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Abstract

Backgroup Superfine grinding (SG) technology has attracted considerable attention in food and medicine researcher fields.
Methods Polysaccharides in superfine powder of Gynostemma pentaphyllum Makino (GPP) were extracted using three methods,
including hot water extraction (HWE), ultrasound-assisted hot extraction (UAE), and microwave-assisted hot extraction (MAE),
and the purified polysaccharides were specially denoted as GPWP, GPUP, and GPMP, respectively. The possible structures of
polysaccharides were investigated by FT-IR, HPLC and SEM. In addition, the antioxidative and immunomodulatory activities
were evaluated by in vitro radical-scavenging activity assay and immune cell functional evaluation.

Results We observed that the yield of GPUP (20.31%) was relatively higher than that of GPWP (15.34%) and GPMP (16.96%).
Among all products, GPWP exhibited the highest antioxidative activities against DPPH, hydroxyl, and superoxide anion radicals.
GPWP could also preferably chelate Fe** and protect against the oxidative damage by increasing the cellular levels of antioxidant
enzymes (SOD, CAT and GSH-PX) and decreasing the content of oxidation product (MDA). Three polysaccharides presented
some extent of immunoregulatory activity by promoting the phagocytosis of mononuclear macrophages and elevating the levels
of NO, TNF-q, and IL-6, and among which GPWP showed the best.

Conclusion These results indicate that the HWE method is an excellent technique for extracting GPP with high bioactivities that
would be suitable for various industrial applications.

Keywords Superfine grinding - Gynostemma pentaphyllum Makino polysaccharides - Extraction methods - Antioxidant activity -
Immunomodulatory activity
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that are suitable for various industrial applications
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Introduction

Gynostemma pentaphyllum Makino (G. pentaphyllum),
also known as Jiaogulan, belongs to the family
Cucurbitaceae [1]. In China, Jiaogulan is considered as
a medical and edible plant that has many health bene-
fits. Polysaccharides, a kind of macromolecular com-
pounds with relatively less toxic and highly bioactive,
are an important bioactive component of Jiaogulan
(GPP) [2]. Many studies indicated that GPP have exhib-
ited several biological functions, such as antioxidant [3],
antitumor [4], antifatigue [5] and immunomodulatory [6]
activities.

Before the extraction of polysaccharides, the raw ma-
terials were ground and crushed into powder for effi-
cient separation. Recently, superfine grinding (SG), a
new technology, was widely used for obtaining super-
fine powders with sizes ranging from 1 nm to 100 pm
[7]. Compared with traditional grind technology, SG
greatly decrease particle size and increase reactive sur-
face to the largest content, resulting to higher extraction
yield [8]. Accordingly, SG technology has a high appli-
cation potential in food and medicine fields. However,
there are few reports of the SG technology applied for
preparing superfine powders from Jiaogulan.

As we know, extraction methods, the fist and crucial
step of polysaccharides research, can influence the yield,
physicochemical properties, and bioactivities of polysac-
charides. [9]. Currently, hot water extraction (HWE) is a
conventional method that has some disadvantages, such
as long extraction time and low extraction yield.
Ultrasound-assisted hot extraction (UAE) and
microwave-assisted hot extraction (MAE) are considered
effective strategies that can overcome the above limita-
tions. However, several reports have suggested that
UAE and MAE can cause the degradation of polysac-
charides and in turn can influence their bioactivity [10].
Thus, a comprehensive evaluation of GPP extractions by
HWE, UAE and MAE, is very necessary to screen the
optimal research design.

In this study, the superfine powder of
G. pentaphyllum was obtained by SG technology and
the size distribution of powder was investigated firstly.
Subsequently, three polysaccharides (GPWP, GPUP and
GPMP) were prepared by different extraction methods
(HWE, UAE and MAE), respectively. The yields, struc-
tures, and antioxidant, immunomodulatory activities of
the polysaccharides were analyzed and compared. The
objective of this paper was to provide a theoretical sup-
port for further utilization of superfine powder
G. pentaphyllum and a guideline for selecting a suitable
extraction method for extracting high-activity polysac-
charides with high bioactivities.
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Materials and methods
Chemicals and reagents

1,1-Diphenyl-2-picryl-hydrazyl (DPPH), phenazine
methosulfate (PMS), dihydro-nicotinamide adenine dinucleo-
tide (NADH), and nitrobluetetrazolium (NBT) were pur-
chased from Sigma (St. Louis, MO, USA). Fetal bovine serum
(FBS) and penicillin-streptomycin were purchased from
Gibco/BRL (Burlington, Canada). Ethanol, sodium salicylate,
and other chemicals were purchased from Chengdu Kelong
Chemical Factory (Chengdu, China). All standards were pur-
chased from the National Institutes for Food and Drug control
(Beijing, China).

