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Abstract In this study, a novel polysaccharide GPA-G2-H was derived from ginseng. Furthermore, the coherent

study of its structural characteristics, fermented characteristics in vitro, as well as antioxidant mechanism of fermented
product FGPA-G2-H on AB,; ,-induced PC12 cells were explored. The structure of GPA-G2-H was determined
by means of zeta potential analysis, FTIR, HPLC, XRD, GC-MS and NMR. The backbone of GPA-G2-H was
mainly composed of —4)-a-D-Glep- (1— with branches substituted at O-3. Notably, GPA-G2-H was degraded by
intestinal microbiota in vitro with total sugar content and pH value decreasing, and short-chain fatty acids (SCFAs)
increasing. Moreover, GPA-G2-H significantly promoted the proliferation of Lactobacillus, Muribaculaceae and
Weissella, thereby making positive alterations in intestinal microbiota composition. Additionally, FGPA-G2-H
activated the Nrf2/HO-1 signaling pathway, enhanced HO-1, NQO1, SOD and GSH-Px, while inhabited Keapl,
MDA and LDH, which alleviated AB-induced oxidative stress in PC12 cells. These provide a solid theoretical basis
for the further development of ginseng polysaccharides as functional food and antioxidant drugs.

Keywords Ginseng polysaccharide; Structural characterization; Intestinal microbiota; Fermentability; Oxidative

stress

1 Introduction

Alzheimer’s disease( AD) is an age-related neurodegenerative disease characterized by cognitive dysfunc-
tion. At present, there are at least 50 million people worldwide suffer from dementia, and with the aging of the
population, the incidence of dementia has increased, bringing a huge burden to social medical'’. The patho-
logic features of AD include neuronal tangles and amyloid plaque deposition in the brain, which further leads
to synaptic loss and neuronal death. The B-amyloid (AB) deposition hypothesis has been widely used in the
pathogenesis of AD"?'. Moreover, numerous studies have demonstrated evidence that excessive AB aggregation
elicits neurotoxicity to neurons by the accumulation of oxidative stress, causing apoptosis in neurons, subse-
quent leading to cognitive impairment'*. Therefore, it is critical to elucidate the molecular mechanism behind
AD, develop effective drugs and reduce the burden of social medical.

Panax ginseng C. A. Meyer belongs to Araliaceae, has been widely used as herbal medicine and functional
food. Tt is recorded in “Sheng Nong’ s herbal classic” that ginseng has the effect of tranquilizing mind and
enhancing intelligence. Ginseng polysaccharides, as natural polymer compounds, are the key active compo-
nents of ginseng, exhibiting anti-oxidative, anti-inflammatory, immune-regulatory, and neuroprotective

]

effects'”. In addition, researches have proved that ginseng polysaccharides (GP) could significantly inhibit

AB deposition, alleviate oxidative stress and neuroinflammation in the brain of AD mice, and improve mito-

! However, polysaccharides cannot be

chondrial dysfunction and neuronal loss mitochondrial dysfunction
directly digested and absorbed due to the lack of polysaccharide-degrading enzymes genes in human body.
Hence, it is urgent to adopt measures to degrade polysaccharides and improve their activity utilization.

It has been reported that intestinal microbiota contains about 16 carbohydrate esterase families, 22 poly-
saccharide lyase (PL) families and 130 glycoside hydrolase (GH) families, which enable intestinal microbiota
to degrade various polysaccharides'®. Researches have confirmed that intestinal microbiota could degrade GP
to produce the metabolites, which have potential to activate immune active factors in the brain to exert neuro-
protective effects”. Particularly short-chain fatty acids(SCFAs), the main products of polysaccharide metabo-
lism by the intestinal microbiota, not only provide energy for intestinal epithelial cells but also reduce the
growth of pathogenic bacteria and even inhibit glial cell activation and inflammatory responses to alleviate the
symptoms of AD patients™®. Hereby, it is essential to probe the dynamic changes of GP in intestinal microbio-

ta as well as the regulation effects on intestinal microbiota, and investigate the potential mechanisms of the

degraded GP on AB-induced PC12 cell.
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In this study, a novel homogeneous polysaccharide named GPA-G2-H was isolated from GP, the
structure was analyzed by means of GPC, zeta potential analysis, FTIR, HPLC, XRD, GC-MS and NMR.

Besides, GPA-G2-H was fermented by in vitro fermentation model and the changes in its physicochemical

properties were detected. The effects of GPA-G2-H on intestinal microbiota were appraised by the changes of
microbial community structures and SCFAs contents. Moreover, the fermented GPA-G2-H(FGPA-G2-H) was
added to AB,s;s-induced PC12 cells to investigate its effects on the viability of PC12 cells and anti-oxidative
stress ability. Simultaneously, the Nrf2/HO-1 signaling pathway of FGPA-G2-H on PC12 cells was explored.
These findings provide a basis for understanding the potential neuroprotective and anti-oxidative stress activity
of polysaccharides, and also establish a foundation for the subsequent development of GP in functional foods

and antioxidant drugs.

2 Experimental

2.1 Materials and Measurements

P ginseng, Jilin Province, China; N-(tert-butyldimethylsilyl ) -N-methyltrifluoroacetamide (MTBSTFA ) ,
99%, Sigma-Aldrich (St Louis, MO, USA) ; PC12 cells, Shanghai Cell Bank (Shanghai, China) ; DEAE-
cellulose-52 and reducing sugar content assay kit, Solarbio (Beijing, China) ; 1-phenyl-3-methyl-5-pyrazoli-
none (PMP) , Aladdin (Shanghai, China) ; 1% penicillin/streptomycin mixture, Biosharp (Beijing, China) ;
The cellular glutathione peroxidase assay kit with NADPH, a total superoxide dismutase (SOD) assay kit with
WST-8, lipid peroxidation malondialdehyde (MDA ) assay kit and lactate dehydrogenase (LDH) assay kit,
Beyotime (Shanghai, China). Enzyme-linked immunosorbent assay (ELISA) kits for tumor necrosis factor
(TNF-a), interleukin-18(1L-18) and IL-6, MeiKe (Shanghai, China). All other reagents used in this investi-
gation were of analytical purity.

