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ABSTRACT: Liver fibrosis is a critical pathological stage in chronic liver disease progression, with effective clinical 

therapeutics remaining limited. Herein, a homogeneous glucan (XYS1-1, 12.59 kDa) was isolated and purified from 

Panax quinquefolius Radix roots-a widely used medicinal and functional food ingredient. Structural characterization via 

monosaccharide composition, IR, methylation analysis, and 2D-NMR confirmed XYS1-1 has a →4)-α-D-Glcp-(1→ 

backbone with terminal α-D-Glcp branches at C-6 positions, distinguishing it from commercial starches as a potential 

functional hydrocolloid. In vitro (TGF-β1-induced LX-2 cells) and in vivo (CCl₄-induced fibrotic mice) assays 

demonstrated that XYS1-1 alleviated liver fibrosis in a concentration-dependent manner-outperforming the clinical 

reference Fuzheng Huayu Capsule in reducing α-SMA/collagen expression, serum ALT/AST levels, and hepatic 

pathological injury. Mechanistically, XYS1-1 exerted antifibrotic effects by suppressing macrophage inflammatory 

responses, regulating M1/M2 polarization, and inhibiting the TLR4/MyD88/NF-κB pathway. These findings highlight 

XYS1-1, as a promising candidate for functional foods targeting liver health, while expanding insights into natural 

polysaccharide-based strategies against liver fibrosis. 
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1. Introduction 

Liver fibrosis (LF) is a pivotal pathological intermediate in chronic liver disease progression, 

characterized by excessive extracellular matrix (ECM) deposition (predominantly collagen) driven by 

persistent hepatic injury and dysregulated wound healing [1, 2]. Globally, approximately 25% of the population 

is affected by fibrosis-related diseases, and fibrosis contributes to nearly 45% of all deaths in industrialized 

nations-underscoring its severe public health burden [3, 4]. Advanced LF is irreversible, progressing to cirrhosis 

or hepatocellular carcinoma (HCC) and drastically reducing treatment success and patient survival, 

highlighting an urgent need for effective early interventions [5-7].  

Hepatic stellate cells (HSCs) are the primary effector cells in LF: quiescent HSCs remain fibrosis-inert, 
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but hepatic injury triggers their activation into myofibroblast-like cells (MFBs) that secrete excessive ECM [8, 

9]. Chronic inflammation has been established as a key pathogenic driver in LF [10], with mechanistic studies 

revealing that immune cell-derived pro-inflammatory induce HSCs activation and promote the progression of 

fibrosis [11-13]. 

Among immune regulators, macrophages-critical components of the hepatic microenvironment-undergo 

context-dependent polarization into pro-inflammatory M1 or anti-inflammatory M2 subsets, a process 

governed by pathways including TLR4/NF-κB, JAK/STATs, and TGF-β/Smads [14-17]. M1 macrophage 

polarization amplifies inflammation, further activating HSCs and perpetuating ECM accumulation, while 

dysregulated macrophage plasticity is implicated in LF pathogenesis [18, 19]. Targeting macrophage polarization 

thus emerges as a promising strategy to halt or reverse LF. 

Polysaccharides from Traditional Chinese Medicine herb, with diverse structures, low toxicity, and 

excellent biocompatibility, exhibit robust hepatoprotective potential [20-22]. For example, a polysaccharide, 

APFC-2, isolated from Cornus officinalis, mitigates lipid accumulation in alcoholic fatty liver disease [23]. 

While a homogeneous polysaccharide (YJ3A1) from Rosa chinensis exerts antioxidant, anti-inflammatory, 

and anti-fibrotic effects in non-alcoholic steatohepatitis (NASH) [24]. Moreover, due to pathological 

transmission via the liver-gut axis, a close pathological link exists between colitis and hepatic injury [25, 26]. 

Polysaccharides isolated from Dictyophora indusiata (SE-DIP) exert anti-inflammatory activity by blocking 

the activation of gut-derived inflammatory signaling pathways [27]. Their mechanism of action aligns with the 

regulatory requirements of the liver-gut axis, demonstrating potential therapeutic value for treating hepatic 

injury. Polysaccharide CP isolated from Cistanche deserticola alleviates alcohol-induced liver injury by 

regulating the gut-liver axis homeostasis [28]. 

Panax quinquefolius Radix as a traditional herbal medicine, is widely used in the health supplement and 

biopharmaceutical industries due to its significant pharmacological activities, including antitumor, 

cardiovascular protection, antioxidant, and anti-inflammatory effects [29, 30]. However, research on the active 

compounds of ginseng has primarily focused on saponins [31, 32], a type of nanoparticle, AGVNs, formulated 

from Panax quinquefolius Radix saponins exerts anti-inflammatory effects by reducing macrophage migration 

in zebrafish and modulating the secretion of inflammatory mediators in RAW 264.7 cells [33], Zhang et al. 

discovered that three ginsenosides unique to Panax quinquefolius Radix American ginseng can inhibit lung 

adenocarcinoma by targeting Hsp90α [34], the rare ginsenosides in Panax quinquefolius Radix can modulate 

oxidative stress pathways, hereby alleviating oxidative damage to hepatocytes [35], with relatively little 

attention given to ginseng polysaccharides.  

Herein, we isolated and purified a novel glycan (XYS1-1) from Panax quinquefolius Radix, characterized 

its fine structure, evaluated its anti-LF effects revealed its underlying mechanisms. This study provides the 

first experimental evidence for the therapeutic potential of Panax quinquefolius Radix polysaccharides in LF, 

while proposing macrophage polarization regulation as a viable LF treatment strategy. 

2. Materials and methods 
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2.1 Chemicals and reagents 

Panax quinquefolius Radix was sourced from Wendeng, Shandong, China and was identified by Prof. 

Jianfeng Xu (Department of Marine Pharmacology, College of Food Science and Technology, Shanghai 

Ocean University, Shanghai, China). DEAE Sepharose Fast Flow and Sephadex S-100 High Resolution were 

obtained from Cytiva Biotechnology Co., Ltd. 1-Phenyl-3-methyl-5-pyrazolone (PMP) was purchased from 

Shanghai Yuanye Biotechnology Co., Ltd. The BCA assay kit, RIPA cell lysis buffer, neutral red staining 

solution, and NO assay kit were supplied by Biyun Tian Biotechnology. Monosaccharide standards, including 

L-rhamnose, L-fucose, L-arabinose, D-xylose, D-mannose, D-galactose, D-glucose, and galacturonic acid, 

were procured from Fluka Corporation (USA). Fetal bovine serum (FBS) and DMEM high-glucose culture 

medium were obtained from Gibco Corporation (USA). Phosphate buffered saline (PBS), Cell Counting Kit-

8 (CCK-8), and trypsin digestion solution (containing EDTA) were purchased from Adamas. The Evo M-MLV 

reverse transcription kit, SYBR Green Pro Taq HS premix, and qPCR kit were sourced from Acori (Hunan, 

China). Primary antibodies included α-SMA (#P62736n) from CST Corporation (USA) and Fibronectin 

(Ag8004) from Proteintech. The mouse interleukin (IL-6) and tumor necrosis factor (TNF-α) assay kits were 

obtained from Jingmei Biotechnology (Jiangsu, China). The SPAREasy Cell RNA Kit, used for rapid RNA 

extraction, was supplied by Sikejie (Shandong, China). Fuzheng huayu Jiaonang (FZHY), Shanghai Huanghai 

Pharmaceutical Co., Ltd. Other analytical-grade reagents were purchased from Sinopharm Chemical Reagent 

Co. Ltd. 