Material preparation and pretreatment

Gynostemma pentaphyllum superfine powder was provided
by Pingli Shencaoyuan Tea Co., Ltd. (Ankang, Shaanxi,
China). The pretreatment of superfine powder was described
in supplementary information. The size distribution of
G. pentaphyllum powder was measured by dynamic light scat-
tering (DLS) using a laser particle analyzer (Bruker,
Germany).

Extraction of polysaccharides by different methods
Hot water extraction (HWE)

50 g of G. pentaphyllum superfine powder was extracted with
water at a liquid:solid ratio of 20:1 (mL:g) at 80 °C for
120 min.

Ultrasound-assisted hot extraction (UAE)

50 g of G. pentaphyllum superfine powder was extracted with
water at a liquid:solid ratio of 20:1 (mL:g) with an assistance
of ultrasonic powder at 200 W for 40 min.

Microwave-assisted hot extraction (MAE)

50 g of G. pentaphyllum superfine powder was extracted with
water at a liquid:solid ratio of 20:1 (mL:g) with an assistance
from a microwave powder of 800 W for 15 min.

Preparation of polysaccharides

The solutions obtained from HWE, UAE and MAE were
filtered using a Biichner funnel (100 mm) and subse-
quently were centrifuged (5000 rpm/min, 10 min) to fur-
ther remove the raw materials. Next, the rusting solutions
were concentrated to about one-quarter (250 mL) of the
original volume by a rotary evaporator and precipitated
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by 4 volumes of 95% ethanol at 4 °C for 24 h.
Subsequently, the precipitates were dried at 60 °C to
obtain crude polysaccharides. The crude polysaccharides
were re-dissolved in distilled water to obtain polysaccha-
ride solutions, for which proteins were removed using
Sevag reagent (chloroform:butyl alcohol, 4:1) [I1].
After that, the deproteinated solutions were dialyzed
against distilled water (MW cut off=8-14 kDa) for
48 h to further remove small molecules. The non-
dialyzable fractions, which were were lyophilized, and
named GPWP, GPUP and GPMP, respectively. The yield
was calculated by the following equation:

Yield(%) = % x 100%

Where A is the weight of dried polysaccharides and B is the
weight of G. pentaphyllum powder.

Preliminary characterization of polysaccharides
Chemical composition

The chemical compositions of GPWP, GPUP and GPMP,
including the content of total polysaccharides, proteins and
uronic acids, were determined according to previous methods
using D-glucose, bovine serum albumin and D-glucuronic
acid as standards, respectively [12—14].

Monosaccharide analysis and determination of molecular
weight

The monosaccharide components of GPWP, GPUP, and
GPMP were analyzed by HPLC using 1-phenyl-3-meth-
yl-5-pyrazolone (PMP) pre-column derivatization meth-
od described previously with minor modifications [15].
Briefly, 2 mL of samples (4 mg/mL) was hydrolyzed by
2 mL of TFA at 100 °C for 6 h in an ampoules bottle.
Subsequently, the TFA was removed by a rotary evap-
orator using methanol at 50 °C. The above residues
were then dissolved in 0.4 mL of distilled water and
derivatized with 0.5 mL of PMP-methanol (0.5 M) and
0.6 mL of NaOH (0.3 M) at 70 °C for 70 min. Finally,
the reaction solution was neutralized with 0.5 mL of
0.3 M HCI. After that, it was filtered through a
0.45-um membrane and then subjected to HPLC analy-
sis (Agilent Technologies, USA). The molecular weight
(Mw) of GPWP, GPUP, and GPMP were determined
following a previous report by HPLC equipped with
an evaporative light scattering detector (ELSD) and a
ReproSil 200 SEC column (300 X8 mm, 5 pm). A se-
ries of dextran standards with different concentrations

were prepared and used to construct the standard curve
[16].

