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Abstract

Background and Purpose: Polysaccharides from Panax ginseng C. A. Meyer (P. ginseng) are the main active component and
exhibit significant intestinal anti-inflammatory activity. However, the unclear therapeutic mechanism of ginseng polysaccharide
hinders the application for medicine or functional food. Experimental Approach: In this study, a polysaccharide was isolated
from P. ginseng (GP). The primary structure and morphology of GP were studied by HPLC, FT-IR spectra, and scanning
electron microscopy (SEM). Further, its intestinal anti-inflammatory activity and its mechanism of function were evaluated
in experimental systems using DSS-induced rats, fecal microbiota transplantation (FMT), and LPS-stimulated HT-29 cells.
Key Results: Results showed that GP restored mTOR-dependent autophagic dysfunction via modulating the structure of
gut microbiota and blocking the TLR4-MyD88 pathway. Consequently, active autophagy suppressed inflammation through
the inhibition of NF-κB, oxidative stress, and the release of cytokines. Conclusion and Implications: Therefore, our research

provided a rationale for future investigations into the relationship between microbiota and autophagy via TLR4 and revealed

the therapeutic potential of GP for inflammatory bowel disease.
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Abstract

Background and Purpose: Polysaccharides from Panax ginseng C. A. Meyer (P. ginseng) are the main active
component and exhibit significant intestinal anti-inflammatory activity. However, the unclear therapeutic
mechanism of ginseng polysaccharide hinders the application for medicine or functional food.
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Experimental Approach: In this study, a polysaccharide was isolated from P. ginseng (GP). The primary
structure and morphology of GP were studied by HPLC, FT-IR spectra, and scanning electron microscopy
(SEM). Further, its intestinal anti-inflammatory activity and its mechanism of function were evaluated in
experimental systems using DSS-induced rats, fecal microbiota transplantation (FMT), and LPS-stimulated
HT-29 cells.

Key Results: Results showed that GP restored mTOR-dependent autophagic dysfunction via modulating
the structure of gut microbiota and blocking the TLR4-MyD88 pathway. Consequently, active autophagy
suppressed inflammation through the inhibition of NF-κB, oxidative stress, and the release of cytokines.
Conclusion and Implications: Therefore, our research provided a rationale for future investigations into the
relationship between microbiota and autophagy via TLR4 and revealed the therapeutic potential of GP for
inflammatory bowel disease.

Keywords: Panax ginseng C. A. Meyer; Polysaccharide; Intestinal inflammation; Gut microbiota; Au-
tophagy.

Introduction

Inflammatory bowel disease (IBD) consists of a group of disorders including Crohn’s disease (CD) and
ulcerative colitis (UC) and is a kind of recurrent, refractory gastrointestinal disease (Rooks & Garrett,
2016). At present, the incidence of IBD increases yearly. Inflammatory infiltration, redox imbalance, and gut
microbiota dysbiosis are involved in the initiation, development, and exacerbation of intestinal inflammatory
diseases. Intestinal epithelium plays an important role in maintaining gut homeostasis and is the main defense
against pathogen invasion (Barker, 2014). It has been reported that the regulation of gut microbiota can
alleviate the inflammatory response induced by dextran sodium sulphate (DSS) in mice. Lipopolysaccharide
(LPS) is the main component of the cell walls of many Gram-negative bacteria. The inseparable relationship
between microbiota dysbiosis, LPS content and abnormal immune response has been reported previously
(Miller, Choi, Wiesner, & Bae, 2012; Rogers, Moore, & Cohen, 1985). Toll-like receptor 4 (TLR4), which is
abundantly expressed in intestinal epithelial cells, is a gene coding receptor for bacterial LPS (Di Lorenzo
et al., 2015; Medzhitov, Preston-Hurlburt, & Janeway, 1997). An abnormal microbiome, especially with
microbes that produce LPS, triggers intestinal inflammation, and TLR4 might be the initial point of microbial
interaction. Activated TLR4 recruits the downstream molecule MyD88 to trigger the phosphorylation of
MAPKs (Q. Wang, Dziarski, Kirschning, Muzio, & Gupta, 2001), and it is indispensable in orchestrating the
secretion of inflammatory cytokines and oxidative stress response throughout the initiation, development,
and exacerbation of IBD (Russell et al., 2016; Tan, Gao, Guo, & Huang, 2014; Verkade et al., 2016).

Autophagy, a highly conserved process that evolved in eukaryotes, is involved in maintaining organism home-
ostasis via lysosome-mediated self-digestion and recycling of organelles and proteins (Dikic & Elazar, 2018;
Mizushima, 2018). Cells trigger autophagy under various stress, such as exposure to toxic environments,
starvation, and ischemiareperfusion (Netea-Maier, Plantinga, van de Veerdonk, Smit, & Netea, 2016). It
has been reported that autophagy dysfunction increased susceptibility to inflammatory intestinal diseases
(François et al., 2013; Hang, Lapaquette, Bringer, & Darfeuille-Michaud, 2013; Kuenzig et al., 2017; Stris-
ciuglio et al., 2013). Repairing hampered autophagy normalized redox imbalance, increased the clearance of
intracellular bacteria, and alleviated inflammation in intestinal mucosa (Schwerd et al., 2016); thus, it has
become a new target of clinical drug development for IBD. Mounting evidence suggests the inseparable asso-
ciation between autophagy impairment and inflammation injury (Deretic, Saitoh, & Akira, 2013; Santeford
et al., 2016; M. Zhou et al., 2018). mTOR, a highly conserved serine/threonine protein kinase, negative-
ly regulates autophagy upstream, and it has demonstrated great autophagy activating and inflammation
attenuating efficacy in silencing mTOR (Cosin-Roger et al., 2017). Interestingly, TLR4-MyD88-MAPK is
one of the important pathways in mTOR regulation, and recent research clearly revealed the relationship
between them (M. Zhou et al., 2018). Accumulating evidence indicates that autophagy and inflammation
are linked by reciprocal regulation through the microflora-TLR4-mTOR axis. Mechanistically, microbiota
dysbiosis activates the TLR4-MyD88-MAPK pathway, which is followed by the phosphorylation of mTOR
to inhibit autophagy, thereby aggravating inflammatory injury and oxidative stress (M. Zhou et al., 2018).
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Although the roles of microflora in modulating inflammation and autophagy have had increased attention
in regard to IBD, the development of related drugs is still in its infancy.

Panax ginseng C. A. Meyer (P. ginseng) has been widely used as an herb and functional food in the world (Li
& Ji, 2018). Polysaccharide of P. ginseng has obvious beneficial effects, including gut microbiota regulation,
intestinal mucosal barrier protection, autophagy promotion, and alleviation of inflammation and oxidative
stress (Kim, Kim, & Park, 2020). However, the exact target and mechanism of the P. ginseng polysaccharide
in gut microbiota and autophagy modulation is not well understood. Fecal microbiota transplantation (FMT)
is one of the most effective ways to regulate the gut microbiota and can potentially reveal the function of
microbiota and establish the causal relationship between flora and disease (Khoruts, 2018). At present, the use
of FMT with P. ginseng polysaccharide to treat diseases through intestinal flora is still unknown. Therefore,
the present study aims to purify crude polysaccharides from P. ginseng and to evaluate its gut microbiota
and intestinal anti-inflammatory activity in dextran sulfate sodium (DSS)-induced rats with FMT. The
mechanism of reciprocal regulation between inflammation and autophagy was estimated by LPS-induced
inflammatory intestinal mucosal cells (HT-29 cells). Additionally, the changes in cytokines, reactive oxygen
species (ROS), and autophagic proteins were detected in order to investigate the protective mechanism of
the microbiota-autophagy relationship. Our study provides a reliable theoretical basis for the application of
ginseng polysaccharide as a functional food material in the treatment of intestinal diseases.