2.2 Preparation and purification of XYS1-1 

Crude polysaccharides were extracted from Panax quinquefolius Radix using a complex enzyme 

extraction method. After defatting the Panax quinquefolius Radix powder with anhydrous ethanol, crude 

polysaccharides were extracted using a composite enzyme method, which involved sequential addition of 

papain and trypsin. Following extraction, the supernatant solution was concentrated and dialyzed (3500 Da) 

for three days. The resulting crude polysaccharides were then freeze-dried and designated as XYS. The XYS 

sample was fractionated using a DEAE Sepharose Fast Flow column with a linear NaCl gradient elution 

protocol. This process yielded three distinct fractions: XYS0 (deionized water fraction), XYS1 (0.1M NaCl 

fraction), and XYS2 (0.2M NaCl fraction). The main component, XYS1, was further purified using Sephadex 

S-100 High Resolution gel column, resulting in a refined polysaccharide fraction designated as XYS1-1. 

2.3 Chemical Characterization of XYS1-1 

2.3.1 Physicochemical properties 

Total sugar content was determined using glycose as standard, while galacturonic acid was employed for 

uronic acid quantification. Protein levels in the polysaccharides were measured with a BCA assay kit. The 

presence of a triple-helix conformation in XYS1-1 was evaluated using the Congo Red assay.  

2.3.2 Homogeneity and molecular weight analysis 

The purity and molecular weight of XYS1-1 were determined by the HPGPC method [36]. The 
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chromatographic columns were TOSOH TSK PWXL G4000 and TSK PWXL G2500 in tandem, injecting at 

a flow rate of 0.5 mL/min with a flowability of 0.15mol/L NaNO3. Data were processed using Empower 3 

(Waters) software.  

2.3.3 Determination of monosaccharide composition 

The polysaccharides' monosaccharide profile was determined using high-performance liquid 

chromatography (HPLC) with PMP pre-column derivatization [37]. 20 µL aliquots from the aqueous phase 

were passed through a 0.22 µm filter membrane prior to HPLC analysis. Monosaccharide standard mixtures 

were well prepared with concentrations of 100 µg/mL. 

2.3.4 Linkage pattern analysis 

The methylation method was illuminated according to the minor modified method [38]. The completely 

methylated production was prepared into partially methylated alditol acetates (PMAA) by hydrolyzation, 

reduction and acetylization for gas chromatography-mass spectrometry (GC-MS) analysis.  

2.3.5 Analysis of FT-IR spectrum 

Fourier-transform infrared (FT-IR) spectra were recorded over the wavenumber range of 400-4000 cm-¹ 

to characterize the functional groups present in the polysaccharide sample.  

2.3.6 NMR analysis 

For NMR analysis, XYS1-1 was dehydrated, exchanged and dissolved in 0.5 mL D2O under vacuum. 

Using acetone as the internal standard, NMR spectra were recorded using a Varian Mercury 500 NMR 

spectrometer [39]. 

2.4 Cell culture and treatment 

2.4.1 LX-2 cells 

LX-2 cells (Beijing Beina Chuanglian Biotechnology) were cultured in DMEM (10% FBS, 

penicillin/streptomycin) at 37 °C, 5% CO₂. For the in vitro LF model, cells were cultured for 24 h, then starved 

in serum-free medium for another 24 h. Post-starvation, 10 ng/mL TGF-β1 was added to induce activation 

(blank control excluded). 

2.4.2 RAW264.7 macrophages 

RAW264.7 cells (Servicebio) were cultured in DMEM supplemented with 10% fetal bovine serum. Cells 

were stimulated with 1 μg/mL lipopolysaccharide (LPS) or 10 ng/mL interleukin-4 (IL-4) to establish the 

model. 

2.5 Cell counting kit-8 (CCK8) determination 

Cell viability was evaluated via Cell Counting Kit-8 (CCK-8). After 48 h of treatment with different 

polysaccharide concentrations, CCK-8 reagent was added and incubated in the dark for 2 h. Absorbance was 

measured at 450 nm. 

2.6 Cell Migration Assay of LX-2 
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LX-2 cells were uniformly seeded in 6-well plates (3 parallel reference lines marked on plate undersides). 

At 80% confluence, a scratch was made with a 200 μL pipette tip. Cells were washed with PBS to remove 

debris, and the initial wound area was recorded (0 h). Media with different polysaccharide concentrations were 

added, and after 24 h incubation, images were captured to evaluate cell migration. 

2.7 Flow Cytometric Detection of RAW264.7 

To assess XYS1-1's impact on macrophage phenotype, cells were seeded in 6-well plates, stimulated (as 

in 2.4.2), and treated with XYS1-1 (different concentrations). Fluorescently labeled antibodies were added 

(30-minute incubation); post-resuspension, cells were analyzed via flow cytometry. 

2.8 Real-time quantitative PCR 

RNA was quickly extracted using the SPAREasy Cell RNA Kit (SparkJade) according to the 

manufacturer's protocol. A reverse transcription program was then set up for reverse transcription. The primers 

used are shown in Table 1. 

Table 1 Primers used for RT-PCR analysis 

 forward primer reverse primer 
Fibronectin CCATCGCAAACCGCTGCCAT AACACTTCTCAGCTATGGGCTT 

α-SMA CATGAAGTGTGACATCGACATC TGATCTTGATCTTCATGCTGCT 
COL1A1 CCTGGATGCCATCAAAGTCT CGCCATACTCGAACTGGAAT 
GAPDH ACTTTGGTATCGTGGAAGGACT GTAGAGGCAGGGATGATGTTCT 

2.9 Western blot analysis 

Cellular proteins were extracted and subjected to gel electrophoresis, then transferred to PVDF 

membranes. Membranes were blocked with 5% BSA, incubated with specific primary antibodies, followed 

by corresponding secondary antibodies (room temperature, shaking) to form complexes. ECL reagent was 

added for fluorescence signal generation, which was recorded via darkroom exposure or chemiluminescence 

imaging. Band grayscale values were quantified using ImageJ. 

