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ABSTRACT: Excessive use of acetaminophen (APAP) significantly contributes to drug-induced liver injury (DILI).
Auricularia heimuer polysaccharides have significant hepatoprotective potential, however their mode of action in
mitigating DILI is not yet elucidated. This study isolated and purified a novel polysaccharide, Ahp-1, from the fruiting
bodies of 4. heimuer, with a molecular weight of 270.161 kDa. Structural analysis revealed that the principal glycosidic
linkages in Ahp-1 are 6-Gal, 6-Glc, t-Fuc, and 2,6-Gal, which form dimers by cross-linking of polysaccharide chains.
Animal studies indicated that Ahp-1 reduces oxidative stress, elevates the relative abundance of beneficial bacteria
within the gut microbiota, regulates microbial balance, and promotes the synthesis of favorable metabolites like
Trigonelline. Moreover, following fecal microbiota transplantation (FMT), Ahp-FMT augments tight junction proteins
and short-chain fatty acids (SCFAs), thus restoring the intestinal barrier. This subsequently stimulates the
AMPK/GSK3p and Nrf2/HO-1 signaling pathways to mitigate DILI. These results provide novel opportunities for using
A. heimuer polysaccharides as functional foods or hepatoprotective agents.
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1. Introduction

Acetaminophen (APAP) is a commonly used antipyretic and analgesic in clinical environments.
Demonstrates significant therapeutic efficacy at appropriate doses!! 2. Nonetheless, an overdose of APAP may
lead to sudden liver failure. At therapeutic quantities, APAP is excreted via glutathione (GSH). Excessive
alcohol consumption depletes GSH, leading to oxidative stressi®. This would disrupt the microbial balance
and increase the accumulation of toxic metabolites!*>!. Furthermore, APAP overdose may disrupt tight
junction proteins, leading to reduced concentrations of short-chain fatty acids (SCFAs)!®!. N-acetylcysteine
(NAC), used as an antidote for acetaminophen-induced liver damage, has a limited therapeutic range and is
associated with specific severe side effects!’l. Thus, the discovery of novel therapeutic compounds that
combine high efficacy and safety offers a new strategy for the early prevention of APAP-induced liver injury.

Auricularia heimuer is a member of the Auriculariaceae family of the genus Auricularia, characterized
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by significant nutritional and therapeutic propertiest®). Polysaccharides, being the principal active constituents,
exhibit pharmacological features such as antioxidant”), antitumour'’!, and immunomodulatory actions!'!l.
According to literature reports, 4. heimuer polysaccharides exhibit significant hepatoprotective potential,
alleviating immune-mediated liver injury by regulating bile acid and arachidonic acid metabolism via the gut
microbiotal!?, Moreover, it can inhibit the TLR4/NF-«xB pathway, activate the Nrf2/HO-1 pathway, suppress
the activation of quiescent hepatic stellate cells (HSCs) and extracellular matrix (ECM) deposition, thereby
alleviating CCls-induced chemical liver injury!’¥. However, the mechanism by which 4. heimuer
polysaccharides alleviate drug-induced liver injury (DILI) remains ambiguous.

This study isolated and purified a novel polysaccharide fraction, Ahp-1, from the fruiting bodies of A.
heimuer via column chromatography. The structure was analyzed using methylation analysis, atomic force
microscopy (AFM), and scanning electron microscopy (SEM). Additionally, the protective role of Ahp-1
against APAP-induced DILI was examined using fecal microbiota transplantation (FMT), 16S rRNA
sequencing, non-targeted metabolomics, and western blot analysis. This study elucidates the structure of Ahp-
1 and its mechanism of action in ameliorating DILI, proposing an innovative therapeutic approach for DILI.
It establishes the experimental foundation for advancing the application of A. heimuer polysaccharides as a

potential hepatoprotective agent.
2. Materials and methods
2.1 Extraction and purification of Ahp-1

The fruiting bodies of A. heimuer (cultivated in Zhashui County, Shangluo City, Shaanxi Province,
China) were ground and sifted through a 60-mesh sieve. Distilled water was included at 1:30, extracted for 3
h, and the supernatant was then concentrated. After precipitation and deproteinization, the extract was purified
via DEAE-52 cellulose anion exchange chromatography (Column material: Beijing Solepol Science and
Technology Co., Ltd., Beijing, China, Columns: Shanghai Lianta Instruments, 4 cm X 50 cm, Shanghai,
China), yielding three fractions: Ah-1, Ah-2, and Ah-3. The obtained Ah-1 fraction was applied to a Sephacryl
S-400 HR column (Cytiva, Cat# 17060901, Shanghai, China), eluted with ultrapure water, collected, dialyzed
for concentration, freeze-dried, and analyzed for polysaccharide content using phenol-sulfuric acid (Beijing