2. Materials and Methods

2.1 Reagents

P. ginseng purchased from Wudu County (Gansu Province, China). The roots of P. ginseng were dried in the
shade and ground into powder. Standard monosaccharides, including rhamnose, arabinose, xylose, mannose,
glucose, galactose, glucuronic acid, and galacturonic acid were all obtained from the National Institute for the
Control of Pharmaceutical and Biological Products (Beijing, China). All chemicals used were of analytical
grade unless otherwise specified.

2.2 Isolation and purification of polysaccharide

Briefly, the dry three-year roots of Radix ginseng (2,000 g) were smashed into crude powder (60-80 mesh)
and extracted three times with water (20 L) by continuously stirring at 80 °C for two hours each time. The
combined aqueous extracts were filtered through a cotton cloth bag and centrifuged (1,500 g for 15 min) and
were subsequently concentrated in a rotary evaporator at 60 °C. Then, the ethanol solution was to a final
concentration of 80%. The sediment was dissolved in water, continuously stirred at 4 °C for 12 hours, and
the precipitate was removed by centrifugation (1,500 g for 15 min). The aqueous extract was then filtered
and concentrated, followed by the addition of Sevage reagent (butanol and chloroform at a 1:4 ratio) to
deproteinate the sample (Huang, Li, Wan, Zhang, & Yan, 2015). Then, the supernatant was concentrated to
a proper volume under reduced pressure and lyophilized to get the GP.

2.3 Analysis of the primary structure and morphological properties of GP

2.3.1Analysis of chemical and physical properties

The total carbohydrate, uronic acid, and protein contents were quantified by the phenol–sulfuric acid method
(Dubois, Gilles, Hamilton, Rebers, & Smith, 1980), m-hydroxydiphenyl (Murado, Vázquez, Montemayor,
Cabo, & del Pilar González, 2005), and Bradford method (Bradford, 1976) using glucose, glucuronic acid,
and bovine serum albumin as standards, respectively.

2.3.2Monosaccharide composition analysis

The monosaccharide components were analyzed by converting the sugars into PMP derivatives (J. Wang et
al., 2010), which were then detected by HPLC (Shimadzu 2010, Japan) and C18 column (Shimadzu, Japan)
and controlled by a Uniport HP N-2000 data station.

2.3.3 FT-IR analysis

3
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The vibrations of molecules and polar bonds among different atoms were studied by FT-IR spectra (iD1
Transmission Nicolet iS5, Thermo Fisher, USA), with recorded frequencies ranging from 4,000 to 500 cm-1

(Yu & Irudayaraj, 2005). FT-IR measurements were performed for each sample, which were mixed with dried
KBr powder and then compressed into salt discs.

2.3.4 Molecular weight analysis

The molecular weight of the GP was determined by a gel-permeation chromatography (GPC) system (ELEOS
System, Wyatt Technology, USA) equipped with a Waters 515 pump and DRI detector. The columns were a
Shodex OHpak SB-806 in sequence with 803 columns, which were eluted with 0.02% NaNO3 at a flow rate of
one mL/min. The temperatures of the column and RI detector were maintained at 40°C. Dextran standards
(Mw = 180, 2,700, 9,750, 36,800, and 135,350 Da) were used to establish a standard curve. Empower software
of GPC (ASTRA5.3.4, Wyatt Technology, USA) was used for data processing (Zhang, Li, Zhang, & Li, 2019).

2. 3.5 Scanning electron microscopy (SEM) analysis of morphological properties

The micro-structures and surface morphologies of GP were characterized by scanning electron microscopy
(SEM). A proper amount of polysaccharide sample powder was glued to the conductive adhesive of the
experimental bench. The floating sample was blown off with a rubber suction bulb and placed in a gold
conductive layer of 10 nm thickness in a vacuum. The accelerating voltage of the electron gun was 20 KV,
and the sample was observed by the SEM.

2.4 Animals

SD rats weighing 200-250 g (half of which were male) were purchased from the School of Pharmacy, Jilin
University (SCXK 2016-0001). All rats were given standard food and water for seven days prior to ex-
perimentation and were randomly divided into the blank group (control), intestinal inflammation group
(DSS) (Cosin-Roger et al., 2017; M. Zhou et al., 2018), low-dose group of GP treatment (DSS+GP-L,
50mg/kg), middle-dose group of GP treatment (DSS+GP-M, 100mg/kg) and high-dose group of GP treat-
ment (DSS+GP-H, 200mg/kg), each group consisted of 10 rats. Experimental procedures used for the animals
and administration methods were based on previously reported experimental protocols (M. Wang, Gao, Xu,
& Gao, 2015). The rats fasted for 12 hours on the last day, and each rat was anesthetized and euthanized.
The blood from each rat was collected from the common carotid artery. Ten grams of fresh feces from the
rats in each group were collected and weighed in a sterilized beaker, and 50 ml of 37 °C sterile normal saline
was added, stirred, and filtered with double-layer sterile gauze. The filtrate was then centrifugated at 6,000
g / min for 15 min (centrifugation radius: 10 cm), and then the sediment was suspended in 100 ml of normal
saline to obtain the fecal bacteria solution. FMT (5 ml / kg) was administered by gavage once a day for 14
days. The distal parts of the colon tissues were stored in a -80 °C refrigerator for section or Western blot
analysis. Feces were collected for further metabolite analysis. Blood was centrifuged, and the supernatant
was stored at -20 °C for later testing. The relative serum levels of IL-1β, IL-6 and TNF-α were determined
using ELISA kits (Beyotime Institute of Biotechnology, Shanghai, China) according to the manufacturer’s
instructions.

2.5 Immunohistochemistry analysis of intestinal tissues.

Immunohistochemistry analysis was conducted to evaluate the expression of relative proteins. The paraffin-
embedded tissue sections were deparaffinized and treated with hydrogen peroxide (3 m/v) for 15 min to
remove endogenous peroxidase. Antigen retrieval was performed by blocking the samples in goat serum for
10 min at 22 °C. The following antibodies were added and incubated for 12 hours at 4 °C: anti-TLR4 antibody
(Servicebio, GB11519, 1:500), anti-LC3B antibody (Abcam, ab86714, 1:500), and anti-NF-κB p65 antibody
(Servicebio, GB13025-1, 1:500). Cy3 (Servicebio, GB21303) and FITC (Servicebio, GB22303) secondary
antibodies (1:250) were used for visualization. Tissue sections were mounted and analyzed using an inverted
fluorescence microscope (Nikon Eclipse TI-SR) and imaging system (Nikon DS-U3).

2.6. The measurement of endotoxin

4
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Colon contents endotoxins were extracted in with 0.05% Tween-20 in pyrogen-free water (Lai, 2017). Fecal
endotoxins were determined using Limulus amaebocyte lysate (LAL) kit (ThermoFisher, USA) as described
previously (T. R. Wu et al., 2019).