2.10 Animal experiment 

The study utilized 8-week-old male C57BL/6J mice (SPF grade, 18-20 g), procured from Sibeifu (Suzhou) 

Biotechnology Co. Ltd. (license number: SCXK (Suzhou) 2022-0006). All animal procedures were approved 

by the Shanghai Marine Medical Ethics Committee (ethical batch number: shou-DW-2022-008), and humane 

care was provided throughout the study. As shown in Fig. 5a, 60 male C57BL/6J mice (1-week acclimation) 

were randomized into 6 groups (n=10/group): Control, Model, XYS1-1-L (low-dose), XYS1-1-M (medium-

dose), XYS1-1-H (high-dose), and FZHY (positive control). Except Control, all groups received 

intraperitoneal 10% CCl₄ (3×/week, 8 weeks); Control received saline. From week 3 of CCl₄ administration, 

treatment groups received corresponding interventions (6 weeks); Control/Model received saline. Body 

weight was monitored; in week 9, mice were fasted for 12 h (water available) before sampling. 

2.11 Enzyme-linked immunosorbent assay (ELISA) 

Using the ELISA kit according to its operating instructions to detect the secretion level of inflammatory 
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factors. 

2.12 Serum biochemistry and hepatic TG assays 

Collect blood samples and centrifuge at 4 °C and 3500 rpm for 10 min. Collect the supernatant and follow 

the kit instructions to determine ALT and AST levels in the serum using Lai's microplate method, analyzing 

liver function. Take serum samples and measure triglyceride (TG) content directly using the reagent kit method. 

Calculate triglyceride content (mmol/L) using the formula: Triglyceride content (mmol/L) = (ASample well-

Ablank well)/ (AStandard well-Ablank well) × Cstandard Well.  

2.13 Histological analysis 

Excise mouse liver specimens with approximate dimensions of 1 cm × 1 cm × 1.5 cm. Process the 

specimens through routine dehydration, paraffin embedding, and microtomy to obtain 5 μm-thick serial 

sections for subsequent HE and Masson staining. 

2.14 Immunohistochemical (IHC) staining 

Dewaxed tissue sections were treated with 3% H₂O₂ to block endogenous peroxidase, then washed with 

PBS. Non-specific binding was blocked with goat serum, followed by overnight incubation with primary 

antibody at 4 °C (humidified box). Secondary antibody was added and incubated as required. Antigens were 

visualized via DAB staining, with 3-min hematoxylin counterstaining. Sections were dehydrated, mounted, 

imaged with a digital panoramic scanner, and data processed using NDP View 2.9.22. 

2.15 Immunofluorescence staining 

RAW264.7 cells were seeded onto cell slides in a 12-well plate. After polysaccharide treatment, cells 

were fixed with paraformaldehyde, permeabilized with 1% Triton X-100, and blocked with 5% BSA at room 

temperature. Following primary and secondary antibody incubations, the cells were stained with DAPI for 10 

minutes to visualize the nuclei. The slides were then sealed with an anti-fade fluorescent mounting medium. 

Finally, images were captured under a fluorescence microscope for analysis. 

2.16 Construction of sugar chain structure fragments and molecular docking 

The sugar chain structure fragment of XYS1-1 was constructed using Chem3D and subjected to energy 

minimization to obtain its lowest-energy conformation. The 3D structure of the TLR4 protein (PDB ID: 2Z62) 

was downloaded from the Protein Data Bank (PDB). Molecular docking was performed using AutoDock, with 

the Grid Box set to fully encompass the entire TLR4 protein. All other parameters were maintained at default 

settings. The docking conformation with the lowest binding energy was selected as the final result, 

representing the most stable interaction between XYS1-1 and TLR4. 

2.17 16S rRNA sequencing 

Genomic DNA was extracted from samples using a kit. Specific primers targeting the 16S rRNA V3-V4 

region (with 5'-end barcodes for sample differentiation) were used for PCR. Low cycles (optimized via pre-

experiments to reduce bias and ensure sufficient amplification) were run with TransStart FastPfu DNA 

Polymerase (TransGen AP221-02) on an ABI GeneAmp® 9700. Purified PCR products were quantified via 
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QuantiFluor™-ST (Promega) and equimolarly pooled for balanced sequencing. 

2.18 Statistical analysis 

Data analysis was conducted using Excel, GraphPad Prism 9.5, OriginPro 8.5.1, ImageJ, and Adobe 

Illustrator 2023. The results were expressed as mean ± standard error (Mean ± SEM), with all experiments 

performed in triplicate. Statistical significance was assessed using appropriate methods, with significance 

levels represented as follows: no significant difference is shown as ns, * P<0.05 indicates significant 

differences** P<0.01 indicates a significant difference*** P<0.001 indicates a significant difference**** 

P<0.0001 indicates a very significant difference. 

3 Results 

3.1 Preparation and structural characterization of XYS1-1 

The polysaccharide extraction procedure is illustrated in Fig. 1a. After ethanol defatting, defatted powder 

was obtained with a yield of 71.3%. The crude polysaccharide designated as XYS was obtained with a yield 

of 9.2%. As shown in Fig. 1b, XYS was purified using a DEAE column, yielding three major polysaccharide 

fractions: XYS0 (deionized water fraction), XYS1 (0.1 mol/L NaCl fraction), and XYS2 (0.2 mol/L NaCl 

fraction), with yields of 4%, 48.5%, and 3.75%, respectively. The main fraction XYS1 was further purified 

due to its higher yield (Fig. 1c). The purity and homogeneity of XYS1-1 was confirmed by HPGPC, revealing 

a relative molecular weight of 12.59 kDa (Fig. 2a). The total carbohydrate content of XYS1-1 was determined 

to be 99.06%.  Protein content results showed negligible protein presence. The monosaccharide composition 

analysis of XYS1-1 (Fig. 2b) revealed that XYS1-1 was mainly composed of glycose (95.12%). 

 
Fig. 1 Extraction, isolation, and purification of XYS1-1. (a) Flowchart of the purification process of XYS1-1. (b) Elution 

curve of DEAE Cellulose column. (c) Elution curve of Sephadex S-100 gel column. 



M.H. Zhang et al. / Food Science and Human Wellness 17 (2028) 

 

The FT-IR spectrum of XYS1-1 (Fig. 2c) exhibited characteristic polysaccharide absorption bands at 

3325, 2935, 1647, and 1017 cm-¹ [40, 41]. The peak at 934 cm-¹ may result from the angular deformation (bending) 

vibration of the C-H bond in the α-D-glucan α-pyranose isomer [42]. Generally, absorption peaks in the 800-

950 cm-¹ range are commonly used to determine the configuration of glycosidic bonds. The absorption peak 

near 850 cm-¹ is often associated with α-glycosidic linkages, indicating the possible presence of 

monosaccharide units connected by α-glycosidic bonds in the polysaccharide structure [43]. 