Chemical Factory, Beijing, China).
2.2 Structural characterization of Ahp-1
2.2.1 Molecular weight distribution

In gel permeation chromatography (GPC), the porous gel in the columns segregates polysaccharide
components according to variations in molecular size. The eluent then passes through a refractive index (RI)
detector and a multi-angle laser light scattering (MALS) detector in succession. The concentrations of each
polysaccharide component are accurately calculated by comparing the refractive index changes between the

sample and the mobile phase. By using laser scattering signals at various angles and integrating the
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concentrations obtained by RI, the molecular weight of each component is directly determined, thoroughly

representing the molecular structural attributes of the polysaccharides!'*,
2.2.2 Infrared spectral analysis

Chromatographic-grade KBr 200 mg (Beijing Chemical Plant, Beijing, China) and 2 mg of Ahp-1["],
The blend was meticulously combined in a dry environment, pulverized, crushed into tablets, and examined

using a Nicolet™ iS5 infrared spectrometer (Thermo Fisher Scientific, Massachusetts, USA).
2.2.3 Ultraviolet-Visible (UV) spectral analysis

The UV spectrum of the Ahp-1 solution was obtained using a UV spectrophotometer (Analytik Jena,
Spectroc 200 plus, Germany) throughout the wavelength spectrum of 200-400 nm.

2.2.4 Monosaccharide composition analysis

Accurately measure 5 mg of the Ahp-1 sample into a sterile chromatographic vial. Subsequently, 1 mL
of 2 M TFA solution (Beijing Chemical Factory, Beijing, China) was included and subjected to heating at
121 °C for 2 h. Nitrogen was introduced into the mixture and subsequently evaporated to dryness. The samples
were washed with 99.99% methanol (Beijing Chemical Factory, Beijing, China), evaporated to dryness. The
samples were thereafter dissolved in sterile water and transported to chromatography vials for analysis. An
ICS5000 ion chromatography system (Thermo Fisher Scientific, Massachusetts, USA) equipped with an

electrochemical detector was used to evaluate and identify monosaccharide constituents!®l.
2.2.5 Methylation analysis

Weigh 3 mg of Ahp-1 sample, dissolve, then add 1 mg NaOH (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) and incubate for 30 min. Following incubation, add 50 pL of methyl iodide solution (Tianjin
Xintong Fine Chemical Co., Ltd., Tianjin, China) and react for 1 h. Then add 1 mL water and 2 mL
dichloromethane (Tianjin Xintong Fine Chemical Co., Ltd., Tianjin, China), mix thoroughly, centrifuge, and
discard the aqueous phase. Repeat this procedure three times. Add 100 pL 2 mol/L TFA (Sigma-Aldrich,
Shanghai, China), react at 121 °C for 90 min, then evaporate to dryness at 30 °C. Add 50 pL 2 mol/L. ammonia
solution and 50 uLL 1 mol/L NaBDs (Beijing Chemical Factory, Beijing, China), mix thoroughly, and react at
room temperature for 2.5 h. Add 20 pL acetic acid (Beijing Chemical Factory, Beijing, China) to terminate
the reaction. Evaporate to dryness under nitrogen, wash twice with 250 pL methanol (ANPEL Shanghai,
China), and evaporate to dryness again under nitrogen. Add 250 pL acetic anhydride, vortex to mix, and react
for 2.5 h. Finally, add 1 mL water and allow to stand for 10 min. Add 500 pL dichloromethane, centrifuge,
discard the aqueous layer, and repeat the washing procedure three times. Collect the lower dichloromethane
layer for GC-MS analysis. Analysis was performed using an Agilent gas chromatography system (Agilent
Technologies, Agilent 7890A, California, USA) coupled with an Agilent quadrupole mass spectrometry
detector (Agilent Technologies, Agilent 5977B, California, USA).
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2.3 Crystallographic characteristics and surface molecular morphology of Ahp-1
2.3.1 AFM analysis

After ultrasonic cleaning and air-drying, the Ahp-1 sample was affixed to a mica substrate for
examination using an atomic force microscope (Furui Precision Instruments Co., Ltd., Shanghai, China). The
atomic force microscope was preheated for 30 min before use. A silicon probe was used, with the following
settings: tapping mode (amplitude 5-30 nm), scanning range 1-100 um, scanning rate 0.5-2 Hz, and resolution

512 x 512 pixels.
2.3.2 Raman spectroscopy analysis

The Ahp-1 sample was fixed after undergoing a drying procedure. The DXR3 Flex spectrometer (Thermo
Fisher Scientific, Massachusetts, USA) was activated and warmed. A 785 nm laser was used, and the optical
path was calibrated. The first laser power was established at 0.1% within a spectral range of 100-4000 cm™'.