INVENIO-R Fourier transform infrared spectrometer (FTIR) , Germany Bruker Company; Agilent 6890-
5973 gas chromatography-mass spectrometry system (GC-MS) , USA Agilent Technologies Company; Varian
BRUKER-500 nuclear magnetic resonance spectrometer(NMR ), Germany Bruker Company.

2.2 Preparation of GPA-G2-H

GPA-G2-H was prepared according to the previously reported method with minor adjustments"’. Briefly,
dried ginseng was extracted three times with boiling water (1: 10, w/) , concentrated, and subjected to
alcoholic precipitation with 80% ethanol, followed removal of protein by the Sevag method to obtain GP. GP
was applied to a DEAE-cellulose-52 column (4.0 ¢mX50 ¢cm) , eluted with deionized water and 0.5 mol/L
NaCl solution, respectively. The 0.5 mol/L. NaCl-eluting fraction was collected and dialyzed to obtain GPA.
GPA was further loaded onto a DEAE-cellulose-52 column and sequentially eluted with water, 0.05, 0.1,
0.2, 0.3 mol/L NaCl solution. The third fraction was collected, concentrated, dialysis and purified by
5000 molecular weight ultra-filtered cup to obtain GPA-G2-H.

2.3 Monosaccharide Composition Analysis

The PMP pre-column derivatization method was used to determine the monosaccharide composition of
GPA-G2-H"". 2 mg of GPA-G2-H were initially hydrolyzed with 0.5 mL of 1 mol/L. HCI-MeOH solution at
80 °C for 6 h, and repeated three times. The product was further hydrolyzed with 0. 5 mL of 2 mol/L trifluoro-
acetic acid (TFA) at 120 °C for 4 h, ethanol was added to remove the excess acid and dried under a nitrogen
atmosphere. The hydrolysate was derivatized by 0. 5 mol/L. PMP and 0. 3 mol/L. NaOH solution at 80 °C for
4 h. Finally, CHCL, was added to remove the residual PMP, and the filtrate was detected by HPLC with a
DAD detector at 245 nm. The mobile phase was composed of 0. 05 mol/L. PBS solution(B) and acetonitrile (C)
and in the volume ratio of 84:16 at a flow rate of 1. 0 mL/min at 30 ‘C.
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2.4 Determination of Molecular Weight and Zeta Potential

The molecular weight (M,) of GPA-G2-H was detected by Gel Permeation Chromatography (GPC) on
SRT-SEC 100 column, which standard curves were drawn by different molecular weights of dextran (180,
2700, 5250, 9750, 13050, 36800 and 64650 Da). The column was set at 30 °C and eluted with anhydrous
sodium sulfate solution (0. 7% ) , with a flow rate of 1. 0 mL/min. The zeta potential and particle size distribu-
tion of GPA-G2-H solution were measured by Nanoparticle analyzer ZS. All samples were prepared into a con-
centration of 1 mg/mL and performed in triplicate.
2.5 FTIR Analysis

The GPA-G2-H(5 mg) was ground with a spectral-grade KBr powder and pressed into thin sheets. Spec-
tra from 400 cm™ to 4000 cm™ were recorded by a FTIR spectrometer' ',
2.6 Methylation Analysis

The polysaccharide GPA-G2-H was dissolved in anhydrous DMSO, methylated by adding reagents and
incubating at 30 °C for 60 min, hydrolysis of the methylated polysaccharide with TFA at 120 °C for 90 min and
reduced with NaBH, for 8 h. Then the reduced sample was acetylated by adding acetic anhydride for 1 h at
100 °C. After cooling, toluene was added and concentrated under reduced pressure and evaporated to remove
the excess acetic anhydride. The acetylated product was extracted with CH,Cl, for several times, dried with
anhydrous sodium sulfate and determined by GC-MS on RXI-5 SIL MS capillary column (30 mx0. 25 mmX
0.25 mm).
2.7 Nuclear Magnetic Resonance Analysis

GPA-G2-H (40 mg) was dissolved in 0.5 mL of D,0. The 1D and 2D NMR spectra of GPA-G2-H was
recorded by NMR spectrometer.
2.8 Congo Red Test

The conformational structure of GPA-G2-H was analyzed according to Wang method-
ride GPA-G2-H solution (1. 0 mg/mL) and Congo red reagent (80 pwmol/L.) were mixed at a ratio of 1: 1. The
1 mol/L. NaOH solution was added to keep the final concentration of NaOH in the range of 0—0. 5 mol/L and

12]

. The polysaccha-

maintained for 10 min. The maximum absorption wavelength (A,,) was scanned at 400—600 nm with a

spectrophotometer. Deionized water was used instead of polysaccharide solution as a control.
2.9 X-ray Diffraction Analysis

The crystalline structure of GPA-G2-H was measured by a Bruker D8 Advance diffractometer using a Cu
Ko radiation (A=1. 54 nm) at 40 kV. Scattered radiation was detected by the X-ray diffraction (XRD) in the
range of 260=5°—80° at a scan rate of 5°/min.
2.10 SEM Analysis

The morphological features of GPA-G2-H was recorded using a scanning electron microscope (SEM). The
polysaccharide sample was attached to the conductive adhesive and sputtered using an ion sputtering coating
machine. The sample was observed at an accelerated voltage of 5 kV.
2.11 In Vitro Fermentation