Fourier transform infrared (FT-IR) spectroscopy

The function groups of GPWP, GPUP, and GPMP were ana-
lyzed by FT-IR (PerkinElmer, USA) at a frequency range of
4000 to 400 cm .

Scanning electron microscopy (SEM)

The morphology of GPWP, GPUP, and GPMP were observed
at 70x and 140 magnifications by an SEM (S-3400 N, Japan)
[17] operated at an accelerating voltage of 10 kV. Prior to the
observation, the samples were sputtered with gold powder.

Congo red test

The conformational structures of GPWP, GPUP, and GPMP
were determined by Congo red test [17]. Briefly, 1 mL of
samples (1 mg/mL) were mixed with 2 mL of Congo red
solution (80 uM). After that, 1 M NaOH was added to the
mixture to final concentrations of 0 to 0.5 M. Finally, the
maximum absorption wavelength (Amax) of the reaction so-
lutions were determined by a spectrophotometric microplate
reader (SpectraMax M5, USA) operated at a wavelength range
0f 200 to 700 nm.

In vitro antioxidative activity of polysaccharides
Radical-scavenging activity

The DPPH-, hydroxyl-, and superoxide anion-scavenging ac-
tivities, and the Fez+-chelating abilities of GPWP, GPUP, and
GPMP were determined by in vitro chemistry model. The test
protocols were described in supplementary information.

Cell culture

The embryonic fibroblast NIH-3T3 cell line, which was ob-
tained from the Chinese Academy of Sciences Cell Bank
(Shanghai, China), was cultured in DMEM medium (Sigma-
Aldrich) supplemented with 10% FBS (Hyclone, USA),
100 U/mL penicillin, 100 pg/mL streptomycin, and
1 mM L-glutamine. The cells were incubated at 37 °C in an
incubator saturated with 5% CO,.

Before use, the samples were dissolved in the culture me-
dium, and then filtered through a 0.22-pum membrane filter.

Cytotoxicity evaluation

The cell toxicity of GPWP, GPUP, and GPMP were evaluated
using cell counting kit-8 (CCK-8). Briefly, cells were cultured
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in 96-well plates at 5 x 10° cell/well. After that, they were
treated with different concentrations of samples (125—
2000 pg/mL) for 24 h. The cell viability was determined using
CCK-8 kit.

H>0, was used to induce oxidative stress in cells [18].
Briefly, cells were cultured in 96-well plates at 5 x 10° cell/
well for 24 h. Subsequently, they were treated with different
concentrations of H,O, (100900 uM) for 24 h. The cell
viability was then determined by CCK-8 kit. In evaluation of
the protective effects of polysaccharides against H,O,-in-
duced cell oxidative stress, the cells (5 x 10° cell/well) were
pre-treated with GPWP, GPUP, and GPMP in 96-well plates
for 24 h. After the medium was removed, the cells were ex-
posed to 800 uM H,0, for 24 h, and their viability was then
determined by CCK-8 assay.

Flow cytometry

NIH-3T3 cells were divided into three groups: the control
group (medium), the model group (800 uM H,0,), and the
treated group (polysaccharides + H,0,). The cells (3 x 10*
cell/well) in each group were cultured in 24-well plates for
48 h. After that, they were harvested, washed three times with
PBS, and then subjected to further analysis.

Intracellular ROS production was examined using 2, 7-
dichlorofluorescein diacetate (DCFH-DA) according to the
reported method [19]. The cells in each group were incubated
with DCFH-DA (10 uM) at 37 °C for 30 min in darkness.
After washing with PBS to remove the probe, the cells were
analyzed by a flow cytometer (NovoCyte, ACEA
Biosciences, San Diego, CA, USA).

Apoptotic cells were analyzed by Annexin V-FITC/PI kit
(Keygen Technology Co, Ltd., China) according to the man-
ufacturer’s instruction. Briefly, the cells (100 uL) in each
group were stained with annexin V (1 uL) and PI (1 puL) at
37 °C for 20 min in darkness. After washing with PBS to
remove the dyes, the cells were analyzed using a flow
cytometer.