The spectra were obtained by scanning various places, and the results were recorded.
2.3.3 SEM analysis

The Ahp-1 sample was affixed to the stage using a conductive glue. After vacuum sputter-coating with
gold (5-10 nm thickness), the stage was relocated to the sample chamber. The specimen was examined under

circumstances of elevated vacuum voltage, with pictures captured at magnifications of 20, 50, and 50071,
2.4 Animal models and animal ethics

Male KM mice classified as SPF, weighing 30-40 g, were procured from the Laboratory Animal Center
at Jilin Agricultural University. All mice were raised in a specialized pathogen-free animal facility. The mice
were acclimatized for one week. All research was conducted in accordance with the rules established by the
Laboratory Animal Welfare and Ethics Committee of Jilin Agricultural University. This study adhered to the
EU Directive 2010/63 on the protection of animals used for scientific purposes. The animal ethical approval

number was 2024 08 08 001.
2.4.1 Gavage experiments with Ahp-1

The Ahp-1 experimental groups (50, 100, and 200 mg/kg) were administered the respective dosages of
Ahp-1 for a duration of 20 consecutive days. The positive control (PC) group was administered 150 mg/kg
NAC (Solaibao Technology Co., Ltd., Beijing, China) by oral gavage one hour before modeling. The
remaining groups were administered physiological saline by oral gavage. All groups, with the exception of
the CK group, were given a single oral dosage of 200 mg/kg of APAP (Beijing Solibao Technology Co., Ltd.,
Beijing, China) on day 21 to create a DILI model.

2.4.2 Antibiotic (ABX) pretreatment and FMT experiments
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Sterile aqueous formulations of ABX were prepared. The ABX solution consisted of ampicillin 1 g/L,
neomycin sulfate 1 g/L, metronidazole 1 g/L (Macklin, Shanghai, China), and vancomycin 500 mg/L
(Aladdin, Guangzhou, China), used to create a quasi-sterile mouse model. Following acclimation feeding,
mice were provided with sterile regular chow and sterile drinking water injected with antibiotics, which were
replaced every two days. Food and drinking water were then eaten without limitation. The mice were
consistently fed for one week to establish a proposed germ-free mouse model. Following model establishment,
validation was conducted using DNA and 16S RNA.

Establishment of fecal donor mice: The CK group received continuous oral saline administration. The
APAP group received daily oral saline administration, supplemented with a 200 mg/kg APAP solution on the
final day. The medium-dose Ahp-1 group received daily gastric lavage with 100 mg/kg polysaccharide
solution, supplemented with 200 mg/kg APAP solution on the final day. Fecal samples were collected at
initial, intermediate, and terminal stages, with 5-6 fecal pellets obtained per animal. Intra-group mixed samples
cryopreservation.

Fecal transplant group: Ten standard SPF mice constituted the CK group, receiving oral saline
administration (0.2 ml per mouse). The CK group, APAP group, and polysaccharide group underwent mixed
transplantation via oral administration of fecal suspension solution (0.2 ml per mouse) every other day for
three weeks. On the final day, a 200 mg/kg APAP solution was administered. The fecal transplantation failure
experiment followed the same dosing regimen as above, but required continuous provision of sterile drinking

water containing antibiotics for 3 weeks.
2.4.3 Toxicity assessment studies

20 KM mice were divided into a CK group and an Ahp-1 group. The CK group received daily oral
administration of physiological saline, while the Ahp-1 group received daily oral administration of a
polysaccharide solution at 200 mg/kg for 21 consecutive days. Body weight changes were recorded throughout

the period.
2.4.4 Antagonist experiment

Antagonist Dorsomorphin (Compound C) purchased from MedChemExpress, Cat# BML-275, Shanghai,
China. The CK group received daily gastric lavage with physiological saline. The APAP group received daily
gastric lavage with physiological saline, followed by a final gastric lavage with 200 mg/kg APAP solution on
the last day. The Ahp-1+APAP+Compound C group received daily gastric lavage with polysaccharide
solution, followed by a final gastric lavage with 200 mg/kg APAP solution on the last day and an injectable
inhibitor. The Ahp-FMT+APAP+Compound C group received daily oral administration of fecal suspension,
with a final dose of 200 mg/kg APAP solution on the last day and an injectable inhibitor.