2.7 Gut microbiota analysis

Gut microbiota was examined as before by 16S ribosomal RNA analysis on the Illumina MiSeq platform
(Illumina, San Diego, USA) according to standard protocols (Shao et al., 2019). DNA was extracted from
colon contents using an Omega Mag-Bind Soil DNA Kit (200) (Omega Bio-Tek, USA). Purified PCR products
were prepared using Q5® High-Fidelity DNA Polymerase (NEB, USA) and products were quantified, then
each PCR sample was diluted 5 times to 20 ng/μL. PCR Amplification System: PCR mixed product sample
(2 μL), 5× reaction buffer (5 μL), 5× GC buffer (5 μL), dNTP (2.5 mM 2 μL), Forward primer (10 μM,
1 μL), Reverse primer (10 μM, 1 μL), Q5 DNA Polymerase (0.25 μL), DNA template (2 μL), ddH2O 8.75
μL. PCR amplification of the 16S rRNA genes V3–V4 region was performed using the forward primer
338F 5’-ACTCCTACGGGAGGCAGCA-3’ and reverse primer 806R 5’-GGACTACHVGGGTWTCTAAT-
3’. Sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. The PCR
components contained 5 μl of Q5 reaction buffer (5×), 5 μl of Q5.High-Fidelity GC buffer (5×), 0.25 μl of Q5
High-Fidelity DNA Polymerase (5U/μl), 2 μl (2.5 mM) of dNTPs, 1 μl (10 uM) of each Forward and Reverse
primer, 2 μl of DNA Template, and 8.75 μl of ddH2O. Thermal cycling consisted of initial denaturation at
98 °C for 2 min, followed by 25 cycles consisting of denaturation at 98 °C for 15 s, annealing at 55 °C for
30 s, and extension at 72 °C for 30 s, with a final extension of 5 min at 72 °C. The amplicon library was
then used for paired-end sequenced (2 × 250bp) on an Illumina MiSeq platform (Illumina, San Diego,USA)
according to standard protocols.

2.8 Cell culture and treatment

The human epithelial colorectal adenocarcinoma HT-29 cell line was obtained from the Procell Life Science
and Technology Company, and it was maintained in DMEM with 10% FBS, 1% nonessential amino acids,
and gentamicin (50 μg/mL) at 37° C and 5% CO2, and the medium was replaced every two days. For
parameter measurements, the culture medium was seeded onto 6-well plates at a density of 5 ×105 cells/well
(Corning Inc., Corning, NY, USA). The cells were incubated with 1 mM 3-MA or 10 μM rapamycin for
1 hour. To induce inflammatory damage, the cells were exposed to LPS (1 μg/ml) at 37 °C for 6 hours.
HT-29 cells were transfected with 10 pmol of siRNA for TLR4 using Lipofectamine RNAiMAX according to
the manufacturer’s instructions. The cellular proteins were obtained for western blot analysis as previously
described (M. Wang et al., 2017).

2.9 Western blotting

For Western blot analysis, the total proteins from the colon cells were collected in RIPA lysis buffer (Beyotime,
Beijing, China). Samples (40 μg each) were separated onto 12% SDS-PAGE gels and transferred to a PVDF
membrane (Millipore Corp., Billerica, MA, USA). Membranes were incubated overnight with related primary
antibodies at a 1:1000 dilution.

3.0 Statistical analysis

Experiments were performed in triplicate, and results are presented as the mean ± standard deviation (SD).
The Student’s t-test was utilized for statistical evaluation using the SPSS 16.0 statistical software package
(SPSS Inc., USA), and a P < 0.05 was considered statistically significant.

3. Results

3.1 Characterization of polysaccharide

3.1.1 Isolation and Determination of GP

GP were extracted by using the classical method of hot water extraction followed by ethanol precipitation.
Then, Sevage reagent was used to deproteinate the aqueous extracts. The crude polysaccharide yield devoid

5
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of proteins was found to be 7.5% of the total dry weight. In addition, the polysaccharides were dissolved in
water after alcohol precipitation, and the water solubility of the polysaccharides could be greatly increased.
The extraction procedure is shown in Fig. 1A.

Fig.1. Description and analysis of GP (A)Summarized extraction procedure. (B) HPLC of monosaccharide
PMP derivatization. 1.PMP. 2. Mannose. 3. Rhamnose. 4. Glucuronic acid. 5.Galacturonic acid. 6.
Glucose. 7. Galactose. 8. Arabinose. 9. Fucose. (C) Infrared spectroscopy. (D) Morphology by SEM. (E)
Molecular weight distribution.

3.1.2 Physicochemistry Analysis

The total carbohydrate and uronic acid contents of GP were 82.3% and 10.2%, respectively. After Sevage
reagent treatment, the protein content of GP decreased from 23.1 to 7.1%. The sugar components were
analyzed by converting the sugars into PMP derivatives. HPLC results showed that GP was composed of
galacturonic acid (GalA), glucose (Glc), galactose (Gal), and arabinose (Ara) in a molar ratio of 1.6 to 5.1
to 1.0 to 1.6, respectively (Fig. 1B).

3.1.3 FT-IR analysis

The GP was analyzed by FT-IR spectra with recorded frequencies ranging from 4,000 to 500 cm-1 (Fig.
1C). A wide absorption peak at 3,446 cm-1 in the region of 3,500-3,200 cm-1 showed stretching vibrations
of O-H and N-H, indicating intramolecular hydrogen bonds. Two peaks in the 3,000-2,800 cm-1 region and
the 1,400-1,200 cm-1region were angular vibrations of C-H, which indicated that the GP is a polysaccharide
compound. The peak at 1,633 cm-1indicates the stretching vibration of the C = O in the acetyl group. The
absorption peak at 789 cm-1 is the flat pyranose α-type C-H bond in the sugar units.

3.1.4 Morphology analysis

Scanning electron microscopy (100x and 3,000x) showed that the surface of the GP is rough and irregular
(Fig. 1D). It is speculated that this phenomenon may be due to cross-linking and aggregation between
molecular chains. It is suggested that there is a strong interaction between the molecules of the samples,
and all of them are amorphous. In addition, the GP contained a porous honeycomb structure, which may

6
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be formed by the sublimation of ice crystals during freeze-drying or may be related to the side chain of the
polysaccharide.

3.1.5 Molecular weight distribution analysis

The average weight molecular weight (Mw) of GP mainly distributed in the range of 10-320 kDa by HPGPC
and special GPC software (Fig. 1E). It was revealed that the polysaccharides have four main peaks with
molecular weights of 26, 56, 152, and 275 kDa, with distribution percentages of 26.6%, 55%, 13.7%, and
4.8%, respectively. In addition, the average difference in Mw between the peaks was 63 kDa, indicating that
GP is a mixture of a series of hetero-polysaccharides.

