreased
that of MDA by 8.8-49.3 %. These results indicate that RLMP can protect
antioxidant enzymes from oxidative stress-induced damage, thereby
reducing cellular damage.

3.8. Expression of related proteins

As shown in Fig. 8A-D, the levels of PI3K, p-AKT, and GLUT4 was
markedly reduced in the model group, compared to the control group (p
< 0.05). Conversely, there was a significant increase in that of p-IRS-1 in
the model group, compared to the control group (p < 0.05), suggesting
that insulin signaling was blocked, eventually leading to endothelial cell
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injury and IR. After treatment with RLMP, the levels of p-PI3K, p-AKT,
and GLUT4 was significantly enhanced, especially in the high-dose
group, with substantial increases of 73.2 %, 76.5 %, and 56.9 %,
respectively. Conversely, there was a notable decrease of 65.6 % in p-
IRS-1 expression. There were no significant differences in the protein
levels of Akt, PI3K, and IRS-1 across the control, model, and treatment
groups (p > 0.05) groups, suggesting that regulation of p-PI3K-, p-AKT-,
p-IRS-1-, and GLUT4-related protein levels may be involved in modu-
lating the hypoglycemic effect of RLMP.

4. Discussion

Ultrasonic vibration generates cavitation bubbles, which not only
accelerate tissue rupture but also enhance mass transfer. Meanwhile,
microwave radiation is highly penetrating and can cause a rapid in-
crease in internal temperature, leading to a sharp rise in intracellular
pressure, thereby intensifying the effects of ultrasonication and reducing
extraction time. Therefore, the combination of ultrasound and micro-
wave radiation can leverage their respective advantages. As a result, the
polysaccharide yield of UMAE is expected to be higher than that of HRE,
UAE, and MAE. Zhang et al. [21] obtained similar results using the
UMAE method. In this study, it was confirmed that the RLMP yield of
UMAE was indeed significantly higher than that of HRE, UAE, and MAE.
Thus, UMAE is the most effective method for polysaccharide extraction
from RLM.

The bioactivities of polysaccharides are closely associated with their
structural characteristics, including monosaccharide composition, mo-
lecular weight, and types of glycosyl linkages. Previous studies have
reported the isolation of two polysaccharides from the fruit of Rosa
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laevigata, with monosaccharide compositions of mannose, glucose,
galactose, and xylose, and mannose, rhamnose, glucose, galactose, and
xylose, respectively. Both polysaccharides exhibited antioxidant and
neuroprotective effects [11]. In this study, our results indicate that Ara,
Glc, and Gal are the most abundant monosaccharides in RLMP obtained
via UMAE. The literature has confirmed that polysaccharides with
higher Ara or Xyl content exhibit significant inhibitory effects on
a-glucosidase activity [34,43]. Therefore, the hypoglycemic activity of
RLMP may be attributed to its high arabinose content.

Glycogen, a key indicator of glucose metabolism, is the primary
storage form of glucose in the body. Impaired glycogen synthesis con-
tributes to hyperglycemia. Promoting synthesis is essential for reducing
blood glucose levels and preventing complications [44,45]. In present
study, a significant decrease in glycogen content was observed in the
model group, and this was restored following RLMP treatment. IR often
causes decreased glucose consumption and the suppressed activity of
enzymes involved in hepatic glycolysis, such as HK and PK. Decreased
HK and PK activities in hepatocytes lead to reduced glycogen synthesis,
decreased glucose consumption, and disturbed glucose metabolism, ul-
timately affecting blood glucose levels. In this study, the HK and PK
activities in IR-HepG2 cells were significantly increased following RLMP
treatment, suggesting that RLMP exerts an ameliorative effect on hy-
perglycemia, the mechanism of which is likely related to enhanced
glucose metabolism and an increase in glycogen content. Similar results
have been reported that polysaccharides extracted from Lycium bar-
barum fruit significantly increased the activities of HK and PK in the
livers of diabetic animals [46].

Oxidative stress may lead to B-cell dysfunction and glycemic ab-
normalities, which are important mechanisms for inducing IR. Elevated
levels of ROS and decreased activity of antioxidants are major contrib-
utors to oxidative stress. Increased oxidative stress in vivo impairs in-
sulin sensitivity and disrupts the regulation of glucose uptake by
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interfering with insulin signaling in hepatocytes [47,48]. Based on these
findings, we investigated the levels of ROS and MDA and the activities of
intracellular antioxidant enzymes, namely CAT, SOD, and GSH-Px, in IR-
HepG2 cells. The results showed that IR-HepG2 cells had significantly
increased ROS and MDA levels but decreased CAT, SOD, and GSH-Px
activities, reflecting increased oxidative stress. Treatment with
different concentrations of RLMP decreased ROS levels and enhanced
CAT, SOD, and GSH-Px activities in IR-HepG2 cells, suggesting that
RLMP exerts antioxidant effects by regulating the activities of antioxi-
dant enzymes and glutathione metabolism, thereby reducing IR and
alleviating diabetes.

IRS-1 is a docking protein for the insulin receptor and is widely
expressed in mammalian myocytes. IRS-1 activates the phosphorylation
of PI3K and the downstream kinase Akt, which is essential for activating
the downstream PI3K/Akt signaling pathway. PI3K activation regulates
glucose uptake, and Akt is the main signaling substance produced by
PI3K activation. The PI3K/Akt signaling pathway regulates insulin-
mediated glucose uptake and metabolism [49,50]. Dysregulation of
the PI3K/Akt pathway underlies IR in diabetes. GLUT-4, a key glucose
transporter, not only transports glucose into adipocytes and muscle cells
but also uptakes glucose into the insulin-responsive zone [51]. There-
fore, we hypothesized that IR may lead to abnormal glucose metabolism
and oxidative stress by disrupting the PI3K/Akt/GLUT-4 pathway and
analyzed the effect of RLMP on this pathway. Our findings showed that
IRS-1, PI3K, and pAkt protein levels were suppressed in IR-HepG2 cells,
compared to normal controls, and RLMP treatment increased their
levels. Diabetic stimulation significantly reduced GLUT-4 levels,
whereas RLMP treatment significantly increased them. Therefore, RLMP
effectively regulates key targets in the PI3K/Akt/GLUT4 signaling
pathway, hence improving IR.
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5. Conclusion

In this study, the optimum extraction process and in vitro hypogly-
cemic activity of RLMP were investigated. An optimized UMAE method
was developed for extracting RLMP, achieving a higher yield than other
extraction methods. After the isolation and purification of crude RLMP,
RLMP-1 was identified as having a glycosidic bond structure of —4)-p-D-
manp-(1 — 4)-p-D-glcp-(1—4)-p-D-glcp-(1 — 4)-p-D-glep-(1 — 4)-p-D-
glep-(1 — 4)-p-D-glep-(1 — . Moreover, RLMP significantly improved the
levels of glucose-related indicators in insulin-induced HepG2 cells,
highlighting its pronounced hypoglycemic activity. The mechanism of
action involved the activation of the PI3K/Akt/GLUT-4 signaling
pathway, which enhanced glucose metabolism, increased glycogen
content, and alleviated oxidative stress. These findings provide a theo-
retical basis for the potential application of polysaccharides from Rosa
laevigata in functional foods and antidiabetic drugs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.135116.
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