In vitro fecal fermentation of GPA-G2-H was conducted according to the previously described method with
slight modifications ™*". The basal nutrient medium contained 0. 10 g NaCl, 0. 04 g K,HPO,, 0. 04 ¢ KH,PO,,
2.00 g NaHCO,, 0.25 g resazurin, 2. 00 g casein tryptone, 2.00 g yeast extract fermentation, 0.025 g
Hemin, 0.50 g L-Cysteine hydrochloride, 0. 01 g MgSO,+7H,0, 0. 01 g CaCl,-6H,0, 2. 00 mL Tween 80,
0. 50 g bile salts and 2. 00 mg Vitamin K1 in 1000 mL of deionized water. The pH value of nutrient medium
was adjusted to 7.2 by 0. 1 mol/L. HCI solution. An amount of fresh feces from 10 healthy rats and 10 AB,s 5

induced Alzheimer model (AD) rats were collected. The nutrient medium was added and mixed thoroughly to
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obtain a fecal solid-liquid mixture (10%, w/v). 8.0 mL of normal rats’ fecal solution supernatant was mixed

with 10. 0 mL of sterilized fermented medium as a blank control group (the Con group). Then, 8.0 mL of the
AD rats’ fecal solution supernatant was added to 10. 0 mL of sterilized fermented medium as the AD group,
and the other added 10. 0 mL 9. 0 mg/mL of GPA-G2-H dissolved in fermented medium as the GPA-G2-H
group respectively. All sealed anaerobic tubes were incubated at 37 “C in SCHVTZ Glove anaerobic chamber.
The whole process was carried out in an anaerobic system (10%H,, 5%CO, and 85%N,). The fermented broth
was collected after 0, 4, 8, 12, 24, 48 and 72 h and stored at —80 °C for further study.

2.12 Determination of Chemical Indices During Fermentation

The fermented products from the Con, AD and GPA-G2-H groups (0, 4, 8, 12, 24, 48 and 72 h) were
centrifuged at 5000 r/min for 10 min, then the pH was detected, and the total sugar content was measured via
the phenol-sulfuric acid method. The reducing sugar content were measured by the reducing sugar content
assay kit'"*'.

2.13 Detection of SCFAs

The SCFAs produced in the Con, AD and GPA-G2-H groups were determined by GC-MS after derivatiza-
tion with MTBSTFA according to the Xiao method with minor adjustment''®’. The derivatized samples were
measured by GC-MS equipped with a TG-5MS(30 mx0. 25 mmX0. 25 pwm) column.

2.14 16S rRNA Gene Sequencing

The 16S rRNA region of the genome was amplified by PCR and the target region DNA was amplified and
enriched for high-throughput sequencing. All OTUs were annotated based on the Ribosomal database project
(RDP). Results were analyzed in Wekemo Bioincloud (https : //www. bioincloud. tech).

2.15 Cell Culture and Model Building

PC12 cells, a neuron-like cell line derived from rat pheochromocytoma, were cultured in DMEM medium
containing 1% (volume fraction) penicillin/streptomycin mixture and 10% (volume fraction) fetal bovine serum
(FBS). The cells were carried out in incubator containing 5% CO, and maintained at 37 ‘C. Then PC12 cells
were seeded into 96-well plates (4x10° cells/well) and cultured for 24 h, injured by AB,s.s (20 wmol/L) for
another 24 h to induce AD-PC12 cells.

2.16 Drug Treatment and Cell Viability

The fermented product of the blank broth (without GPA-G2-H) was boiled in water bath for 15 min, and
95% alcohol was added to broth until alcohol concentration was 80%, and the precipitate and supernatant
were collected respectively. The fermented product of the GPA-G2-H group repeated the above operation and
collected the precipitate as fermented GPA-G2-H(FGPA-G2-H).

PC12 cells were co-incubated with FGPA-G2-H at different concentrations (0, 31.25, 125, 500, 1000,
2000 and 4000 pg/mL) for 24 h. The (4, 5-dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide (MTT)
assay was used to detect the cell viability and screened the concentration of FGPA-G2-H"®'. The AB,, .-
induced PC12 cells were incubated with different concentrations of FGPA-G2-H(50, 200 and 800 pg/mL) for
24 h and cell viability was detected by MTT assay.

2.17 Determination of Anti-oxidative Effect of FGPA-G2-H

To study the anti-oxidative effect of FGPA-G2-H on AR, ,s-induced-PC12 cells, PC12 cells (3x10° cells/
well) were inoculated into six-well plates and treated according to Section 2. 16, the levels of MDA, LDH,
GSH-Px and SOD were measured by commercially biochemical kits according to the manufacturer’ s instruc-

. 17]
tlons[ .

2.18 Detection of IL-13, IL-6 and TNF-a Levels
ELISA measured the concentrations of pro-inflammatory cytokines including the IL-18, IL-6 and TNF-«
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content in cell culture supernatants according to the steps of the manufacturer’s instructions' "',

2.19 Western Blot

The total protein of each group was extracted by RIPA buffer lysis in ice water bath, and detected by BCA
protein assay kit. The protein was separated by SDS-polyacrylamide gel electrophoresis and transferred to the
PVDF membrane, and the membrane was blocked with 0. 05 g/mL skimmed milk powder TBST solution'*".
PVDF membranes were incubated overnight with NQO1, Keapl, Nrf2, HO-1 and B-actin antibodies at 4 °C.
The membrane was washed three times with TBST and incubated with HRP-conjugated secondary antibody for
1 h. The protein bands were detected using ECL technology. The protein expression was quantitatively
analyzed by Image ] software.
2.20 Statistical Analysis

All the assays were performed at least in triplicate. The results were expressed as meantstandard
deviation (SD). Data were processed using GraphPad Prism and multiple comparisons were performed using
one-way analysis of variance (ANOVA). Dunnett’ s multiple comparison test was employed to evaluate the
significance of differences between the groups with different treatments. A P-value<0. 05 was considered as

statistically significant differences.