Biochemical assay

After being treated with GPWP, GPUP and GPMP, as de-
scribed in Flow cytometry part, the cells were sonicated in
an ice-water bath and then centrifuged at 3000 rpm/min for
10 min. The supernatant was collected and stored at 4 °C
before use. The protein content was determined by the BCA
method. The antioxidant activities of enzymes SOD, CAT,
and GSH-Px, and the oxidation product (MDA), were mea-
sured by the corresponding kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) based on the man-
ufacturer’s manual.
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Immunostimulatory activity of polysaccharides
Cell culture

The murine macrophage RAW264.7 cells, which were obtain-
ed from the Chinese Academy of Sciences Cell Bank
(Shanghai, China), were cultured in DMEM medium
(Sigma-Aldrich) containing 10% FBS (Hyclone, USA),
100 U/mL penicillin, 100 pg/mL streptomycin, and
1 mM L-glutamine. The cells were incubated in an incubator
at 37 °C under 5% CO, atmosphere.

Prior to use, the GPWP, GPUP and GPMP samples were
dissolved in the medium and then filtered through a 0.22-pm
membrane filter. LPS (1 pg/mL) was used as a positive
control.

Cytotoxicity assay

The cell toxicity of the samples was evaluated by CCK-8 Kkit.
Briefly, the cells were cultured in 96-well plates at 1 x 10
cell/well and were then treated with the samples at different
concentrations (125-1000 pg/mL) for 24 h. After that, the cell
viability was determined by CCK-8 kit.

Phagocytosis assay

The phagocytic activity of RAW264.7 was evaluated by neu-
tral red uptake assay. The experimental cells, were divided
into three groups: the control group (medium), the positive
control group (LPS), and the polysaccharides treated group.
After co-culture for 24 h, the medium was replaced with
100 pL of neutral red (0.1% w/v) and incubated for 1 h.
Subsequently, the cells were washed with PBS and then lysed
using 100 pL of ethanol solution (50%) containing acetic acid
(0.1% v/v) for 12 h. The absorbance of the lysed cells was
measured at 540 nm thereafter.

NO and cytokine assays

Cells were cultured in 24-well plates at 2 x 10* cell/well and
were divided into three groups according to Phagocytosis
assay part. After incubation for 24 h, the culture supernatants
were collected and stored at 4 °C before use. The NO content
was measured by NO assay kit, and the content of TNF-a and
IL-6 were determined by ELISA kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) based on the man-
ufacturer’s instruction.

Data analysis
All data were the averages from at least three repeats experi-

ments presented as means + SDs. All data analyses were per-
formed using SPSS 23.0 software. *P < (.05 and **P < 0.01
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Table 1 Chemical characteristics and molecular weight of
polysaccharides obtained from three extraction methods

Item GPWP GPUP GPMP
Yield 15.34+2.08" 2031+1.74° 16.96+1.36"
Total carbohydrate (%) 86.82+3.51° 75.00+£2.02° 67.14+2.13°
Protein (%) 3.84+054* 7.83+132° 512+0.7°
Uronic acid (%) 435+036° 2.85+045°  3.06+0.70
Molecular weight (Da) 127 x 10° 7.96 x 10* 1.03 x 10°
Monosaccharide composition (mol %)

Mannose 2.36 1.48 2.84
Rhamnose 6.55 321 6.59
Galacturonic acid 10.92 5.26 10.30
Glucose 50.95 73.46 50.82
Galactose 14.02 7.66 14.22
Arabinose 15.20 8.93 15.24

GPWP, polysaccharide extracted by hot water extraction; GPUP, poly-
saccharide extracted by ultrasound-assisted hot extraction; and GPMP,
polysaccharide extracted by microwave-assisted hot extraction. Different
letters indicate significant differences (P < 0.05)

were considered significantly different and highly significant
difference, respectively.