3.2 GP alleviates intestinal injury in rats with DSS-induced colitis.

DSS was used to establish an experimental model of rats with intestinal inflammation as described previously
(Cosin-Roger et al., 2017; M. Zhou et al., 2018). HE stains clearly revealed that GP alleviated severe lesions
in colon tissue, such as those that had histopathological characteristics of mucosal damage, necrosis, and
inflammatory infiltration in DSS rats. Compared to the control group, the histological observation of the
colon in the rats of model group demonstrated the inflammatory cell infiltration occurred in the mucosa.
And the loss of goblet cells and epithelium, distorted crypts and the edema were also found in model group.
After treatment in different doses of GP, the results showed the notable histologic improvements in the
crypt architecture and the reductions in the edema, the mucosal injury and inflammatory infiltration. In
the GP-H group, the histopathological properties of the colon of rats were improved most obviously, and
ulcer healing lines appeared in some tissues (Fig. 2B). Furthermore, DSS-treated rats showed profound
body weight loss, the change in body weights declined to 86.96% when compared to the initial weights.
While GP treatment significantly attenuate the loss of body weight. Especially in the high-dose group of
GP (DSS+GP-H), the change in body weights recover to 151.05% after 14 days of treatment (Fig. 2C).
Rats in DSS+GP-L and DSS+GP-M groups also exhibited recovery of body weight to certain extent. These
results demonstrated that DSS can successfully induce the intestinal inflammatory injury model in rats and
High-dose of the GP treatment exerted the best curative effect in vivo. Therefore, the high-dose group of
GP can be used for further studies to obtain more biological information, and the group of DSS+GP in
the following refers to DSS+GP-H if not otherwise mentioned. Additionally, GP treatment also reversed
DSS-induced inflammatory response, as evidenced by the spleen weight and the level of serum IL-1β, IL-8
and TNF-α (Fig. 2D, E, F and G).
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Fig. 2. GP alleviated the intestinal inflammation in rats with DSS induced colitis. (B)H&E

stained sections of the differently treated rats as described above. (C) (D) The effects of GP on Rats’ basal
body weight and Spleen weight. (E) (F) and (G) Changes of cytokines in different groups in vivo. All data
shown are representative of 3 independent experiments. Bars in graphs represent mean ± SD, # P<0.05,##
P<0.01 VS Control group; *P<0.05, **P<0.01 VS DSS group.

3.3 GP improved the structure of gut microbiota in DSS-induced rats.

3.3.1 Effect of GP on the diversity of gut microbiota

The Shannon index is a key index used to evaluate microbial community diversity. Compared with the blank
group, the Shannon index in the model group decreased significantly (P < 0.01). The Shannon index of the
GP group was significantly higher than that of the model group (P < 0.05; Fig. 3A). The results showed that
the microbiota diversity of the model group was lower than that of the normal rats, but GP could restore
the microbiota diversity.

3.3.2 Effect of GP on bacterial community structure

We analyzed the differences in bacterial abundance in rats before and after GP administration at the phylum
and genus levels, and the heatmaps are shown in Figures 3B and C. Compared with the blank group, the
abundance of Gram-positive Firmicutes bacteria in the model group decreased significantly, while the ab-
undance of Gram-negativeBacteroidetes, Verrucomicrobia, Proteobacteria, Tenericutes, Cyanobacteria, and
Deferribacteres increased significantly (Qin et al., 2010). The abundance of Gram-negative bacteria decrea-
sed significantly after GP administration. Next, Grapeland was used to construct a hierarchical tree of the
composition of the sample population at each classification level to explore the dominant microbial groups
(Fig.3D). The results showed that the dominant species at the phylum level were Firmicutes, Bacteroidetes,
Verrucomicrobia and Proteobacteria, and the dominant species at the genus level were Akkermansia, Allo-
baculum, andOscillospira . It is suggested that the above bacteria can be used as a characteristic index for
future fecal microbiota transplantation. Community composition analyses at the taxonomic levels of phylum
and genus have preliminarily proved that the bacterial community structure before and after GP treatment is
significantly different. We further used principal component analysis (PCA) to analyze the overall structure
of the flora before and after the occurrence of intestinal inflammation and under the intervention of GP,
which also proved that there were significant differences between the three groups (Fig. 3E).
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Fig. 3. Effects of GP on gut microbiota. (A) Rarefaction curves of OTU quantity. (B)Heatmap at the
level of phylumgenus. (C)Heatmap at the level of genus. (D) A phylogenetictree of OTUs by GraPhlAn
visualization. (E) PCA analysis. (F) LPS in colon contents.

3.3.3 Effect of GP on LPS in colon contents.

It should be noted that lipopolysaccharide (LPS), one of the components of the cell walls of Gram-negative
bacteria in intestinal flora, can cause chronic intestinal inflammation. We determined the levels of endotoxin
in colon content (LPS), and it increased by a ratio of 1.45-folds after DSS stimulation. GP treatment reversed
the LPS nearly to the normal level.

Corroborating the above data and the previous reports (Goris, de Boer, & van der Waaij, 1988; Zhang
et al., 2019), we demonstrated that the increase level of LPS was associated with the rising abundance of
Gram-negative bacteria in the intestines of the model rats induced by DSS, and that GP could regulate the
structure of gut microbiota and reduce the abundance of Gram-negative bacteria producing LPS.

3.4 GP quenched intestinal injury and restored DSS-decreased levels of autophagy in DSS-
induced rats.

When the abundance of Gram-negative bacteria increases, the content of LPS increased consequently and is
then recognized by Toll-like receptor 4 (TLR4) on the intestinal cell membrane. This directs a subsequent
intracellular reaction and finally leads to an inflammatory response and autophagy inhibition (Chassaing,
Koren, Carvalho, Ley, & Gewirtz, 2014). The expression levels of TLR4, IκBα, and NF-κB p65 protein from
the rat colon are associated with the inflammatory response and were analyzed by immunofluorescence and
Western blot, as shown in Fig. 4. Compared with the blank group, the fluorescence of TLR4 in the model
group was significantly enhanced, which indicated the protein expression level was increased. Notably,
GP significantly reversed the DSS-increased expression of TLR4. As expected, GP treatment markedly
suppressed the DSS-activated NF-κB pathway, indicated by the decrease in phosphorylated IκBα and p65.
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Fig. 4. GP inhibits inflammation via TLR4 pathway and activates mTOR dependent autophagy in DSS-
induced colitis in vivo . (A) (C) Immunofluorescence for TLR4 and p62 was performed on colon sections.
(B) (D) The expressions of TLR4 and p62 were calculated relative to DAPI staining from three indepen-
dent experiments. (E) The expression of autophagy-related and inflammation-related proteins measured by
western blot. (F) The expressions of proteins were quantified by the ratio of phosphorylated protein/total
protein and total amount protein/GAPDH. All data shown are representative of 3 independent experiments.
Bars in graphs represent mean ± SD, # P<0.05,## P<0.01 VS Control group; *P<0.05, **P<0.01 VS
DSS group.

Activated TLR4 directly triggers the phosphorylation of mTOR. With the increase of TLR4 in the DSS
group, the phosphorylated mTOR was upregulated followed by the dysfunction of autophagy. To investigate
whether autophagy was impaired in DSS-induced intestinal inflammation, the expression of autophagy-
related proteins including LC3B, p62, and phosphorylated mTOR were evaluated by immunofluorescence
and Western blot. Compared with the blank group, the expression of p62, a cargo protein degraded inside
autolysosomes, was upregulated after DSS stimulation, indicating the inhibition of autophagy. Defective
autophagy was further confirmed by the decrease in LC3BII/LC3BI when compared with the blank group.
Autophagy was recovered to a normal level after treatment with GP, indicated by decreased p62 and increased
LC3BII/LC3BI levels. These results demonstrated that GP relieved intestinal inflammation by promoting
mTOR-dependent autophagy and blocking the inflammatory cascade.