3 Results and Discussion

3.1 Monosaccharide Composition and Molecular Weight Analysis

GPA-G2-H was obtained in homogeneous form by subjecting the 0. 2 mol/l. NaCl-eluted fraction to 5 kDa
ultrafiltration according to the fractionation scheme outlined in Section 2.2. (Fig. S, see the Supporting
Information of this paper).

The analytical results of monosaccharide composition showed that GPA-G2-H was composed of galact-
uronic acid (GalA) , glucose (Glc) , galactose (Gal) , and arabinose (Ara) with a ratio of 1. 18:90. 13:3. 74:
4.95[Fig.1(A) ]. This indicated that the largest proportion of Glc might be the main skeleton of GPA-G2-H,
which was consistent with previous study'”. The M, of GPA-G2-H was determined by GPC. The curve of
GPA-G2-H showed a single peak [ Fig.1(B) ], indicating that GPA-G2-H was a homogeneous polysaccharide.
The molecular weight of GPA-G2-H was estimated to be 46. 29 kDa according to the standard curve of dextran.
3.2 Particle Size Analysis

The size and stability of polysaccharide particles have a great influence on the activity of polysaccharides.
In this study, the particle size of GPA-G2-H was found to be (109. 69+11. 35) nm, which was smaller than GP
[Fig.1(C) ]. GPA-G2-H with higher absolute value of the negative zeta-potentials might attribute to its GalA

2] The particle surface charge (zeta potential) in polysaccharide solution affects the

and carboxyl groups
stability of the dispersion system through electrostatic repulsion (Table 1). The above results demonstrated
that GPA-G2-H had a lower molecular size and more negative charges, which was conducive to its stable
dispersion in solution.
3.3 FTIR Spectra

The characteristics absorption peak of GPA-G2-H was observed at 400—4000 cm™ as shown in
Fig.1(D). The strong and broad peak at 3319 cm™ was assigned to —OH group with stretching, the weak
peak around 2916 c¢cm™ corresponded to the stretching vibration of C—H'"*. Besides, the absorption peaks
around 1631 cm™ and 1413 ¢cm™ were considered as the vibrations of COO—, indicated the presence of galact-
uronic acid or glucuronic acid. The signal at 1150—950 ecm™ indicated that GPA-G2-H contained pyranose
rings, which was attributed to the C—0—C and C—0—H glycosidic bands, and the band at 1074 cm™ con-

tributed to O-substituted glucose residues®'. Furthermore, absorption at 863 cm™ and 761 ¢cm™ in GPA-G2-H
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probably was attributed to the presence of B-type glycosidic bond and furan ring, respectively' .
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Fig. 1 Physicochemical properties of the polysaccharide GPA-G2-H

(A) HPLC chromatography; (B) GPC profile; (C) molecular particle size distribution; (D) FTIR spectrum; (E) maximum
absorption wavelength of Congo red and Congo red+GPA-G2-H at various concentrations of NaOH solution; (F) XRD spec-
trum; the SEM images of GPA-G2-H with magnifications of 1000x(G) and 5000x(H).

Table 1 Particle size and zeta potential of GPA-G2-H

Sample Zeta-Average/nm Zeta-potential/mV
GP 153.30+5.36 -7.94+0.29
GPA-G2-H 109.69+11.35 -11.23+0.37

3.4 Methylation Analysis
To determine the monosaccharide linkages, GPA-G2-H was methylated, hydrolyzed and acetylated for
GC-MS analysis. The results of the methylation analysis were summarized in Table 2 and Fig. S2 (see the
Supporting Information of this paper) , and based on the retention times and standard data of PMAA in the
Table 2 Methylation analysis of GPA-G2-H using GC-MS

RT PMMA Type of linkage Mass fragments, m/z Molar ratio (%)
10.345 2,3,5-Me,—Araf Araf-(1— 45,71,87,101,117,129,145,161 1.6
16.845 2,3,4,6-Me,~Glcp Glep—(1— 45,71,87,101,117,129,145,161,205 8.7
21.660 2,3,6-Me,~Glep —4)-Glep-(1— 45,87,99,101,113,117,129,131,161,173,233 53.6
24.411 2,6-Me,~Glcp —3,4)-Glep-(1— 45,87,97,117,159,185 16.0
26.629 2,3-Me,~Glep —4,6)-Glep—(1— 45,71,85,87,99,101,117,127,159,161,201,261 79
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database. The results indicated that GPA-G2-H mainly had five different glycosidic linkages, which were com-
posed of Araf-(1—, Glep-(1—,—4)-Glcp-(1—,—3,4)-Glep-(1— and —4,6)-Glep-(1— in a molar ratio
of 1.6:8.7:53.6:16:7.9 and the degree of branching (DB) was 0. 39. The above results indicated that the
backbone of GPA-G2-H was probably composed of —4)-Glep-(1—, and branching at the 03 and 06 posi-
tions.
3.5 1D and 2D NMR Analysis

To further analyze the structure of GPA-G2-H, the 1D and 2D NMR spectrum was determined, which

was shown in Fig.2. In "H NMR spectrum, chemical shifts of the isomeric proton signal greater than § H5
belong to the a-type and less than 5 for the B-type™. The 'H NMR spectrum of GPA-G2-H had multiple
strong signals greater than 5, indicating a predominance of a-type chains. The rest signals between o 3. 48—

4. 14 were from H2 to H6.
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Fig.2 NMR spectra of the GPA-G2-H
(A) "H NMR spectrum; (B) *C NMR spectrum; (C) 'H-"*C HSQC spectrum; (D) "H-"H COSY spectrum in the anomeric region;

(E) "H-"*C HMBC spectrum in the anomeric region.