If a polysaccharide possesses a triple helix structure, it will undergo a complexation reaction when mixed 

with Congo Red reagent, causing the maximum absorption wavelength of the mixed solution to shift towards 

longer wavelengths, i.e., a red shift [44]. As shown in Fig. 2d, after mixing XYS1-1 with Congo Red solution, 

there was no significant red shift in the maximum absorption wavelength. Moreover, as the concentration of 

sodium hydroxide solution increased, the trend of changes in the maximum absorption wavelength of the 

mixed solution was similar to that of the Congo Red solution alone. Therefore, it can be concluded that XYS1-

1 does not contain a triple helix structure. 

 
Fig. 2 Characterization of XYS1-1. (a) HPGPC results of XYS1-1. (b) Monosaccharide composition results of XYS1-1. (c) 

IR spectrum of XYS1-1. (d) Congo Red binding results. 

To further elucidate the glycosidic linkage types in XYS1-1, methylation analysis was performed using 

GC-MS, with the results presented in Fig. S1 and Table 2. The total ion chromatogram revealed five major 

peaks which belong to different linkage types. Based on the monosaccharide composition results and CCRC 

mass spectral database comparisons, these signals are respectively attributed to T-Glcp (6.87%),1,4-Glcp 

(60.02%), 1,6-Glcp (11.33%), 1,3,4-Glcp (3.31%), and 1,4,6-Glcp (18.47%). Major branching points were 

identified at 1,3,4-linked Glcp (3.31%), and 1,4,6-linked Galp (18.47%). The ration of three main linkage 

types of 1,4-Glcp, 1,6-Glcp, and 1,4,6-Glcp was 6: 1: 2, suggesting that one putative structure presence of 

XYS1-1 wherein the backbone consists of six α-1,4-linked glycoses and one α-1,6-linked glycose. Every third 

α-1,4-linked glycoses have a branch at the C-6 position, with a terminal glycose substituent. 
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Table 2 Methylation analysis of XYS1-1 

Retention time 
（min） 

Compound Name 
Major mass fragments 

(m/z) 
Area (%) 

17.674 T-Glcp 71,87,102,118,129,145,162,205 6.87 
18.806 1,4-Glcp 71,87,99,118,129,142,173,187 60.02 
18.961 1,6-Glcp 71,87,99,102,118,129,143,162,173,189,233 11.33 
19.414 1,3,4-Glcp 87,118,129,185,231,305 3.31 
19.848 1,4,6-Glcp 87,102,118,127,142,159,187,201,261 18.47 

Combining the monosaccharide composition, methylation analysis, and relevant references [45, 46], the 

glucoside linkage types of XYS1-1 were further conducted using 1D-NMR and 2D-NMR. The main 

glycosidic linkages of XYS1-1 are identified as A-D in Table 3. The 1H and 13C NMR spectra of XYS1-1 are 

shown in Fig. 3a and Fig. 3b. The 1H and 13C signals in Table 3 are identified through 1H-1H-COSY (Fig. 3c), 

HSQC (Fig. 3d), and HMBC (Fig. 3e) spectra. Four major anomeric carbon signals are present in the 13C-

NMR spectrum, which are identified as residue A (97.56 ppm), B (99.60 ppm), C (98.04 ppm), and D (99.88 

ppm). They are determined by the chemical shift signals and were assigned as C1of T-α-Glcp, 1,4-linked-α-

D-Glcp, 1,6-linked-α-D-Glcp, and 1,4,6-linked-α-D-Glcp, respectively. Combined with the information of 

HSQC spectrum in Fig. 3d, the signals of the anomeric proton signals can be attributed in the 1H-NMR 

spectrum. The obvious peaks at 5.30 ppm and 5.28 ppm belong to the H1 of 1,4-linked-α-Glcp, and 1,4,6-

linked-α-Glcp, while the signal in a relatively high field at 4.88 ppm was assigned to the H1 of T-α-Glcp and 

1,6-linked-α-Glcp. Further, according to the 1H-1H-COSY spectrum of XYS1-1, the H2-H5 signals are also 

assigned respectively. Based on 1H-1H-COSY and HSQC spectra analysis, all other 1H and 13C chemical shifts 

of residues are identified and listed in Table 3. The down-filed chemical shift at 76.74 ppm and 77.86 ppm 

belong to C4 of 1,4-linked-α-Glcp and 1,4,6-linked-α-Glcp. The down-filed chemical shift at 65.47 ppm and 

65.84 ppm belong to C6 of 1,6-linked-α-Glcp and 1,4,6-linked-α-Glcp, while the signals at 60.72 ppm and 

60.23 ppm are assigned to C6 of T-α-Glcp and 1,4-linked-α-Glcp. The HMBC spectra are used to provide 

valuable insights into the relationships between different sugar residues, aiding in the determination of linkage 

types. In the HMBC spectrum of XYS1-1, the cross-peak signals at H1 (5.30 ppm)/C4 (76.74 ppm), H1 (5.28 

ppm)/C4 (77.86 ppm), and H1 (4.88 ppm)/C6 (65.47 ppm) are suggested the presence of →4)-α-D-

Glcp→linkage, →4,6)-α-D-Glcp→linkage, and →6)-α-D-Glcp→linkage, respectively. Further, the presence 

of cross-peak signals between H4 /residue B (3.55 ppm) and C1 /residue D (99.88 ppm) suggests that 1,4-

linked-α-D-Glcp residue is attached to the 1,4,6-linked-α-Glcp at C4 position, while, the cross-peak signals at 

H4/residue B (3.55 ppm) and C1 /residue C (98.04 ppm) can be speculated that 1,4-linked-α-D-Glcp residue 

is attached to the 1, 6-linked-α-Glcp at the C4. Plus, the cross-peak signals at H6/residue D (3.88 ppm) and 

C1 /residue A (97.56 ppm) indicates the terminal residue α-D-Glcp is attached to the 1,4,6-linked-α-Glcp at 

C6 position. When considering the methylation results in conjunction with the data presented, the analysis 

further indicates that XYS1-1 possesses a 1,4-linked-D-Glcp backbone, with a terminal residue of α-D-Glcp-

(1 → attached to the → 4,6)-α-D-Glcp-(1 → at the C-6 position. Based on this analysis, Fig. 3f illustrates 

potential repeating units for XYS1-1. 
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Fig. 3 1D-NMR and 2D-NMR spectra of XYS1-1. (a) The 1H-NMR spectrum of XYS1-1. (b) The 13C-NMR spectrum of 

XYS1-1. (c) 2D-NMR spectra of XYS1-1. 1H-1H COSY spectrum of XYS1-1. (d) HSQC spectrum of XYS1-1. (e) HMBC 
spectrum of XYS1-1. (f) Structural formula of XYS1-1. 