Results and discussion
Characterization of polysaccharides
Chemical composition

As shown in Fig. S1, the average diameter of G. pentaphyllum
superfine powder was 1184.62 +153.92 nm. The extraction
yields and chemical compositions of GPWP, GPUP, and
GPMP are summarized in Table 1. The yield of GPUP,
GPWP and GPMP was 15.34%, 16.96% and 20.31%, respec-
tively. Previous review summarized the polysaccharides yield
from G. pentaphyllum with ranging from 2.49% to 11.44%,
which significantly was lower than our experimental yield
[20]. Superfine powder showed good surface properties, such
as dispersibility and solubility, increasing the yield of bioac-
tive compounds [8]. Additionally, the yield of GPUP
(20.31%) was significantly higher than that of GPWP
(15.34%) and GPMP (16.96%), which is in agreement with
the findings in most previous studies [21]. Ultrasound, which
is a type of mechanical wave that can produce intense pres-
sures, shear forces, and temperature gradient due to bubble
cavitation, can rupture plant cell walls and accelerate the re-
lease of intracellular polysaccharide into water, thus in turn
increase the extraction efficiency [22]. In addition, the con-
tents of carbohydrate, protein, and uronic acid in all three
polysaccharides were significantly different. GPMP consisted

of lower uronic acid content (3.06%) compared to GPWP
(4.35%), which might be due to the degradation of polysac-
charide during microwave treatment [23]. HPLC analysis
showed that the three samples exhibited a single meristic peak,
indicating that the obtained polysaccharides were homoge-
neous (Table. 1 and Fig. S2A-C). Comparison of the Mw,
which were calculated using the formula: log Mw =
—0.281t+8.279 (R2 =0.9839), where Mw represents the mo-
lecular weight of the dextran standard and t is the retention
time, obviously showed that GPWP had the highest Mw
among all three samples.

Constituent monosaccharides

Monosaccharides are the basic units that contribute to the
unique structures and properties of polysaccharides. As shown
in Table. 1 and Fig. S3, the peaks of eight PMP-derived stan-
dard monosaccharides were well separated within 60 min.
Man, Rha, GalA, Glu, Gal and Ara in GPWP were 2.36%,
6.55%, 10.92%, 50.95% 14.02%, and 15.20%, respectively,
whereas those in GPUP were 1.48%, 3.21%, 5.26%, 73.46%,
7.66%, and 8.93%, respectively, and those in GPMP were
2.84%, 6.59%, 10.30%, 50.82%, 14.22%, and 15.24%, re-
spectively. Obviously, the Gal and GalA content of GPUP
was lower than that of GPWP and GPMP, which probably
was associated ultrasound to induce the degradation of poly-
saccharide chains, breaking of intermolecular hydrogen bonds
and atomic rearrangement [24]. These results are consistent
with the with the report by Guo et al. [25], suggesting that the
utilized extraction processes had no influence on the types of
monosaccharides, but had some influence on their
percentages.

FT-IR spectra

The FT-IR spectra of the three polysaccharides were not
significantly different. They revealed the typical absorp-
tion peaks of carbohydrates (Fig. la). Bands at
3300 cm ' and 2930 cm ' are due to O-H stretching
vibrations and C-H stretching and bending vibrations,
respectively [26]. Moreover, a band at 1737 cm ' is
caused by C=0 stretching vibration of esterified groups,
and a band at 1606 cm ' was assigned to C=0 asym-
metric stretching of COO ", which indicates the presence
of uronic acids [23]. These results are consistent with
the monosaccharide composition and m-hydroxyphenyl
assay results. In addition, a band at 1148 cm ! is due
to the asymmetric C-O-C stretching vibration, which
shows the existence of -OCHj; group. A band at
1420 cm™' indicates the bending vibration of C-H or
O-H [27, 28]. Overall, the extraction process had no
effect on the characteristic organic groups of the
polysaccharides.
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Fig. 1 FT-IR spectrums (a) and a
Conformational structure (b) of
polysaccharides obtained from
three extraction methods: GPWP,
polysaccharide extracted by hot
water extraction; GPUP, polysac-
charide extracted by ultrasound-
assisted hot extraction; and
GPMP, polysaccharide extracted
by microwave-assisted hot
extraction
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Conformational structure

The conformational structure is important for polysaccharides
to maintain their bioactivities [29]. Polysaccharides with

Fig. 2 SEM images of
polysaccharides obtained from
three extraction methods: (A:70x,
a:140x) GPWP, polysaccharide
extracted by hot water extraction;
(B: 70x, b: 140x) GPUP,
polysaccharide extracted by
ultrasound-assisted hot extrac-
tion; and (C:70x, ¢:140x) GPMP,
polysaccharide extracted by
microwave-assisted hot extraction
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disrupt the conformational structures of polysaccharides. As
shown in Fig. 1b, among all three polysaccharides, only
GPWP showed a red-shift of Amax, indicating that its confor-
mational structure was altered. This also suggest the polysac-
charides in GPWP rather than GPUP and GPMP, kept the
native conformation after extraction process.