The chemical shifts of C and H in GPA-G2-H were assigned by analysis of HSQC and H-H COSY data

26~29] In

[Fig.2(C) and (D) ] regarding literature and methylation results related to the same sugar residues'
the anomeric region of the HSQC spectrum, five strong cross peaks were observed at § 5. 17/108. 93, 5. 03/
98.09, 5.44/99.70, 5.22/107.43 and 5. 31/109. 82(Table 3), indicating that there were mainly five differ-
ent sugar residues (A—E). By comparing with methylation and literature, residues A—FE were assigned to
a-L-Araf- (1=, a-D-Glep-(1—, —4) -a-D-Glep- (1—, —3, 4) -a-D-Glep- (1— and —4, 6) -a-D-Glcp-
(1" In detail, the correlated HSQC data showed a correlation between the signals of anomeric carbon
(8 199.70) and anomeric hydrogen (8 5. 44). The results of further analysis of H-H COSY showed that H1,
H2, H3, H4, HS5, and H6 were 6 5.44, 3.48, 3.95, 3.63, 3.79, and 3. 68, respectively, and the
carbon spectra were 6 99.70, 71.35, 73.90, 76.57, 71. 66 and 61.43, respectively“']. The residue was
inferred to be glycosidic bond —4)-a-D-Glep-(1—(C). The C and H of the sugar residue L-Araf-(1—(A),
a-D-Glep-(1—(B), —3,4)-a-D-Glep-(1—(D) and —4,6)-a-D-Glecp-(1—(E) , were assigned by the same
method.
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Table 3 Chemical shift of signals of 'H NMR and “C NMR spectra of GPA-G2-H
Glycosidic bond H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6
A a-Araf-(1— 5.17 4.11 4.14 4.10 3.77 —
108.93 83.13 74.36 83.83 61.21 —
B a—Glep-(1— 5.03 3.56 3.70 343 3.67 3.65
98.09 70.95 72.05 69.93 71.43 61.21
C —4)-a—Glep—(1— 5.44 3.48 3.95 3.63 3.79 3.68
99.70 71.35 73.96 76.57 71.66 61.43
D —3,4)-a—Glcp-(1— 5.22 3.65 3.86 3.59 3.78 3.66
107.43 72.05 75.68 77.37 70.15 60.90
E —4,6)-a-Glep—(1— 5.31 3.57 3.92 3.60 3.77 3.64
109.82 71.35 75.47 79.42 71.66 64.71

The deduced different sugar residue linkages were further validated by the HMBC. The cross-peaks DH4/
CC1 and CH1/DCS in HMBC spectrum [ Fig.2 (E) ] revealed that C4 of—3,4)-a-D-Glep-(1— was linked to
C1 of —4)-a-D-Glep-(1—, DH3/EC4 and DH3/ECS5 indicated that C3 of —3,4)-a-D-Glep-(1— was linked
to C4 of —4,6)-a-D-Glep-(1—", By combination analysis of methylation and NMR spectroscopy, the back-
bone of GPA-G2-H was mainly composed of —4)-a-D-Glcp-(1— with branches substituted at O3 and termi-
nated with T-a-D-Glep and T-a-L-Araf.
3.6 Congo Red Test Analysis

The Congo red test was used to detect whether the polysaccharide had a helical conformation. When the
e Of the complex formed by Congo red and polysaccha-
ride will be red-shifted™’. As shown in Fig. 1(E), the A, of the GPA-G2-H Congo red complex decreased

with increasing NaOH concentration, but the decrease trend was slower than that of the Congo red solution.

polysaccharide had a triple helix conformation, the A

max

The above results demonstrated that GPA-G-2H had no triple helix structure.
3.7 XRD and SEM Analyses

To further explore the polysaccharide structure, diffraction patterns were obtained by XRD testing of
GPA-G2-H. The result showed a broad main diffraction peak at the 26 of 19. 7° [Fig.1(F) ], indicating that
GPA-G2-H existed mainly in semi-crystalline and amorphous form.

The microscopic surface morphology of GPA-G2-H at different magnifications (1000x and 5000% ) was
presented in Fig.1(G) and (H). As observed under low magnification, GPA-G2-H was mainly composed of
fiber filaments, ribbons with branches and lamellar aggregates, while under high magnification, multiple
threads could be seen in a parallel arrangement, suggesting that the chains of GPA-G2-H were arranged in a
somewhat ordered manner.

3.8 Changes of pH, Total Sugar and Reducing Sugar During Fermentation

The changes of total sugar content can provide evidence for the utilization and degradation of polysaccharides
by the intestinal microbiota. The total sugar content of GPA-G2-H group decreased from 2. 76 to 1. 15 mg/mL
within 24 h[Fig.3(A) |, which was significantly higher compared to the Con and AD groups (P<0.05). The
result demonstrated the majority of the GPA-G2-H could be utilized by the intestinal microbiota.

In addition, the polysaccharide can be degraded by the enzyme secreted by the intestinal microbiota,
with more reducing ends exposing. The GPA-G2-H group decreased significantly (P<0. 05) in reducing sugar
content before an initial increase at 8 h [Fig.3 (B) ], The results were consistent with the results of other
polysaccharides fermented in vitro'®’. This could be explained by the fact that within the first 8 h, the rate at
which polysaccharides were utilized was outpaced by the intestinal microbiota’s capacity to hydrolyze them.
However, after this period, the condition reversed as a result of the intestinal microbiota’s higher metabolism

brought on by their multiplication.
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Fig.3 Total sugar concentration changes(A), reducing sugar content changes(B), the pH changes of
GPA-G2-H during in vitro digestion(C) and concentrations of SCFAs(D)
Data were expressed as means+SD(n = 3); # P<0.05, * P<0.01 vs. Con group, *P<0.05 vs. AD group.