Table 3 1H and 13C NMR chemical shifts of XYS1-1 

 Residues  1 2 3 4 5 6a 
A 
 

T-α-Glcp 
H 4.87 3.48 3.63 3.32 3.80 3.73 
C 97.56 71.62 71.83 69.39 70.17 60.72 

B 
 

1,4-linked-α-Glcp 
H 5.30 3.53 3.87 3.55 3.74 3.75 
C 99.60 71.35 73.25 76.74 71.08 60.23 

C 
 

1,6-linked-α-Glcp 
H 4.88 3.48 3.62 3.41 3.80 3.88a/3.65b 
C 98.04 71.56 73.13 69.30 70.32 65.47 

D 
 

1,4,6-linked-α-Glcp 
H 5.28 3.53 3.85 3.55 3.73 3.88a/3.65b 
C 99.88 71.41 73.25 77.86 71.08 65.84 
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3.2 XYS1-1 inhibited TGF-β1-induced LX-2 activation, proliferation, migration and fibrotic marker 

expression 

Activated HSCs are the primary producers of ECM, and TGF-β1 acts as a key factor in promoting HSC 

activation [47]. To evaluate XYS1-1's effect on HSC activation, we stimulated LX-2 cells with TGF-β1, treated 

them with different XYS1-1 concentrations, and assessed outcomes. LX-2 cells exhibited obvious 

morphological alterations after induction with TGF-β1 (Fig. 4a). 

 
Fig. 4 Inhibitory effects of XYS1-1 on TGF-β1-induced activation of LX-2 cells. (a) Representative images of normal LX-2 

cells and LX-2 cells activated by TGF-β1. (b-e) Cell viability of LX-2 cells before and after activation. (f) Effects of 
different concentrations of XYS1-1 on the migration ability of LX-2 cells. (g) Scratch wound healing rate. (h) Effects of 

different concentrations of XYS1-1 on the expression of fibrosis-related proteins in LX-2 cells. (i-j) Quantification of FN1 
and α-SMA expression levels using ImageJ software. (k-m) Effects of different concentrations of XYS1-1 on the expression 

of fibrosis-related genes in LX-2 cells. Data are presented as mean ± SD (n = 3). #P< 0.05, ##P< 0.01 compared with the 
control group; *P< 0.05, **P< 0.01 compared with the TGF-β1 group. 
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CCK-8 assay showed XYS1 and XYS1-1 (0-1000 μg/mL) had no cytotoxicity on normal LX-2 cells 

(Figs. 4b-c), but exerted dose-dependent inhibition on TGF-β1-activated LX-2 cells (0-800 μg/mL), peaking 

at 800 μg/mL (Figs. 4d-e). The clinical anti-liver fibrosis (LF) agent FZHY (positive control) showed maximal 

inhibition at 400 μg/mL, which was used in subsequent experiments (Fig. S2). Furthermore, XYS1-1 dose-

dependently suppressed activated LX-2 migration (800 μg/mL optimal; Fig. 4f), and scratch wound healing 

assay revealed significantly reduced wound closure rate in XYS1-1-treated groups vs. control after 24 h (P< 

0.05; Fig. 4g). 

HSC activation is characterized by elevated α-SMA and ECM (e.g., collagen, fibronectin) expression. 

The model group (TGF-β1-stimulated) had significantly higher mRNA levels of fibrosis markers (α-SMA, 

COL1A1, FN1) vs. control (P< 0.01; Figs. 4k-m), confirming successful LF model induction. XYS1-1 dose-

dependently reduced these markers vs. model (P< 0.05), with similar effects in FZHY-treated cells. 

Consistently, Western blot showed higher α-SMA and fibronectin protein levels in the model group, which 

XYS1-1 significantly attenuated (Figs. 4h-j). These data indicate XYS1-1 mitigates LF by inhibiting HSC 

activation and ECM overproduction, consistent with RT-qPCR results. 

3.3 XYS1-1 alleviates the symptoms of CCl4-induced liver damage in a mouse model 

To further investigate the therapeutic effects of XYS1-1 on LF, a well-established CCl₄-induced LF 

mouse model was employed in this study [48, 49]. Mice were intraperitoneally injected with a 10% (v/v) CCl₄-

olive oil mixture three times weekly for 8 weeks; from the second week onward, XYS1-1 or the clinical anti-

LF agent FZHY (positive control) was administered daily via oral gavage (Fig. 5a). Gross liver morphology 

(Fig. 5b) revealed that livers from the model group exhibited severe adhesions to adjacent tissues, rounded 

edges, and diffuse small nodules on both the surface and cross-sections. In contrast, XYS1-1-treated mice had 

livers with a smoother surface, softer texture, and no obvious swelling. As depicted in CCl₄ injection, which 

was markedly ameliorated by XYS1-1 treatment. Notably, the model group exhibited a significant reduction 

in body weight, which was effectively reversed by XYS1-1 treatment (Fig. 5d). Compared to the control group, 

the liver weight and liver-to-body weight ratio were significantly increased in the model group (P< 0.01), 

while these parameters were significantly reduced in the XYS1-1 and FZHY groups (P< 0.01 or P< 0.05) 

(Figs. 5e-f). H&E staining revealed that the liver tissue structure in the control group was intact, with well-

organized hepatic lobules and no significant pathological changes. In contrast, the model group exhibited 

severe pathological damage, including hepatocyte edema, vacuolization, and disorganized cell arrangement, 

indicating substantial liver injury (Fig. 5c). Serum levels of ALT, AST, and TG were significantly elevated in 

the model group compared to the control group (P< 0.01). However, these levels were significantly reduced 

in the XYS1-1 and FZHY groups (P< 0.01), with the high-dose XYS1-1 group showing more pronounced 

effects (Figs. 5g-i). In mice treated with different doses of XYS1-1 or FZHY, only mild hepatocyte edema 

was observed, with no disruption of hepatic lobular structure or severe necrosis. These results demonstrate 

that the CCl₄-induced LF mouse model exhibited severe liver injury, while treatment with XYS1-1 and FZHY 

significantly alleviated the extent of liver damage.  
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Fig. 5 XYS1-1 alleviates the symptoms of CCl₄-induced LF in a mouse model. (a) Schematic diagram of the mouse model 

establishment and treatment process. (b) Representative images of livers from each experimental group. (c) H&E staining of 
liver sections. (d) Changes in mouse body weight over the treatment period. (e) Liver/Body Weight Ratio. (f) Liver weight 
measurements. (g-i) Effects of XYS1 on serum levels of (g) aspartate aminotransferase (AST), (h) alanine aminotransferase 

(ALT), and (i) triglycerides (TG) in CCl₄-induced LF mice, n=6. 

3.4 XYS1-1 ameliorated LF induced by CCl4 and inhibited HSC activation in vivo 

Masson staining (Fig. 6a) showed sparse, evenly distributed collagen fibers in normal livers, whereas the 

model group exhibited extensive blue collagen deposition around central/portal veins (a hallmark of fibrosis). 