2.5 Measurement of liver index
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The body weight of the mouse was recorded, and the liver was flushed with physiological saline,

weighed, and the corresponding organ index was calculated.
2.6 Histopathological analysis

The fixed liver tissue was embedded in paraffin and underwent haematoxylin and eosin (H&E) staining
using haematoxylin provided by Beijing Solarbio Science & Technology Co., Ltd. Histopathological

evaluation was conducted by analyzing tissue slices using an optical microscope!'®!.
2.7 Serum and liver biochemical analysis

The biochemical markers alanine aminotransferase (ALT) (JM-02543M2), aspartate aminotransferase
(AST) (JM-03113M2), superoxide dismutase (SOD) (JM-02672M?2), glutathione peroxidase (GSH-Px) (JM-
03038M2), malondialdehyde (MDA) (JM-13017M2) and catalase (CAT) (JM-05056H2) were assessed using
the kit from Jiangsu Jingmei Biological Technology Co., Ltd (Jiangsu, China).

2.8 Intestinal flora analysis

DNA was extracted from collected intestinal contents using a DNA extraction kit (Biyuntian
Biotechnology Co., Ltd., Shanghai, China). The V3-V4 region of the bacterial 16S rRNA gene was amplified
using primers 338F/806R to assess microbial community composition. DNA from caecal contents underwent
paired-end sequencing on an Illumina platform (Illumina, California, USA). Sequence denoising and
clustering were performed on raw sequencing data. High-quality sequences were clustered at 97% similarity.
Operational taxonomic units (OTUs) from different units underwent species annotation!'”). Alpha and beta

diversity were assessed to analyse the diversity of characterised species within the microbiota, respectively.
2.9 Non-targeted metabolomics analysis

Take 200 pL of serum, add 100 pL of 15% phosphoric acid (Sinopharm Chemical Reagents Co., Ltd.,
Shanghai, China), then add 375 pg/mL internal standard (4-methylpentanoic acid, Sigma-Aldrich, Shanghai,
China) and 280 pL of diethyl ether (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). Homogenise
for 1 min, centrifuge at 4 °C for 10 min, and test the supernatant. Analysis was performed using a Thermo
Trace 1300 gas chromatography system (Thermo Fisher Scientific, Massachusetts, USA) coupled with an
Agilent HP-INNOWAX capillary column (30 m x 0.25 mm x 0.25 pm, Agilent, California, USA). Mass
spectrometry detection employed a Thermo ISQ 7000 mass spectrometer (Thermo Fisher Scientific,
Massachusetts, USA) utilising an electron impact ionisation (EI) source with an electron energy of 70 eV. P-
values were computed using t-tests or ANOVA for the first assessment of differential metabolites. The
metabolites were assigned to KEGG pathways, accompanied by rigorous statistical analysis to identify highly

enriched pathways!?"!.

2.10 SCFAs assay
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Fecal samples stored at -80 °C were thawed on wet ice for SCFAs determination. Two millilitres of
thawed fermentate were taken, mixed with sulphuric acid solution (Beijing Chemical Factory, Beijing, China)
by shaking, and left to stand for 30 min. The mixture was then centrifuged at 4 °C for 20 min, The supernatant
was filtered through a 0.22 um aqueous phase filter membrane (Tianjin Jinteng Laboratory Equipment Co.,
Ltd., Tianjin, China), degassed, and transferred to a liquid phase vial. Chromatography was performed using
an Inert Sustain AQC18 column (150 mm x 2.1 mm, GL Sciences, Tokyo, Japan) at a flow rate of 0.5 mL/min.
detection wavelength 210 nm. Mobile phase A was 20 mmol/L NaH2POas (Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China); B was acetonitrile (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China).

2.11 Immunofluorescence analysis

Colon tissue was preserved and embedded in paraffin, and sectioned using a low-temperature microtome
(Oxford Instruments Technology Co., Ltd., Shanghai, China). The sections were then dewaxed in xylene
(Shanghai Denuo Chemical Co., Ltd., Shanghai, China) for 30 min and dehydrated with ethanol at different
concentrations. After antigen retrieval via steaming in sodium citrate buffer (Beijing Baierdi Biotechnology
Co., Ltd., Beijing, China) for 30 min, incubate overnight with blocking agent and primary antibody.
Subsequent to washing, the sections were incubated in darkness with the corresponding fluorescent secondary
antibody. The sections were stained for a duration of 15 min. Fluorescent intestinal proteins were seen, and

digital pictures were obtained using an Eclipse C1 fluorescent microscope (Nikon, Tokyo, Japan)®!!.
2.12 Cell line and metabolites in vitro cell experiments

Human normal hepatocytes (THLE-2) were purchased from the Beijing BeNa Cell Bank (Beijing,
China).