The change of pH in fermented broth reflected the change of GPA-G2-H metabolism during fermentation
process in a certain extent. As shown in Fig.3(C), the initial pH of GPA-G2-H fermentation was significantly
lower than that of the AD group, which might be related to the GalA content in GPA-G2-H"**. GPA-G2-H had
a slower decreasing trend before 8 h, while the decreasing effect was very obvious from 8 to 24 h, which might
be due to the proliferation of intestinal microbiota. In addition, the rise in the degradation and utilization rate
of GPA-G2-H led to an increase in acid metabolites and a decrease in pH.

3.9 SCFAs Levels

Studies have shown that intestinal microbiota is closely related to human health, and SCFAs are the main
metabolites of polysaccharides utilization by intestinal microorganisms and have a regulatory effect on the
microbiota®”. The content of SCFAs in each fermentation group was shown in Fig.3(D). The concentration of
acetic acid, propionic acid, and isovaleric acid in the AD group was significantly lower than that in the Con
group. When treated with GPA-G2-H, the concentration of acetic acid, isobutyric acid, and isovaleric acid
increased significantly. This increase might be attributed to the GPA-G2-H promoted the proliferation and
metabolism of beneficial bacteria. As the growth substrate of intestinal microbiota, GPA-G2-H provides energy
for the reproduction of intestinal microbiota. In previous research, the metabolically produced SCFAs could
be absorbed by the colonic epithelium and transported to organs and target tissues, activated immune-active

"', and inhibited reproduction of

cells in the brain and provided energy for heart, brain, nerve tissue eic. L3
pathogenic bacteria to alleviate the symptoms of the host. Therefore, these results inferred that GPA-G2-H
might improve the intestinal microenvironment by producing SCFAs and remodeling the structure of the intesti-
nal microbiota to improve the host AD symptoms. To further validated the above conjecture,, we sequenced the

16S rRNA of fecal ferment.
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3.10 Composition of Intestinal Microbiota

The regulation effect of GPA-G2-H on the composition of intestinal microbiota was investigated by
16S rRNA sequencing. At the genus level [Fig. 4 (A) |, statistically significant decreases in Lactobacillus,
Muribaculaceae and Weissella, while increases in Blautia and Fusicatenibacter were seen in AD group as
compared to Con group (P<0.05). The supplement of GPA-G2-H as a carbon source significantly decreased
the abundance of Blautia and Fusicatenibacter, while greatly increased Lactobacillus, Muribaculaceae and
Weissella comparing with AD group. Lactobacillus is a probiotic, researches have shown the supernatant of
Lactobacillus could reverse oxidative stress and inflammatory response in the hippocampus to improve
cognitive impairment and exert neuroprotective effects™' , Muribaculaceae, as the dominant family of the
Bacteroidaceae, encodes a large number of enzymes that hydrolyze carbohydrates, thus possessing a strong
ability to metabolize both endogenous and exogenous polysaccharides®'. GPA-G2-H was used as the energy
source for Muribaculaceae, promoted its proliferation in the intestine, and produced SCFAs. Besides,

Muribaculaceae could accelerate the rate of SCFAs production by cross-feeding with Lactobacillus and

Bifidobacterium.
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Fig.4 Effect of GPA-G2-H on intestinal microbiota
(A) relative abundance at genus level; (B) PCoA based on Bray-Curtis distances; (C) LDA scores with corresponding
phylum; (D) correlation between and SCFAs content and the abundance of microbiota at the phylum level. Data were

expressed as means = SD (n=6), *P <0.05, **P <0.01, ***P <0.001 vs. AD group.

Principal coordinate analysis (PCoA ) is a non-binding data dimension reduction analysis method and was
used to visually analyze the overall differences in the intestinal microbiota between different groups. The more

similar the composition of the intestinal microbiota, the closer they were on the PCoA map. The Con, AD,
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and GPA-G2-H groups were significantly separated from each other on the PCoA plots, which suggested that
there was a significant difference in intestinal microbiota composition between these groups [ Fig.4(B) ]. The
microbiota composition was obviously away from the AD group and closer to Con group on the PCoA plot under
the treatment of GPA-G2-H, suggesting that GPA-G2-H had a retrogressive effect on the microbial community.

Linear discriminant analysis (LDA) is a classical classification model that identifies genomic features
characterizing differences between two or more biological conditions. As shown in Fig.4 (C), the 39 genera
with LDA scores of 4. 0 or more showed significant differences among all groups. The dominant genera in the
Con, AD, and GPA-G2-H groups were 10, 12, and 17 species, respectively. Especially, Bacteroides and
Klebsiella were found in AD group as the dominant species, which had recently been demonstrated to be capa-
ble of forming extracellular amyloids and were associated with inflammation*". Bifidobacterium and Actinobac-
teriota were the dominant species in the GPA-G2-H group. It had reported that Bifidobacterium regulated ami-
no acid metabolism to improve cognitive impairment and alleviate Alzheimer’s disease*’. Kim et al."*"’ found
that Bifidobacterium effectively inhibited amyloidosis and improved synaptic plasticity by ameliorating neuroin-
flammatory responses. The result indicated that the supplement of GPA-G2-H had potential to modulate the
microbial composition of the AD.

To further explore the relationship between intestinal microbiota and metabolic changes, a Spearman cor-
relation analysis was conducted between differential bacteria and SCFAs. The result was depicted in the form
of heatmap in Fig.4(D). The relative abundance of the genera Butyricimonas, Lactobacillus, Paraprevotella,
Muribaculaceae and Weissella were positively correlated with SCFAs, especially stronger correlated with propi-
onic acid and butyric acid. Besides, Eubacterium, Klebsiella and Bacteroides were negatively correlated with
acetic acid, propionic acid and butyric acid. The above results revealed the relationship between specific
intestinal microbiota and SCFAs, and provided a basis for further research into the GPA-G2-H-mediated
modulation on intestinal microbiota.