Low-, medium-, and high-dose XYS1-1, as well as FZHY, significantly reduced hepatic collagen content; 

ImageJ quantification (Fig. 6c) confirmed these effects, indicating improved LF. Immunohistochemistry (Fig. 

6b) revealed markedly higher expression of fibrotic markers (α-SMA, COL1A1, FN1) in the model group vs. 

controls (validating LF model establishment). XYS1-1 dose-dependently downregulated these markers, as did 
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FZHY (Figs. 6d-f), demonstrating XYS1-1 inhibits HSC activation and excessive ECM deposition. 

 
Fig. 6 XYS1-1 ameliorates LF induced by CCl₄ and inhibits HSC activation in vivo. (a) Effect of XYS1-1 on collagen 

deposition in CCl₄-induced LF in mice. (b) Immunohistochemical detection of α-SMA, COL1A1, FN1, and F4/80 
expression levels in liver tissue of mice from each group. (c) Quantitative analysis results of Masson staining, n=6. (d-g) 

Quantitative analysis results of immunohistochemistry for α-SMA, COL1A1, FN1, and F4/80 expression, respectively, n=6. 
(h-j) Effect of XYS1 on the levels of inflammatory cytokines (TNF-α, IL-6, and IL-1β) in vivo, n=6. (k) 

Immunofluorescence data of CD206 and iNOS in liver paraffin sections from each group of mice. 
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To assess inflammation’s role in fibrosis, serum inflammatory cytokines were measured: CCl₄ increased 

TNF-α, IL-6, and IL-1β levels vs. controls, while XYS1-1 significantly reduced these cytokines (Figs. 6h-j), 

suggesting anti-inflammatory effects contribute to its anti-LF activity. The innate immune system plays a 

critical role in the development and progression of LF. To further investigate whether XYS1-1 influences LF 

by mediating innate immune cells, particularly macrophages, we examined the expression of F4/80, a 

macrophage marker. The control group had minimal F4/80⁺ macrophages (a macrophage marker) around 

hepatic sinusoids. In contrast, the model group showed significant F4/80⁺ macrophage accumulation in portal 

areas; XYS1-1 downregulated F4/80 expression (Figs. 6b, g), indicating modulation of macrophage-mediated 

immune responses.  

The immunofluorescence analysis revealed that both iNOS (M1 macrophage marker) and CD206 (M2 

macrophage marker) exhibited significantly enhanced fluorescence signals in CCl4-induced fibrotic livers 

compared to controls (Fig. 6k), indicating active macrophage recruitment and polarization during hepatic 

fibrogenesis. Notably, the increased iNOS+ M1 macrophage population correlated with exacerbated 

inflammatory responses, while the elevated CD206+ M2 macrophages were associated with progressive 

fibrotic deposition. Importantly, XYS1-1 treatment effectively attenuated this pathological process by 

significantly reducing both M1 and M2 macrophage populations in hepatic tissues, suggesting its anti-fibrotic 

mechanism may involve modulation of macrophage polarization dynamics in the injured liver 

microenvironment.  

In summary, XYS1-1 ameliorates CCl₄-induced LF by reducing collagen deposition, inhibiting HSC 

activation, lowering inflammatory cytokine levels, and regulating macrophage polarization. 

3.5 XYS1-1suppresses gut-liver axis-mediated inflammation and HSC activation 

α/β diversity analyses demonstrated that CCl₄-induced liver fibrosis was accompanied by a marked 

reduction in gut microbial diversity and a profound alteration of microbial community structure. XYS1-1 

treatment partially restored microbial diversity and shifted the overall microbial composition toward that of 

the control group, with effects comparable to the positive control FZHY, suggesting that modulation of gut 

microbiota may contribute to the anti-fibrotic effects of XYS1-1 (Figs. 7a-f). 

CCl₄-induced liver fibrosis in our model was associated with a clear restructuring of the gut microbiota 

at the phylum level: the model group showed an increased Firmicutes/Bacteroidota ratio relative to controls, 

whereas Proteobacteria did not show a conspicuous expansion (Fig. 7g). Alterations in the 

Firmicutes/Bacteroidota balance have been repeatedly observed in experimental and clinical contexts of liver 

injury and fibrosis, and such shifts are thought to reflect dysbiosis that can compromise intestinal barrier 

function and facilitate translocation of microbial products that drive hepatic inflammation and fibrogenesis 
[50]. The absence of a strong Proteobacteria bloom in our samples further indicates that, in this cohort and 

experimental setting, dysbiosis manifested primarily as changes within dominant commensal phyla rather than 

as an overgrowth of classical opportunistic taxa [51]. 
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Fig. 7 Microbial diversity analysis. (a) ACE index. (b) Chao1 index. (c) Simpson index. (d) Shannon index (α-diversity). (e) 

PCoA analysis. (f) NMDS analysis (β-diversity). (g) phylum-level microbial community composition. (h) Correlation 
between gut microbiota and inflammatory cytokines. 

Interestingly, treatment with the XYS1-1 partially restored the microbial composition toward that of 

healthy controls: treated animals exhibited a decline in the Firmicutes/Bacteroidota ratio and an increased 

relative abundance of Verrucomicrobiota. Notably, members of Verrucomicrobiota (principally Akkermansia 

muciniphila) have been linked to improved mucosal barrier integrity and beneficial metabolic and anti-

inflammatory effects in multiple preclinical studies. Mechanistically, A. muciniphila or its components have 

been shown to strengthen the gut barrier and modulate host responses that reduce systemic inflammation, 

which can translate into protection against liver injury in experimental models. These observations are 

consistent with recent work demonstrating that A. muciniphila enrichment or administration ameliorates 
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hepatic pathology in murine cirrhosis/fibrosis models [52, 53]. Taken together, these phylum-level data suggest 

that the hepatoprotective effect of the XYS1-1 may be mediated, at least in part, via restoration of a healthier 

gut microbial ecology and improved intestinal barrier function. 

To further elucidate the relationship between inflammatory responses and gut microbial dysbiosis, we 

integrated the correlation results between key inflammatory cytokines (IL-1β, IL-6, TNF-α) and gut microbial 

genera with the observed shifts in microbial community composition (Fig. 7h). Interestingly, we observed an 

enrichment of pro-inflammatory taxa, specifically Bacteroides [54] and Ileibacterium [55], in the model group, 

which coincided with elevated levels of related inflammatory cytokines. Conversely, the abundance of these 

genera was downregulated in the treatment group (Fig. S3). Simultaneously, the proportions of anti-

inflammatory bacteria, such as Odoribacter [56], were restored following XYS1-1 administration, suggesting 

a subsequent reduction in inflammatory markers. 

3.6 XYS1-1 inhibits LPS-induced M1 macrophage polarization in vitro 

XYS1's and XYS1-1's cytotoxicity in RAW264.7 cells was assessed via CCK-8 (48 h, 50-1000 μg/mL). 