3.5 Spearman correlation analysis of the bacterial genera with highest abundance and their
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phenotypes

To assess potential association between gut microbiota changes and host autophagy-related phenotypes, we
conducted a Spearman correlation analysis of the bacterial genera with the highest abundance and their
autophagy-related phenotypes in rats. p Akkermansia from the phylum Verrucomicrobia-g Akkermansia
showed significant negative correlation with serum endotoxin, while exhibiting significant positive correla-
tion with LC3BII/LC3BI. On the other hand, there was a highly significant positive correlation betweenp -
Firmicutes-g Lactobacillus and serum endotoxin.p Firmicutes-g Oscillospira, p Firmicutes-g Lactobacillus,
p Actinobacteria-g Corynebacterium,and p Actinobacteria-g Adlercreutzia showed significant positive corre-
lation with TLR4 (Fig. 5). Taken together, these findings indicate that GP treatment inhibited levels of
Gram-negative bacteria, inflammation in the intestinal system and enhanced autophagy via TLR4.

Fig. 5. Spearman correlation analysis of the bacterial genera with highest abundance and phenotypes.

3.6 Fecal microbiome transplantation supplemented with GP suppressed intestinal inflamma-
tion and improved autophagy

To validate the potential impact of GP on alleviating intestinal inflammation and on microbe-autophagy
interactions, we performed FMT experiments by using oral gavage in rats (Fig. 6A). 20 rats were randomly
divided into four groups: DSS (FMT), DSS + GP (FMT), blank (FMT), and blank (normal rats). The body
weight changes of rats in the DSS (FMT), DSS + GP (FMT), blank (FMT), and blank groups are shown in
Fig. 6B. Blank (FMT) and blank groups showed similar body weight changes, which indicated that the FMT
operation had little effect on the mice. The body weight of the rats transplanted with DSS-treated microbiota
decreased significantly, while the rats transplanted with DSS+GP (FMT)-treated microbiota recovery the
body weight. HE staining of pathological sections showed that the colon epitheliums of the blank (FMT)
and blank group were intact without hyperemia, edema, hemorrhage, or inflammatory cell infiltration. In
the DSS (FMT) group, the intestinal epithelial structure was incomplete, and crypt abscesses, a reduction
in goblet cells, and large number of neutrophil infiltrations were observed. Compared with the DSS (FMT)
group, the colon epithelial cells in the DSS + GP (FMT) group were less damaged, and the crypt abscesses
and inflammatory infiltrations were relieved (Fig. 6C).
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Fig. 6. Transplanting of fecal microbiome intervened by GP improves intestinal inflammation. (A) The
experimental protocol for FMT. (B) Changes of body weight (n=10). (C) Histopathological changes after HE
staining. (D) Rarefaction curves of OUT quantity. (E) PCA analysis. (F) The gut microbiota composition
among experimental groups at phylum/genus level.

The bacterial profiles of the donor mice were measured using 16S rRNA sequencing to investigate the effects
of GP on the fecal microbiome of mice. The Simpson Diversity Index of the operational taxonomic unit level
in the DSS + GP (FMT) group was significantly higher than that of the DSS (FMT) group, indicating that
GP alters the richness and diversity of the microbial community. Significant separations were observed among
the four groups during PCA (Fig. 6D), which is similar to the result of hierarchical clustering. Further PCA
showed that the overall structure of the microbiota had significant differences in the four groups (Fig.6E).
The comparison of gut microflora with high abundance at the phylum and genus levels in each group is shown
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in Fig. 6F. Compared with blank group, there was no significant change in the phylum and genus levels
of blank (FMT) bacteria. Compared with blank and blank (FMT) groups, the abundance of p Firmicutes
andp Verrucomicrobia-g Akkermansia in the DSS (FMT) group was significantly lower, while the abundance
of p Verrucomicrobia ,p Bacteroidetes, p Proteobacteria, and p Firmicutes-g Allobaculum were significantly
higher. The abundances of the above bacteria in the DSS + GP (FMT) group and the DSS (FMT) group
showed the opposite trend of change exceptp Firmicutes- g Oscillospira .

Fig. 7. Transplanting of fecal microbiome intervened by GP improves intestinal inflammation. (A) Im-
munofluorescence for p-NF-κB was performed on colon sections. (B) The expression of autophagy-related
and inflammation-related proteins measured by western blot. (C) (D) The expressions of proteins were
quantified by the ratio of phosphorylated protein/total protein and total amount protein/GAPDH. All data
shown are representative of 3 independent experiments. Bars in graphs represent mean ± SD, # P<0.05,
## P<0.01 VS Control group; *P<0.05, **P<0.01 VS DSS group.

To validate the protective effect of GP on intestinal inflammation associated with microbe-TLR4-autophagy
axis, we detected the levels of several key proteins using Western blot analysis. FMT had almost no effects
on the TLR4 pathway and mTOR-dependent autophagy, as shown in Fig. 7. Meanwhile, the colitis rats
transplanted with DSS-treated microbiota showed a marked activation of the classic TLR4-p38 MAPK-
NF-κB inflammatory pathway (Fig. 7A and B) as well as the phosphorylation of mTOR. Subsequently,
the accumulation of p62 and the decrease of LCBII/LC3BI suggested defective autophagy. Notably, there
was significant attenuation of TLR4 and degradation of p62 after FMT with GP-treated microbiota, which
achieved similar therapeutic effects compared to GP lavage. In summary, the potential mechanism of GP
on ameliorating intestinal inflammation via regulation of the gut microbiota and which was associated with
TLR4-autophagy.

3.7 Blocking TLR4-mTOR ameliorates inflammation via promoting autophagy in LPS-induced
HT-29 cell.

According to the in vivo results, related mechanisms of autophagy regulation were subsequently explored
in LPS-induced HT-29 cells. To explore whether the release of NF-κB-induced cytokines and oxidative
stress were associated with autophagy, we chose 3-MA and rapamycin as the inhibitor and activator of
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autophagy, respectively. Firstly, pro-inflammatory cytokines were determined as shown in Fig. 8A. When
cells were treated with 1 μg/mL LPS for 6 hours, IL-8 and IL-1β levels increased by nearly 3-fold; these
levels ameliorated to a certain extent after rapamycin (an autophagy activator) treatment. When autophagy
was inhibited by 3-MA, the release of LPS-induced inflammatory cytokines dramatically increased even
higher than that of the LPS-induced group. Secondly, the expressions of p62, LC3B, and Beclin-1 were
determined by Western blot analysis (Fig. 8B). In the second lane of Fig. 8, it can be seen that LPS
blocked autophagy via the activation of mTOR and activated an inflammatory transcription factor, which
is consistent with previous reports (Cosin-Roger et al., 2017; M. Zhou et al., 2018). While the expression of
Beclin-1, degradation of p62, and conversion of LC3B were increased significantly in the rapamycin groups,
this was also accompanied with the inhibition of NF-κB p65. As expected, suppression of autophagy by
3-MA significantly inhibited the level of autophagy and dramatically deteriorated the inflammation. The
results above indicated that impaired autophagy was involved in LPS-induced inflammation in HT-29 cells.

Recent research has focused on Toll-like receptors (TLRs), which might be involved in orchestrating LPS-
induced autophagy inhibition and inflammation aggravation via mTOR (M. Zhou et al., 2018). Thus, we
next sought to investigate whether TLR4 is a potential target of governance of the activation of autophagy.
As shown in Fig. 8, LPS significantly upregulated the expression of TLR4 and its downstream signaling
molecules MyD88 and p38 MAPK in HT-29 cells, which paralleled with high phosphorylated level of mTOR
and inhibition of autophagy. Autophagy-related proteins in TLR4 siRNA transfected cells further con-
firmed the regulation role of TLR4. TLR4 siRNA attenuated the autophagy impairment and inflammation
activation induced by LPS, while 3-MA and rapamycin exhibited almost no effect on TLR4-MyD88. Cor-
roborating the data above, we demonstrated that LPS-decreased autophagy was governed by the upstream
TLR4-mTOR pathway. Additionally, autophagy was involved in inhibiting cytokine secretion and protecting
cells from oxidative stress.