Numerous studies have confirmed that polysaccharides serve as effective prebiotics that can regulate
specific bacterial strains and significantly promote human health*'. With the intervention of GPA-G2-H,
the abundance of Lactobacillus and Muribaculaceae increased significantly in the fermentation community.
Lactobacillus is a probiotic, researches have shown the supernatant of Lactobacillus could reverse oxidative
stress and inflammatory response in the hippocampus to improve cognitive impairment and exert neuroprotec-

tive effects’”.

Muribaculaceae, as the dominant family of the Bacteroidaceae, encodes a large number of
enzymes that hydrolyze carbohydrates, thus possessing a strong ability to metabolize both endogenous and
exogenous polysaccharides™. Besides, Muribaculaceae could accelerate the rate of SCFAs production by
cross-feeding with Lactobacillus and Bifidobacterium. Notably, Bifidobacterium emerged as a dominant bacterial
in the GPA-G2-H group. Researches indicate that Bifidobacterium is an important acid-producing probiotic,
capable of synthesizing SCFAs such as acetic acid, propionic acid, and lactic acid.

SCFAs play crucial roles in maintaining the balance of intestinal microbiota and supporting overall
metabolic health. Acetic acid was the main fermentation products in the intestinal microbiota after GPA-G2-H

intervention, which was consistent with previous studies'*’.

It has reported that acetic acid could reduce the
intestinal pH to inhibit the growth of pathogenic bacteria. In addition, acetic acid promotes the proliferation of
beneficial bacteria such as Bifidobacterium and Lactobacillus through multiple mechanisms, including regulating
intestinal pH, serving as an energy source, and promoting cross-feeding interactions, thereby maintaining the
balance of intestinal microbiota*'. The increased abundance of Bifidobacterium and Lactobacillus after GPA-
G2-H intervention in this study might be related to its production of acetic acid. In general, these findings

indicate that GPA-G2-H promoted the production of SCFAs and regulated the homeostasis of intestinal microbiota
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to exert potential probiotic functions.

3.11 Effect of FGPA-G2-H on ApB,; ;-induced PC12

3.11.1 Effect of FGPA-G2-H on Viability of AB,;s-induced PC12 Cells
tration of FGPA-G2-H, PC12 cells were treated with various FGPA-G2-H concentrations for 24 h. The MTT
assay (Fig.S3, see the Supporting Information of this paper) showed that FGPA-G2-H had no inhibition
and toxicity to the PC12 cells when the concentration below 1000 pg/mL. Therefore, less than 1000 pg/mL
FGPA-G2-H was used for subsequent studies. The effect of various concentrations FGPA-G2-H(50, 200, 800
peg/mL) on AB,s,-induced PC12 cells were further detected by MTT assay and the result showed in Fig.5(A).
Under treatment with different concentrations of FGPA-G2-H, the viability of PC12 cells was improved in a
dose-dependent manner and enhanced to 75.25% when cells were treated with 800 pwg/mL FGPA-G2-H,
which was significantly (P<0. 05) higher than AD group cells. The result indicated that FGPA-G2-H had a
protective effect on AB,s;s-induced damage to PC12 cells.

To explore the appropriate concen-
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Fig. 5 Effect of FGPA-G2-H(50, 200, 800 j.g/mL) on the AB,,_,; injured PC12 cells viability(A),
levels of LDH(B), MDA(C), SOD(D), GSH-Px(E) in A, ,, injured PC12 cells
Data were expressed as mean+SD(n=4). Differences are statistically significant at **P<0.001 vs. Con group without AB,, .5,

*P<0.05, *#P<0.01 vs. AD group treated with AB,;_,, alone.

3.11.2  Anti-oxidative Effect of FGPA-G2-H on AB,s ;s-induced PC12 Cells
of GPA-G2-H on oxidative stress, the MDA, SOD, GSH-Px and LDH in AB,; ,;-induced cells under FGPA-G2-H

administration were measured. LDH is one of the key oxidoreductases in organisms, which can reflect the

To further investigated the effect

active state of cells. When cells are damaged, the permeability of cell membrane increases, and LDH is released
[45]

from the cell into the culture medium LDH in the AD group increased after treatment with 20 pmol/L
AB,s55 for 24 h, suggesting that AB,s ;s significantly increased cell membrane permeability and induced the
release of LDH [Fig.5(B) ]. Administrating with 800 wg/mL of FGPA-G2-H, LDH significantly decreased
to 225.78% (P<0.01). Meanwhile, FGPA-G2-H significantly reduced MDA in a dose-dependent manner
[Fig.5(C) ], suggesting that GPA-G2-H maintained normal metabolic activities of PC12 cells by enhancing
cell membrane integrity and reducing MDA accumulation.