SEM

The surface topography of three polysaccharides were ob-
served by SEM. As shown in Fig. 2, the surface of GPWP
was smooth and flat, whereas that of GPUP and GPMP
were rough with many cavities, which may be caused by
ultrasonic cavitation and microwave stimulation. A previ-
ous report has suggested that the change of surface of
polysaccharides is likely caused by the changes of phys-
icochemical properties and the extraction methods [30].

Antioxidative activities
Radical-scavenging activity
DPPHe-scavenging activity is examined to assess the ability to

supply hydrogen of the samples. As shown in Fig. 3a, three
polysaccharides (GPWP, GPUP, and GPMP) at

concentrations from 62.5 to 2000 pg/mL exhibited good
DPPH-e-scavenging activity in a concentration-dependent
manner with the half-inhibition concentration (ICsy) values
0f297.48,405.92, and 275.79 pg/mL, respectively. This also
indicates that GPWP and GPMP could better supply hydrogen
than GPUP.

As one of the most harmful ROS, *OH can attack all bio-
molecules, such as lipids, proteins, and DNA, in turn causing
cell death and tissue damage [31]. Thus, it is important to
assess the hydroxide radical-scavenging ability of the sam-
ples. As shown in Fig. 3b, GPWP displayed a relatively higher
and dose-dependent *OH-scavenging activity than GPUP and
GPMP, with the concentrations ranging from 62.5 to 2000 pg/
mL, the *OH-scavenging activity was concentration-depen-
dent. The ICs, value of GPWP was 1086.14 pg/mL.
However, the ICs values of GPUP and GPMP could not be
calculated. Additionally, Fe* can generate *OH through the
Fenton reaction (Fe’* + H,O, = Fe** + OH ™ + *OH). Thus, the
metal chelating ability is widely recognized as one of the
antioxidant activities. As shown in Fig. 3c, all samples exhib-
ited excellent Fe* chelating activity in a concentration-
dependent manner. The 1Cs, values were 51.08, 47.27, and
37.37 pug/mL, respectively. Qu et al. have suggested that the
chelating ability of polysaccharides is associated with the for-
mation of cross-bridges between the carboxyl group in uronic

Fig. 3 Ant19x1dant activities of a GPWP GPUP b - GPWP GPUP
polysaccharl.des obtained from F100d —cemp Ve S GPMP Ve
three extraction methods: (a) = =] &
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acid and the divalent ions [32]. Polysaccharides, which con-
tain many active hydroxyl groups, can directly scavenge *OH,
or can suppress the generation of *OH by chelating Fe**.

Superoxide anion radical, which is a free radical, can form
stronger ROS, including *OH, singlet oxygen, and H,O,, and
can ultimately cause many diseases [33]. As shown in Fig. 3d,
both GPWP and GPMP exhibited a better *O, -scavenging
activity than GPUP. The ICsy values of GPWP and GPMP
were 898.79 and 1738.65 pg/mL, respectively.

Cytotoxicity and protective effect

The cytotoxicity of GPWP, GPUP, and GPMP at different
concentrations (125-2000 pg/mL) on NIH-3T3 cell are
shown in Fig. 4a. At the maximum concentration (2000 g/
mL), all three samples had negative effect on cell viability.
Thus, only the samples at concentrations of 125-1000 pg/mL
were selected for further experiments.

As a primary source of ROS, H,O, can lead to cellular
oxidative stress and induce cell apoptosis. As shown in Fig.
4b, at concentrations ranging from 200 to 900 uM, H,0,
could significantly inhibit the cell viability in a
concentration-dependent trend. With H,O, at a concentration
of 800 uM, the cell viability was about 50%. Thus, this con-
centration was chosen to induce cellular oxidative injury.