Fig. 8. Blocking upstream TLR4-MAPK pathway activated autophagy and quenched inflammation. (A)
Changes of cytokines contents in different groups in LPS-induced HT-29 cells. (B) The changes of autophagy-
related and inflammation-related proteins measured by western blot. (C-G) The expressions of proteins were
quantified by the ratio of phosphorylated protein/total protein and total amount protein/GAPDH. All data
shown are representative of 3 independent experiments. Bars in graphs represent mean ± SD, *P<0.05,
**P<0.01.

4. Discussion

15



P
os

te
d

on
30

J
an

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
70

66
45

51
.1

51
72

81
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Inflammatory bowel disease (IBD) is a kind of chronic, nonspecific intestinal inflammation, which includes
ulcerative colitis and Crohn’s disease. Acetaminophen and non-steroidal anti-inflammatory drugs are the
primary clinical treatment, but long-term usage of these can cause kidney and digestive system damage. It
is urgent to develop effective treatment strategies, including therapeutics and functional foods.

ginseng is a perennial herb. Modern pharmacological studies have shown that P. ginseng has therapeutic
effects on intestinal system diseases, such as ulcerative colitis, Crohn’s bowel disease and intestinal cancer
(Luo, Xu, Zhang, Di, & Shan, 2020). The polysaccharide is an important active component of P. ginseng
in mediating the inflammatory response and immune function and has obvious inhibitory effects on many
pathogenic bacteria (Guo, Shao, Wang, Zhao, & Wang, 2020). In this study, polysaccharide from P. ginseng
was isolated and simi-purified, and its basic physicochemical properties were studied by HPLC, FT-IR, and
GPC. The morphology of the polysaccharide was also characterized by SEM analysis. Further, the activity
of GP on intestinal inflammation was evaluated by a model of DSS-induced intestinal inflammation in rats.
Our results showed that the weight loss of rats in the GP treatment group was inhibited, and the intestinal
mucosa loss as well as the infiltration of inflammatory cells in the lamina propria was reduced in the treatment
group after the administration of GP. This indicates that GP has a therapeutic effect on DSS-induced colitis
in rats, but the specific mechanism is still unclear.

There are at least 1014microorganisms that reside in human intestines which are involved in the host’s immune
response, metabolism, and homeostasis maintenance (Michielan & D’Incà, 2015). A large number of clinical
and experimental studies have shown that many natural plant polysaccharides can play a therapeutic role in
intestinal inflammation by regulating the imbalance of gut microbiota (Sun et al., 2020). Similar results were
found in this study: compared with the normal group, the model group of rats had obvious intestinal flora
imbalances, while the administration of GP caused a recovery effect on the gut microbiota in model rats.
Compared with the model group, the abundance of Gram-negative bacteria decreased significantly after GP
administration. It is clear that inflammatory bowel disease is closely related to the regulation of the structure
and composition of the intestinal microbiota; however, the pathways involved in the regulation and how to
remedy the change in intestinal flora still required elucidation. At present, although there are reports that
polysaccharides from P. ginseng can regulate intestinal flora and play a therapeutic role in inflammatory
bowel disorders such as IBD and UC, this conclusion overemphasizes the role of intestinal flora and fails to
describe the causal mechanism of intestinal flora in the process of disease treatment.

Gut microbiome disorder is closely related to the incidence of a variety of intestinal diseases. In the patholo-
gical state of inflammatory bowel disease, the chronic accumulation of activated neutrophils, macrophages,
and dendritic cells leads to a change in intestinal flora structure, especially the proliferation of many Gram-
negative opportunistic pathogens. Lipopolysaccharide (LPS) is an essential component of the cell wall of
Gram-negative bacteria that is involved in triggering the inflammatory cascade (Barker, 2014). TLR4 is the
receptor for LPS and is of great importance to the self-repair of intestinal epithelial cells (Jun et al., 2020).
Activated TLR4-induced phosphorylation of IκBα via the downstream signaling molecule MyD88 eventually
leads to the translocation of NF-κB and the release of cytokines including IL-lβ, IL-8 and TNF-α. TNF-α
is an important initiator of inflammation, which can cause a microcirculatory disturbance of colonic mucosa
and weaken the mucosal barrier, leading to mucosal damage and inflammatory cell infiltration (Sands &
Kaplan, 2007). Clinical studies also confirm that the level of TNF-α in serum is positively correlated with
the severity of IBD (Pezelj-Ribarić, Magasić, Prpić, Miletić, & Karlović, 2007). IL-1β increases the cytokines
produced by macrophages, such as IL-6, TNF-α, and IL-8, which can promote the aggregation of neutrophils
to inflammatory sites and then cause intestinal mucosal tissue damage as well as an intestinal inflammatory
response (P. Wu, Guo, Jia, & Wang, 2015). Thus, blocking the TLR4 pathway is an alternative strat-
egy for the development of anti-intestinal inflammation drugs or functional foods (De Jager et al., 2007).
In our study, GP markedly suppressed DSS-increased expression of TLR4 and reduced the recruitment of
downstream proteins, which was accompanied by decreased cytokines and also the repairment of intestinal
mucosa. Our data confirmed that the therapeutic effect of GP on intestinal inflammation is associated with
the downregulation of TLR4 expression Fig. 9.
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Fig. 9. Schematic representation of the proposed mechanism of GP on ameliorating intestinal inflammation.

Autophagy, a highly conserved process that evolved in eukaryotes, is involved in maintaining organism
homeostasis via lysosome-mediated self-digestion and recycling of organelles and proteins. Although the
pathogenesis of IBD is ambiguous, studies have pointed out that autophagic dysfunction is a key factor in the
persistence of intestinal inflammation (M. Zhou et al., 2018). Pioneer evidence from genome-wide association
studies suggested that defective autophagy is associated with an increased risk of IBD (Retnakumar &
Muller, 2019; Voinchet et al., 2010). Several roles of autophagy in gut inflammation have been summarized:
elimination of pathogens, regulation of antigen presentation, governance of the secretion of cytokines, and
maintenance of lymphocyte homeostasis. Notably, the accumulation of p62 in DSS-induced rats confirms
the dysfunction of autophagy in the pathologicalprocess of intestinal inflammation. After treatment with
GP, both groups of rats with intestinal inflammation presented diminished levels of phosphorylated mTOR,
LC3B, and Beclin-1, which paralleled with a decrease of p62.

On the basis above, we further discussed the interaction between gut microbiome, TLR4 and autophagy,
aiming to reveal the potential mechanism of the impact of GP on intestinal inflammation. In this study, 16S
rRNA sequencing was used to evaluate the changes in intestinal flora before and after GP administration. The
Spearman correlation coefficient was used to evaluate the correlation between high abundances of bacteria
at the genus level and important characteristics of intestinal inflammation in order to explore the correlation
between intestinal flora and autophagy, inflammation and oxidative stress. The results showed that the
expression of TLR4 was positively correlated with four of the bacteria with high abundance in intestinal
flora. p Verrucomicrobia-g Akkermansia showed significant negative correlation with serum endotoxin,
while displaying significant positive correlation with LC3BII/I. It can be seen that changes in intestinal

17



P
os

te
d

on
30

J
an

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
70

66
45

51
.1

51
72

81
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

flora, TLR4 pathway activation, and autophagy disorder are connected together in the occurrence and
development of intestinal inflammation.