As

SOD and GSH-Px can scavenge peroxides in living cells and protect cells from radical damage.
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compared to the Con group, the activities of SOD and GSH-Px in the AD group were decreased, while
treatment with different concentrations of FGPA-G2-H enhanced the activities of SOD and GSH-Px[ Fig.5(D)
and (E) J.
increase of GSH-Px and SOD activity, free radicals in cells were effectively eliminated and oxidative damage
was reduced “’. The results demonstrated that FGPA-G2-H significantly increased GSH-Px and SOD synthesis
in the high-dose group and reduced A, -induced cytotoxicity. Based on these findings, FGPA-G2-H

SOD and GSH-Px play crucial roles in the reduction and detoxification of peroxides. With the

appeared to have protective effects against oxidative damage caused by AB,s 5.
3.11.3 Inflammation Effect of FGPA-G2-H on AB,, ;s-induced PC12 Cells

that AB protein promotes AD disease progression and localized neuroinflammatory activity ¥’ Therefore, the

Previous studies have demonstrated

effect of FGPA-G2-H on neuroinflammatory activity in AfB,s;s-induced PC12 cells was also examined. AfB,s s
caused a significant increase in the levels of pro-inflammatory cytokines released by PC12 cells, including
IL-18, IL-6 and TNF-a(Fig.6). FGPA-G2-H significantly reduced the levels of pro-inflammatory cytokines in
a concentration-dependent manner, IL-18, 11-6, and TNF- «a were reduced to 10.06%, 47.69%, and

I confirmed that a plant active polysaccharide

48.32% of those in the AD group respectively. Yang et al. '
from Nicotiana improves lead-induced inflammation and spatial memory impairment in mice by regulating
IL-6. Collectively, these results suggested that FGPA-G2-H could exert neuroprotective effects by inhibiting

the expression of proinflammatory cytokines induced by AB,s ;.
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Fig. 6 Effect of FGPA-G2-H(50, 200, 800 pg/mL) onTNF-a(A), IL-18(B) and IL-6(C) content in
AP, ;-induced PC12 cells
Data were expressed as mean+SD(n=4). Differences are statistically significant at " P<0.001 vs. Con group without AB, .,

*P<0.05, *#P<0.01 vs. AD group treated with AB,,_, alone.

3.11.4 Effect of FGPA-G2-H on the Expression of Nrf2/HO-1 Signaling in AB,s is-Induced PC12 cells  Nrf2/
HO-1 pathway is considered to be a pivotal antioxidant pathway for cells in response to oxidative damage.
Nrf2, a crucial regulator in the Nrf2/HO-1 signaling pathway, could release from Kelch-like ECH-associated
protein 1 (Keapl) once activated, and translocate to the nucleus, further activating the expression of
downstream antioxidant, such as heme oxygenasel (HO-1) , quinone oxidoreductase 1 (NQO1) , SOD and
GSH-Px. HO-1 and NQO1 are critical mediators of cellular protection against oxidative stress, maintaining
. To assess the effect of FGPA-G2-H on Nrf2/HO-1
signaling pathway, the gene expression of Nrf2, HO-1, NQO1 and Keapl in PC12 cells was detected. Western
blot results (Fig.7) showed that compared with Con group, expression of Nif2, NQO1 and HO-1 in PC12 cells
induced with AB,;.s (AD group) was significant downregulated (P<0.01). By contrast, the expressions of

redox homeostasis during exposure to nerve injury *’

Nrf2, NQO1, and HO-1 were elevated, while the protein expression of Keapl was downregulated under the
intervention of 800 wg/mL FGPA-G2-H. Meng et al."™ found that Salvia miltiorrhiza polysaccharides (SMPs)
activated Nrf2/HO-1 pathway to increase SOD and GSH-Px activities, further prevented lipid peroxidation and
apoptosis of PC12 cells. Collectively, the results suggested that Nrf2 activation was a key mechanism in
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Fig.7 FGPA-G2-H activated Nrf2 pathway-related protein expression in Af,. ,.-induced PC12 cells
(A) Western blot assay of Nrf2, Keapl, HO-1 and NQO1, the relative ratio of Nif2(B), Keap1(C), HO-1(D), and NQO1 proteins (F)
was quantified. B-actin served as the internal reference. Data were expressed as mean+SD (n=3). Differences are statistically significant

at # P<0. 01, ## P<0. 01 vs. Con group without AB,, .., *P<0. 05, **P<0. 01 vs. AD group treated with AB, ., alone.
FGPA-G2-H alleviating AB,s;s-induced damage in PC12 cells, and the proposed pathway illustration was
presented in Fig.8.
Part A: the mechanism of AB,is-induced PC12 cellular model of AD involving Nrf2/HO-1 signaling
pathway and oxidative stress; part B: the protective activity of FGPA-G2-H treatment in AB,s ;-induced PC12

cellular model of AD.
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Fig. 8 Pathway illustration of the protective activity of FGPA-G2-H treatment in AB,. ,.-induced PC12 cell injury

4 Conclusions
In conclusion, a novel homogeneous polysaccharide GPA-G2-H derived from ginseng had excellent
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probiotic properties and its fermented product FGPA-G2-H alleviated oxidative stress on AB, ;s-induced PC12
cells. The backbone of GPA-G2-H was mainly composed of —4)-a-D-Glcp- (1— with branches substituted
at 03. GPA-G2-H reshaped the composition of the intestinal microbiota by promoting the proliferation of

beneficial bacteria such as Lactobacillus, Muribaculaceae and Weissella, while inhibiting the proliferation of
pathogenic bacteria, as well as promoting the synthesis of SCFAs. Additionally, it was demonstrated that
GPA-G2-H could be fully metabolized by the intestinal microbiota and the metabolized product FGPA-G2-H
exerted the potential neuroprotective activity against oxidative stress in PC12 cells induced by AB,;,s through
attenuating proinflammatory cytokines (TNF- «, IL-18 and IL-6) generation, MDA accumulation, and
promoting SOD and GSH-Px synthesis. Moreover, FGPA-G2-H probably prevented AfB,;ss-induced oxidative
injury in PC12 cells by regulating Nrf2/HO-1 signaling pathway. Hence, GPA-G2-H is a potential neuropro-
tective and antioxidant polysaccharide, and further in vivo studies are needed in the future. The study might
facilitate understanding the biological functions of GP, and lay foundation for the subsequent development of

GP as functional food and oxidant drugs.

The Supporting Information of this paper see http://www.cjcu.jlu.edu.cn/CN/10.7503/cjcu20250314.
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