The protective effect of GPWP, GPUP, and GPMP against
oxidative injury shown in Fig. 4c indicated that the pre-
treatment of cells with the three polysaccharides at concentra-
tions from 125 to 1000 pg/mL could significantly increase the
cell viability in a concentration-dependent tendency. The via-
bilities of the cells were 94%, 87%, and 89% when they were
treated with GPWP, GPUP, and GPMP (1000 pg/mL), re-
spectively. The results suggest that GPWP had a higher pro-
tective effect against oxidative injury than GPUP and GPMP.

Inhibition of ROS and apoptosis

The intracellular ROS was measured by DCFH-DA after dif-
ferent treatments. As shown in Fig. 5, the model group

exhibited significantly higher ROS levels (35.12%) than the
control group (1.95%). However, when cells were pre-
incubated with GPWP, GPUP, and GPMP, the overproduc-
tion of ROS was significantly decreased to 6.22%, 8.37%, and
6.36%, respectively. Similarly, the mean DCF fluorescence
intensity of the three sample groups were significantly de-
creased compared with that of the model group.

Flow cytometry was employed to detect cell apoptosis, as
shown in Fig. 6. The model group had a higher apoptosis rate
(50.03%) than the control group (1.5%). However, when cells
were pre-incubated with GPWP, GPUP, and GPMP, the apo-
ptosis rates were significantly decreased to 6%, 11.43%, and
9.13%, respectively. Both the ROS and the apoptosis data
were coincided well with the aforementioned protective re-
sults, indicating that GPWP has higher antioxidant activity
than GPUP and GPMP.

Antioxidant enzyme activities and MDA level

Normal cells maintain their ROS balance through the enzy-
matic system, such as the actions of antioxidant enzymes in-
cluding SOD, CAT, and GSH-PX, as well as through the non-
enzymatic system, e.g. through actions of GSH and vitamin E
[34]. As shown in Figs. 7a-c, the model group exhibited sig-
nificantly lower SOD, CAT, and GSH-PX activities than the
control group. However, the SOD activity of cells treated with
GPWP, GPUP, and GPMP was remarkably increased by
54.5%, 24.0%, and 38.1%, respectively, compared with that
of the model group. Similarly, compared with that of the mod-
el group, the CAT activity was increased by 46.5%, 31.4%,
and 37.0%, respectively, and the GSH-PX activity was in-
creased by 57.4%, 32.5%, and 36.7%, respectively. In addi-
tion, MDA as the end product of lipid peroxidation, has been
usually used as the indicator of fatty oxidation [35]. As shown
in Fig. 7d, the MDA content of the cells pretreated with
GPWP, GPUP, and GPMP was significantly decreased by
67.1%, 50.2%, and 57.4%, respectively, compared with that
of the model group. These data suggest that the GPWP could
preferably enhance the antioxidant enzyme activities and
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decrease the MDA content, thus could better ameliorate the
injury caused by oxidative stress, as compared with GPUP
and GPMP.

Immunomodulatory activity
Cytotoxicity

The cytotoxicity of GPWP, GPUP, and GPMP at different
concentrations (250-1000 pg/mL) on RAW264.7 cell is
shown in Fig. S4. The viability of cells in the presence of
GPWP, GPUP, and GPMP each at the maximal 1000 pg/
mL were 106%, 107%, and 104%, respectively, which are
not different from that in the control. Additionally, the cell
viability in the presence of LPS was significant enhanced to
150%. The results indicate that all samples were not toxic to
RAW264.7 cells. Therefore, the sample concentration of
1000 pg/mL was chosen for subsequent analysis.

Phagocytic activity and release of NO, TNF-q, and IL-6
As the first line of defense during innate immunity, macro-

phage cells not only have a direct phagocytic ability, but also
indirect resort to the production of pro-inflammatory

DCF

0
10% 10¢ 10* 10° 104 105 106

DCF

and GPMP, polysaccharide extracted by microwave-assisted hot extrac-
tion. "P< 0.05 and **P < .01 were considered significantly different
and highly significant difference, respectively

cytokines, such as TNF-a, IL-6, and NO, which can kill path-
ogenic microorganisms [36]. As shown in Fig. 8a, upon the
treatment with the three samples, the phagocytosis was signif-
icantly improved. However, the activation of the sample
group remained weaker than that of the LPS group. This result
shows that GPWP can better enhance the phagocytosis of
macrophages cells than GPUP and GPMP.