No tested concentration showed significant cytotoxicity (p > 0.05 vs. control), with the 400 μg/mL and 800 

μg/mL groups demonstrating mild proliferative effects (Figs. 8a-b). Based on these findings, subsequent 

experiments employed concentrations between 200-800 μg/mL. 
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Fig. 8 XYS1-1 inhibits LPS-induced M1 macrophage polarization in RAW264.7 cells in vitro. (a-b) Effects of (a) XYS1 
and (b) XYS1-1 on viability of naive RAW264.7 macrophages. (c-d) Effects of (c) XYS1 and (d) XYS1-1 on viability of 

LPS-stimulated M1 macrophages. (e) Effect of XYS1 on NO secretion in naive RAW264.7 macrophages. (f-g) Effects of (f) 
XYS1 and (g) XYS1-1 on NO production in LPS-induced M1 macrophages, n=3. (h-k) Effects of XYS1-1 on cytokine 

secretion in LPS-stimulated RAW264.7 cells: (h) IL-10, (i) TNF-α, (j) IL-6, and (k) IL-1β. (l) Effect of XYS1-1 on IL-10 
secretion in M2-polarized macrophages, n=3. (m) Effect of XYS1-1 on protein expression in TLR4/MyD88/NF-κB 

signaling pathway. (n-r) Quantification of the aforementioned proteins. (s) The repetitive sequence of XYS1-1 undergoes 
molecular docking with TLR4. (t) SPR analysis of the binding affinity between XYS1-1 and TLR4. 

In LPS-induced M1 macrophage polarization models, XYS1 and XYS1-1 displayed concentration-

dependent immunomodulatory properties. While lower concentrations (50-100 μg/mL) showed negligible 

effects on cell viability, higher concentrations (400-1000 μg/mL) significantly suppressed viability (P<0.01, 

Figs. 8c-d). Both XYS1 and XYS1-1 could suppress LPS-induced NO production. Notably, XYS1-1 exhibited 

potent inhibitory effects on LPS-stimulated overproduction of both NO and ROS in a dose-dependent manner 

(Figs. 8e-g, 9b). Cytokine profiling demonstrated XYS1-1's dual regulatory capacity: it significantly 

attenuated LPS-induced elevations in pro-inflammatory mediators TNF-α and IL-6 (P<0.01), while 

paradoxically upregulating the anti-inflammatory cytokine IL-10 (P<0.01 versus LPS group, Figs. 8h-k). This 

bidirectional modulation suggests XYS1-1's unique role in maintaining inflammatory homeostasis. 

Interestingly, in IL-4-polarized M2 macrophages, XYS1-1 dose-dependently suppressed IL-10 

overexpression (P< 0.01), indicating nuanced control over macrophage plasticity. 

3.7 XYS1-1 target TLR4 and inhibits TLR4/MyD88/NF-κB pathway 

The Toll-like receptor 4 (TLR4)/myeloid differentiation factor 88 (MyD88)/nuclear factor-κB (NF-κB) 
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signaling axis serves as a central regulator of innate immune responses and inflammatory pathogenesis [57, 58]. 

Studies have demonstrated that various polysaccharides can specifically bind to TLRs, exerting bidirectional 

immunomodulatory effects through either pro-inflammatory or anti-inflammatory mechanisms [59, 60]. To 

further investigate the mechanism by which XYS1-1 modulates macrophage function, we examined its effects 

on TLR4 expression and the TLR4/MyD88/NF-κB signaling pathway, and performed molecular dynamics 

simulations to characterize the binding interaction between XYS1-1's repeat fragment and TLR4. 

Western blot analysis elucidated the molecular mechanism underlying these effects. XYS1-1 treatment 

substantially reduced expression of TLR4 and its downstream effectors (MyD88, TRAM1, TRAF1), 

consequently inhibiting NF-κB p65 phosphorylation (Figs. 8m-r, 9a). This TLR4/MyD88/NF-κB pathway 

inhibition represents a key anti-inflammatory mechanism.  

The binding affinity score reflects the likelihood and strength of molecular interaction, with lower (more 

negative) values indicating stronger binding potential. AutoDock predicted a binding affinity of -7.1 kcal/mol 

between TLR4 and the XYS1-1's repeat fragment, suggesting a favorable and stable binding conformation 

(Fig. 8s). Combined with SPR experimental result that XYS1-1 binds to TLR4 with an equilibrium 

dissociation constant of 9.324 μmol/L, this docking data collectively demonstrates a good binding affinity of 

XYS1-1 for TLR4, providing a preliminary theoretical basis for its potential role in modulating TLR4-

mediated signaling pathways (Fig. 8t). The three-dimensional molecular docking results suggest that hydrogen 

bonding is the primary mode of interaction between XYS1-1 and the TLR4 protein. Key amino acid residues 

involved in the binding include HIS-258, ASP-209, HIS-179, GLU-154, ASN-156, LYS-130, ASP-84, VAL-

82, ASP-60, LEU-59, and TYR-38. The main chain of XYS1-1 consists of a linear structure of →4)-α-D-

Glcp-(1→, which fits well within the binding pocket of the TLR4 receptor, enabling stable molecular 

recognition and interaction [61]. Meanwhile, the branched T-Glcp units are linked to the main chain via the C-

6 position, thereby increasing the steric hindrance of the polysaccharide. This structural feature plays a dual 

role in the potential interaction with the TLR4 receptor. On one hand, the branched chains may occupy 

concave regions within the receptor’s binding pocket, enhancing structural complementarity [62]. On the other 

hand, their steric bulk may restrict the binding orientation and angle of the sugar chain, contributing to greater 

specificity in the molecular interaction. Collectively, the linear main chain and the spatial configuration 

introduced by the branched chains facilitate the effective recognition and binding of XYS1-1 to the TLR4 

receptor in an in vitro molecular model, which provides a theoretical reference for subsequent exploration of 

the in vivo interaction mechanism of XYS1-1 with TLR4. 

Critically, conditioned media from XYS1-1-treated macrophages significantly attenuated α-SMA and 

fibronectin expression in LX-2 cells (Figs. 9c-e), establishing XYS1-1's indirect anti-fibrotic potential through 

macrophage-mediated paracrine signaling. These findings position XYS1-1 as a multifaceted therapeutic 

candidate capable of modulating macrophage polarization to mitigate both inflammatory responses and 

fibrotic progression. 
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Fig. 9 Mechanistic insights into XYS1-1 polysaccharide-mediated immunomodulation. (a) Immunofluorescence Detection 
of the Effects of Different Concentrations of XYS1-1 Polysaccharide on TLR4 Protein Expression in RAW264.7 Cells. (b) 

Quantitative assessment of ROS production in macrophages following XYS1-1 treatment. (c) Paracrine effects of 
macrophage-conditioned media on LX-2 cell activation: CT: Untreated LX-2 controls; N: LX-2 exposed to naive 

macrophage supernatant; N+X: LX-2 exposed to XYS1-1-primed macrophage supernatant (800 μg/mL); TGF-β1: Positive 
control (10 ng/mL TGF-β1); LPS: LX-2 exposed to M1 macrophage (LPS-induced) supernatant; LPS+X: LX-2 exposed to 

XYS1-1-modulated M1 supernatant (800 μg/mL). (d-e) Western blot analysis showing XYS1-1-mediated downregulation of 
fibrotic markers: (d) Fibronectin and (e) α-SMA expression levels in LX-2 cells. 