In recent years, the focus of research on intestinal flora has changed from association to modulation (Schmidt,
Raes, & Bork, 2018). The most convincing experimental evidence of the role of intestinal microbiota in
human diseases can be obtained from relevant experiments of intestinal flora transplantation (FMT) (Liu et
al., 2021). However, there are few studies on the treatment of inflammatory bowel disease by FMT with the
addition of GP. Therefore, indirect experimental animal models are needed to establish causal relationships
between altered microbiomes and disease pathogenesis. In this study, FMT-related experiments showed that
GP could improve the symptoms of DSS-induced intestinal inflammation by inhibiting the TLR4-NF-κB
pathway and activating mTOR-dependent autophagy.

Recently, emerging research has focused on the connection between inflammation and autophagy (Deretic
et al., 2013). Accumulating evidence indicates that inflammation and autophagy are linked by reciprocal
regulation, and they are orchestrated by the upstream TLR4-mTOR pathway. It has been reported that
inhibiting autophagy is a novel role of the TLR4-MyD88 in intestinal epithelial dysfunction. Subsequently,
the release of NF-κB-induced cytokines was orchestrated by autophagy. In addition to previous research,
our data also demonstrated that TLR4-MyD88 is involved in the regulation of mTOR phosphorylation, and
that mTOR is a newfound intersection between inflammation and autophagy. Blocking the TLR4 pathway
not only promotes the repair of autophagy, but also inhibits the disaggregation of IκBα from NF-κB. Conse-
quently, cytokine release and oxidative stress were diminished. Importantly, autophagy also participates in
reducing the degradation of the IκBα-NF-κB complex (R. Zhou, Yazdi, Menu, & Tschopp, 2011). Treatment
with 3-MA deteriorated the LPS-induced inflammatory response in HT-29 cells. Meanwhile, rapamycin, an
autophagy activator, ameliorated inflammation to a great extent, which further indicates that autophagy is
involved in suppressing NF-κB activation.

Therefore, for the first time, this study elucidated that polysaccharide purified from P. ginseng ameliorates
intestinal inflammation via the TLR4-autophagy axis through regulating gut microbiota by experiments with
FMT. Our research revealed the mechanism concerning the intestinal anti-inflammatory effect of GP and
provided a promising therapy for IBD.

Conclusion

The present results highlighted that the purified polysaccharides from P. ginseng showed intestinal anti-
inflammatory effects in DSS-induced rats by regulating gut microbiota and mTOR-dependent autophagy.
It was suggested that GP-treated intestinal flora transplantation elevated autophagy and suppressed TLR4-
MAPK was associated with the downregulation of LPS-producing bacteria. Consequently, NF-κB-induced
inflammation was attenuated via the activation of mTOR-dependent autophagy. The results suggested the
view that GP may have potential in intestinal inflammation disease therapies, providing a foundation for the
potential utilization of polysaccharide from P. ginseng for functional foods and complementary medicines.
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in peripical tissue exudates of teeth with apical periodontitis. Mediators Inflamm, 2007 , 69416. doi:
10.1155/2007/69416

Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., . . . Wang, J. (2010). A
human gut microbial gene catalogue established by metagenomic sequencing.Nature, 464 (7285), 59-65. doi:
10.1038/nature08821

Retnakumar, S. V., & Muller, S. (2019). Pharmacological Autophagy Regulators as Therapeutic Agents for
Inflammatory Bowel Diseases. Trends Mol Med, 25 (6), 516-537. doi: 10.1016/j.molmed.2019.03.002

Rogers, M., Moore, R., & Cohen, J. (1985). The relationship between faecal endotoxin and faecal microflora
of the C57BL mouse. The Journal of hygiene, 95 (2), 397-402. doi: 10.1017/s0022172400062823

20



P
os

te
d

on
30

J
an

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
70

66
45

51
.1

51
72

81
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Rooks, M. G., & Garrett, W. S. (2016). Gut microbiota, metabolites and host immunity. Nat Rev Immunol,
16 (6), 341-352. doi: 10.1038/nri.2016.42

Russell, S. E., Horan, R. M., Stefanska, A. M., Carey, A., Leon, G., Aguilera, M., . . . Walsh, P. T. (2016).
IL-36α expression is elevated in ulcerative colitis and promotes colonic inflammation. Mucosal Immunol, 9
(5), 1193-1204. doi: 10.1038/mi.2015.134

Sands, B. E., & Kaplan, G. G. (2007). The role of TNFalpha in ulcerative colitis. J Clin Pharmacol, 47 (8),
930-941. doi: 10.1177/0091270007301623

Santeford, A., Wiley, L. A., Park, S., Bamba, S., Nakamura, R., Gdoura, A., . . . Apte, R. S. (2016).
Impaired autophagy in macrophages promotes inflammatory eye disease.Autophagy, 12 (10), 1876-1885.
doi: 10.1080/15548627.2016.1207857

Schmidt, T. S. B., Raes, J., & Bork, P. (2018). The Human Gut Microbiome: From Association to Modu-
lation.Cell, 172 (6), 1198-1215. doi: 10.1016/j.cell.2018.02.044

Schwerd, T., Frivolt, K., Clavel, T., Lagkouvardos, I., Katona, G., Mayr, D., . . . Bufler, P. (2016). Exclusive
enteral nutrition in active pediatric Crohn disease: Effects on intestinal microbiota and immune regulation.
J Allergy Clin Immunol, 138 (2), 592-596. doi: 10.1016/j.jaci.2015.12.1331

Shao, S., Wang, D., Zheng, W., Li, X., Zhang, H., Zhao, D., & Wang, M. (2019). A unique polysaccharide
from Hericium erinaceus mycelium ameliorates acetic acid-induced ulcerative colitis rats by modulating the
composition of the gut microbiota, short chain fatty acids levels and GPR41/43 respectors.Int Immunophar-
macol, 71 , 411-422. doi: 10.1016/j.intimp.2019.02.038

Strisciuglio, C., Duijvestein, M., Verhaar, A. P., Vos, A. C., van den Brink, G. R., Hommes, D. W., &
Wildenberg, M. E. (2013). Impaired autophagy leads to abnormal dendritic cell-epithelial cell interactions.
J Crohns Colitis, 7 (7), 534-541. doi: 10.1016/j.crohns.2012.08.009

Sun, Q., Cheng, L., Zeng, X., Zhang, X., Wu, Z., & Weng, P. (2020). The modulatory effect of plant
polysaccharides on gut flora and the implication for neurodegenerative diseases from the perspective of the
microbiota-gut-brain axis.Int J Biol Macromol, 164 , 1484-1492. doi: 10.1016/j.ijbiomac.2020.07.208

Tan, C. Q., Gao, X., Guo, L., & Huang, H. (2014). Exogenous IL-4-expressing bone marrow mesenchymal
stem cells for the treatment of autoimmune sensorineural hearing loss in a guinea pig model. Biomed Res
Int, 2014 , 856019. doi: 10.1155/2014/856019

Verkade, H. J., Bezerra, J. A., Davenport, M., Schreiber, R. A., Mieli-Vergani, G., Hulscher, J. B., . . .
Petersen, C. (2016). Biliary atresia and other cholestatic childhood diseases: Advances and future challenges.
J Hepatol, 65 (3), 631-642. doi: 10.1016/j.jhep.2016.04.032