The effects of GPWP, GPUP, and GPMP on the macro-
phage activation were evaluated through the secretion of NO,
IL-6, and TNF-x. As shown in Fig. 8B-D, all samples could
significantly stimulate the production of the three cytokines in
RAW264.7 cells. Specifically, the secretion of NO caused by
GPWP, GPUP, and GPMP was significantly increased from
4.24 (control group) to 21.26, 16.33, and 18.33 uM, respec-
tively, that of TNF-a was increased from 43.70 (control
group) to 63.35, 53.32, and 57.32 pg/mL, respectively, and
that of IL-6 was increased from 6.50 (control group) to 16.56,
11.64, and 13.02 pg/mL, respectively. Similar to the neutral
red uptake results, these findings suggest that GPWP can more
strongly promote the secretion of NO, TNF-a, and IL-6 than
GPUP and GPMP.

In summary, HWE extracts (GPWP) showed better activity
and immunomodulator activities than UAE and MAE extracts
(GPUP and GPMP). It is well known that the bioactivities of
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Fig. 7 Effects of polysaccharides
obtained from three extraction
methods on antioxidant enzymes
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polysaccharides were strongly influenced by various factors,
such as chemical components, Mw, monosaccharide compo-
sition and ratios, as well as configurations [37].

In general, the radical scavenging activities of polysaccha-
rides were related with their electron- or hydrogen-donating
ability. Uronic acid groups in polysaccharides can interact
with the hydrogen atom of anomeric carbons and therefore
affect the activities of polysaccharide. Previous reports have
revealed that the polysaccharides with higher uronic acid con-
tents usually showed stronger activity [38]. Meanwhile, some
researches indicated the contents of mannose and galactose
were highly relevant to antitumor and immunomodulator ac-
tivities [39]. Furthermore, it was supposed that polysaccha-
rides with higher Mw showed more significant activities com-
pared with lower ones. For example, Xu et al. used DEAE-52
cellulose obtaining two different polysaccharide fragments
EAP-1 N and EAP-2A (eluted with distilled water and
0.5 M NaCl). Their results showed that EAP-2A exhibited a
stronger antioxidant capacity both in vitro and in vivo than
EAP-1 N, which might be associated with its higher uronic
acid content and larger Mw [40]. Additionally, many other
studies have also indicated that polysaccharides with helical
conformations and smooth surfaces tend to have higher activ-
ities [41]. In this paper, we demonstrated that the HWE ex-
tracts (GPWP) with highest content (GalA and Gal) and Mw,
relatively smooth surface, and helical conformation than other
extracts (GPUP and GPMP). Hence, the highest bioactivities

of GPWP may be the combination of several factors, rather
than just a single factor. The explorations of structure-activity
relation of GPWP are currently underway.

Conclusions

In conclusion, we prepared G. pentaphyllum superfine
powder with size distribution 1000 nm and demonstrated
that the polysaccharides yield (15.34%—20.31%) from su-
perfine powder was significantly higher than common
powder (2.49%—11.44%). Next, the effects of three extrac-
tion techniques (HWE, UAE, and WAE) on the yields,
characteristics, and antioxidant and immunomodulatory
activities of polysaccharides (GPWP, GPUP and GPMP)
from G. pentaphyllum superfine powder were evaluated.
The results showed that all samples had similar functional
groups, but their monosaccharide contents, molecular
weights, helical conformations, and surface morphologies
were significantly different. Whereas GPUP had the
highest yield, GPWP exhibited the highest bioactivity,
e.g. in scavenging free radicals in vitro, and could amelio-
rate cellular oxidative injury and enhance host immunity.
Collectively, the HWE method is a suitable technique for
extracting polysaccharides with high bioactivities, and the
GPWP is a potential antioxidant that can be applied as
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immunoregulatory active ingredients in food, medicine and
cosmetics industries.
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