4 Discussion 

The present study systematically investigated the anti-fibrotic potential of XYS1-1, a novel glucan 

isolated from Panax quinquefolius Radix, through structural characterization and multi-level mechanistic 

exploration. Our findings reveal that XYS1-1 exerts potent therapeutic effects against LF via dual modulation 

of macrophage polarization and direct inhibition of HSCs activation. XYS1-1 is a homogeneous neutral glucan 

characterized as a backbone of →4)-α-D-Glcp-(1→ residues with terminal Glcp branches attached via C-6 
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positions, with a molecular weight of 12.59 kDa. Previous studies have revealed that branched glucans 

demonstrate superior immunomodulatory properties relative to linear counterparts [63], likely attributable to 

optimized spatial recognition patterns through pattern recognition receptors (PRRs) such as Dectin-1 and 

TLR4 [64]. Notably, SPR experiments and molecular docking analyses indicating a specific binding affinity 

between XYS1-1 and TLR4, providing a preliminary theoretical and experimental basis for the subsequent 

exploration of XYS1-1 regulating the TLR4-mediated signaling pathway in hepatic fibrosis. 

This study provides the first demonstration of the anti-fibrotic properties of Panax quinquefolius 

polysaccharide XYS1-1. In vitro cell experiments using intact XYS1-1 prototype were designed for the initial 

verification of its intrinsic biological activity, and the results showed that XYS1-1 significantly attenuated 

HSC activation in TGF-β1-stimulated LX-2 cells as evidenced by marked reductions in both protein and 

mRNA expression levels of α-SMA and fibronectin (P< 0.01). These findings suggest that XYS1-1 

ameliorates LF by suppressing HSC activation. Using a CCl₄-induced LF mouse model [2], XYS1-1 

significantly reduced the serum levels of ALT, AST, and TG in the model group of mice (P< 0.01) and 

effectively restored the liver-to-body weight ratio to the normal range, reflecting the comprehensive in vivo 

physiological effects of XYS1-1 (prototype and minor metabolic products). Histopathological analysis 

revealed that XYS1-1 treatment could markedly alleviate pathological damage characteristics such as 

hepatocyte edema, vacuolar degeneration, and disordered arrangement. Moreover, Masson's trichrome 

staining and immunohistochemical detection confirmed that XYS1-1 dose-dependently reduced collagen fiber 

deposition in the liver (P< 0.05), and Western blot analysis further indicated that XYS1-1 significantly 

downregulated the expression of fibrosis marker proteins such as α-SMA and fibronectin (P< 0.01). 

Collectively, these results demonstrate that XYS1-1 exerts anti-hepatic fibrosis effects by inhibiting the 

activation of hepatic stellate cells and the excessive deposition of extracellular matrix. 

Besides, XYS1-1 is capable of simultaneously inhibiting M1 macrophage polarization via the TLR4/NF-

κB signaling pathway and modulating IL-10 production from M2 macrophages. This dual activity positions 

XYS1-1 as a “biological regulator” within the hepatic microenvironment, contrasting sharply with the 

unidirectional inhibitory effects of traditional anti-inflammatory compounds. In vitro, in LPS-stimulated 

RAW264.7 cells, XYS1-1 suppressed pro-inflammatory cytokines (NO, TNF-α, IL-6, IL-1β; P< 0.01) and 

upregulated anti-inflammatory IL-10 (P< 0.01), maintaining inflammatory balance. In IL-4-induced 

RAW264.7 cells, it dose-dependently reduced IL-10 (P< 0.01), modulating M2 anti-inflammatory function. 

In vivo, CCl₄ increased serum TNF-α/IL-6/IL-1β and hepatic macrophage recruitment; XYS1-1 reversed these, 

and reduced elevated M1 (iNOS) and M2 (CD206) markers (immunofluorescence). Since macrophage 

polarization/cytokines (e.g., IL-10) regulate HSC activation/ECM deposition, XYS1-1's bidirectional 

macrophage modulation and inflammatory balance maintenance contribute to anti-LF effects. Additionally, 

α/β diversity analyses showed XYS1-1 enhanced gut microbiota diversity and improved community structure 

in CCl₄-induced LF mice. These results suggest that XYS1-1 restores the disrupted gut microbiota structure 

and suppresses gut-liver axis-mediated inflammation and HSC activation by inhibiting pro-inflammatory taxa 
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while promoting anti-inflammatory commensals. 

Comparative analysis with clinical antifibrotic agents has unveiled the distinct advantages of XYS1-1. 

While XYS1-1 demonstrated comparable efficacy to the positive control drug FZHY in inhibiting HSCs, it 

exhibited superior safety profiles at therapeutic concentrations. This hepatoprotective potential, coupled with 

its dual targeting of macrophages and HSCs, suggests that XYS1-1 may surmount the limitations of current 

single-target therapies. Moreover, the dose-dependent inhibition of CCl₄-induced collagen deposition and 

F4/80⁺ macrophage infiltration by XYS1-1 further corroborates its translational potential. Concurrently, 

XYS1-1 can enhance microbial diversity and ameliorate the compositional structure of the gut microbiota. 

5 Conclusion 

In conclusion, this study for the first time elucidates the anti-hepatic fibrosis activity and underlying 

mechanisms of XYS1-1 (Fig. 10), thereby enriching the theoretical understanding of the bioactivity of Panax 

quinquefolius polysaccharides and providing novel theoretical insights for the treatment of hepatic fibrosis. 

However, this study still has certain limitations. The pharmacokinetics and tissue distribution of XYS1-1 have 

not been characterized, which makes it difficult to systematically elucidate its in vivo fate and underlying 

mechanism. In future studies, we will employ techniques such as fecal excretion, fluorescent labeling, and 

radionuclide labeling, combined with in vivo digestive kinetics and pharmacokinetic investigations, to 

systematically explore the in vivo distribution, metabolic profiles, and structural changes of XYS1-1. 

Additionally, we will identify the actual active components of XYS1-1 enriched in liver tissue after oral 

administration, verify its tissue distribution and in vivo existence form, and further elucidate the in vivo 

molecular mechanism research of this polysaccharide [65, 66]. 

 
Fig. 10 Schematic diagram of the anti-hepatic fibrosis mechanism of XYS1-1. 
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