Voinchet, H., Etienne, G., Ghiringelli, C. B., Pellegrin, J. L., Viallard, J. F., Parrens, M., & Longy-Boursier,
M. (2010). [Splenic marginal zone lymphoma and autoimmunity: report of six cases]. Rev Med Interne, 31
(1), 4-11. doi: 10.1016/j.revmed.2009.05.003

Wang, J., Li, S., Fan, Y., Chen, Y., Liu, D., Cheng, H., . . . Zhou, Y. (2010). Anti-fatigue activity of the
water-soluble polysaccharides isolated from Panax ginseng C. A. Meyer.J Ethnopharmacol, 130 (2), 421-423.
doi: 10.1016/j.jep.2010.05.027

Wang, M., Gao, Y., Xu, D., & Gao, Q. (2015). A polysaccharide from cultured mycelium of Heri-
cium erinaceus and its anti-chronic atrophic gastritis activity. Int J Biol Macromol, 81 , 656-661. doi:
10.1016/j.ijbiomac.2015.08.043

Wang, M., Kanako, N., Zhang, Y., Xiao, X., Gao, Q., & Tetsuya, K. (2017). A unique polysaccharide
purified from Hericium erinaceus mycelium prevents oxidative stress induced by H2O2 in human gastric
mucosa epithelium cell. PLoS One, 12 (7), e0181546. doi: 10.1371/journal.pone.0181546

21



P
os

te
d

on
30

J
an

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
70

66
45

51
.1

51
72

81
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Wang, Q., Dziarski, R., Kirschning, C. J., Muzio, M., & Gupta, D. (2001). Micrococci and peptidoglycan
activate TLR2–>MyD88–>IRAK–>TRAF–>NIK–>IKK–>NF-kappaB signal transduction pathway that
induces transcription of interleukin-8.Infect Immun, 69 (4), 2270-2276. doi: 10.1128/iai.69.4.2270-2276.2001

Wu, P., Guo, Y., Jia, F., & Wang, X. (2015). The Effects of Armillarisin A on Serum IL-1β and IL-4 and in
Treating Ulcerative Colitis. Cell Biochem Biophys, 72 (1), 103-106. doi: 10.1007/s12013-014-0413-7

Wu, T. R., Lin, C. S., Chang, C. J., Lin, T. L., Martel, J., Ko, Y. F., . . . Lai, H. C. (2019). Gut commensal
Parabacteroides goldsteinii plays a predominant role in the anti-obesity effects of polysaccharides isolated
from Hirsutella sinensis. Gut, 68 (2), 248-262. doi: 10.1136/gutjnl-2017-315458

Yu, C., & Irudayaraj, J. (2005). Spectroscopic characterization of microorganisms by Fourier transform
infrared microspectroscopy. Biopolymers, 77 (6), 368-377. doi: 10.1002/bip.20247

Zhang, C., Li, Z., Zhang, C. Y., & Li, M. (2019). Extract Methods, Molecular Characteristics, and Bioac-
tivities of Polysaccharide from Alfalfa (Medicago sativa L.).11 (5). doi: 10.3390/nu11051181

Zhou, M., Xu, W., Wang, J., Yan, J., Shi, Y., Zhang, C., . . . Chen, Y. (2018). Boosting mTOR-dependent
autophagy via upstream TLR4-MyD88-MAPK signalling and downstream NF-κB pathway quenches intesti-
nal inflammation and oxidative stress injury.EBioMedicine, 35 , 345-360. doi: 10.1016/j.ebiom.2018.08.035

Zhou, R., Yazdi, A. S., Menu, P., & Tschopp, J. (2011). A role for mitochondria in NLRP3 inflammasome
activation. Nature, 469 (7329), 221-225. doi: 10.1038/nature09663

Figure legend

Fig.1. Description and analysis of GP (A)Summarized extraction procedure. (B) HPLC of monosaccharide
PMP derivatization. 1.PMP. 2. Mannose. 3. Rhamnose. 4. Glucuronic acid. 5.Galacturonic acid. 6.
Glucose. 7. Galactose. 8. Arabinose. 9. Fucose. (C) Infrared spectroscopy. (D) Morphology by SEM. (E)
Molecular weight distribution.

Fig. 2. GP alleviated the intestinal inflammation in rats with DSS induced colitis. (B)H&E

stained sections of the differently treated rats as described above. (C) (D) The effects of GP on Rats’ basal
body weight and Spleen weight. (E) (F) and (G) Changes of cytokines in different groups in vivo. All data
shown are representative of 3 independent experiments. Bars in graphs represent mean ± SD, # P<0.05,##
P<0.01 VS Control group; *P<0.05, **P<0.01 VS DSS group.

Fig. 3. Effects of GP on gut microbiota. (A) Rarefaction curves of OTU quantity. (B)Heatmap at the level of
phylumgenus. (C)Heatmap at the level of genus. (D) A phylogenetictree of OTUs by GraPhlAn visualization.
(E) PCA analysis. (F) LPS in colon contents.

Fig. 4. GP inhibits inflammation via TLR4 pathway and activates mTOR dependent autophagy in DSS-
induced colitis in vivo . (A) (C) Immunofluorescence for TLR4 and p62 was performed on colon sections.
(B) (D) The expressions of TLR4 and p62 were calculated relative to DAPI staining from three indepen-
dent experiments. (E) The expression of autophagy-related and inflammation-related proteins measured by
western blot. (F) The expressions of proteins were quantified by the ratio of phosphorylated protein/total
protein and total amount protein/GAPDH. All data shown are representative of 3 independent experiments.
Bars in graphs represent mean ± SD, # P<0.05,## P<0.01 VS Control group; *P<0.05, **P<0.01 VS
DSS group.

Fig. 5. Spearman correlation analysis of the bacterial genera with highest abundance and phenotypes.

Fig. 6. Transplanting of fecal microbiome intervened by GP improves intestinal inflammation. (A) The
experimental protocol for FMT. (B) Changes of body weight (n=10). (C) Histopathological changes after
HE staining. (D) Rarefaction curves of OUT quantity. (E) PCA analysis. (F) The gut microbiota composition
among experimental groups at phylum/genus level.

22



P
os

te
d

on
30

J
an

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
70

66
45

51
.1

51
72

81
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Fig. 7. Transplanting of fecal microbiome intervened by GP improves intestinal inflammation. (A) Immu-
nofluorescence for p-NF-κB was performed on colon sections. (B) The expression of autophagy-related and
inflammation-related proteins measured by western blot. (C) (D) The expressions of proteins were quantified
by the ratio of phosphorylated protein/total protein and total amount protein/GAPDH. All data shown are
representative of 3 independent experiments. Bars in graphs represent mean ± SD, # P<0.05, ## P<0.01
VS Control group; *P<0.05, **P<0.01 VS DSS group.

Fig. 8. Blocking upstream TLR4-MAPK pathway activated autophagy and quenched inflammation. (A)
Changes of cytokines contents in different groups in LPS-induced HT-29 cells. (B) The changes of autophagy-
related and inflammation-related proteins measured by western blot. (C-G) The expressions of proteins were
quantified by the ratio of phosphorylated protein/total protein and total amount protein/GAPDH. All data
shown are representative of 3 independent experiments. Bars in graphs represent mean ± SD, *P<0.05,
**P<0.01.

Fig. 9. Schematic representation of the proposed mechanism of GP on ameliorating intestinal inflammation.
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