THLE-2 cells were seeded into 96-well plates (NEST Biotechnology, Wuxi, China). The following
groups were established: CK group: No APAP, no Trigonelline, equal volume of solvent (DMSO, final
concentration < 0.1%). APAP group: APAP monotherapy, treated with 15 mmol/L APAP for 24 h.
Trigonelline intervention group: 50 pumol/L Trigonelline pre-treatment for 2 h, followed by APAP co-
incubation for 24 h. Trigonelline group: Trigonelline monotherapy, treated with 50 pmol/L Trigonelline for
24 hl?21. Subsequently, oxidative function validation was performed using SOD (ADS-W-KY011-48), CAT
(ADS-W-KY002-48), MDA (ADS-W-YH002-48), and GSH-Px (ADS-F-G003-48) assay kits procured from
Jiangsu Addison Biotechnology Co., Ltd..

THLE-2 cells were seeded into 96-well plates and treated for 12, 24, and 48 h respectively according to
the aforementioned experimental protocol. Cell viability was subsequently determined using the Cell Counting
Kit-8 (CCK-8) assay kit (APExBIO, K1018, Houston, USA).

2.13 Western blot analysis

Proteins were extracted from liver tissue using a mixture containing protease inhibitors, phosphatase

inhibitors, and cell lysis buffer (Beyotime Biotechnology Co., Ltd., Shanghai, China). After centrifugation,
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the supernatant was collected and protein concentration was determined using the bicinchoninic acid assay
(BCA) kit (Beyotime Biotechnology, Shanghai, China). Equal volumes of protein were separated by 8-12%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose
(NC) membranes. Following blocking with fast blocking western (HYCEZMBIO, Wuhan, China),
membranes were incubated overnight with primary antibodies. Analysis was performed using an enhanced
chemiluminescence (ECL) kit (Meilunbio, Dalian, China), followed by visualisation with a Gene Gnome XRD
automated imaging system (Syngene, Cambridge, UK). Relative protein expression was quantified and
normalised using Image] software (NIH, Bethesda, MD, USA). Specific information about antibody use is
shown in Tab. S1. Western blot analysis was performed with liver tissue samples from three independent
animal experiments, and each biological replicate was conducted with three technical replicates for quality

control. The quantitative data were analyzed based on the results of biological replicates.
2.13 Statistical Analysis

All experimental results are presented as mean =+ standard deviation (SD). Statistical analyses were
conducted using the software packages Origin (Origin Lab Inc., San Mateo, USA), ImageJ (National Institutes
of Health, USA), and GraphPad Prism 8 (Graphpad Inc., San Diego, CA, USA).

3. Results and discussion

3.1 Isolation and purification of Ahp-1, molecular weight determination, and monosaccharide composition

analysis

Crude polysaccharides were extracted from A. heimuer using hot water and then purified using DEAE-
52 column chromatography, yielding polysaccharide fractions Ah-1, Ah-2, and Ah-3. Preliminary experiments
revealed that Ah-1 demonstrated the most potent efficacy in ameliorating DILI (Fig. S1A-B). Consequently,
we subjected Ah-1 to secondary purification using a Sephacryl S-400 HR chromatography column, yielding
Ahp-1 with a polysaccharide content of 70.58% (Fig. 1A-B). Consequently, Ahp-1 was selected for further
testing. Ahp-1 had a weight-average molecular weight of 270.161 kDa (Fig. 1C). UV-visible spectroscopy
showed no notable absorption peaks at 260 or 280 nm, indicating exceptional sample purity and the lack of
proteins or nucleic acids (Fig. 1D). The monosaccharide composition of Ahp-1 included galactose, glucose,
fucose, mannose, and rhamnose, with molar ratios of 41.56%, 28.28%, 22.33%, 7.20%, and 0.64%,
respectively (Fig. 1E).
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Fig. 1. Isolation, purification, and structural characterization of Auricularia heimuer polysaccharide (Ahp-1). (A) DEAE-52
elution curve. (B) Sephacryl S-400 elution curve. (C) Molecular weight distribution. (D) Ultraviolet-visible spectroscopy.
(E) Monosaccharide composition. (F) Fourier infrared spectrogram. (G) Atomic force microscope. (H) Raman
spectroscopy. (I) Scanning electron microscope.

3.2 Infrared spectral analysis

The infrared spectrum of Ahp-1 is presented in Fig. 1F. The strong absorption peak at 3412.70 cm™ was
attributed to the O-H stretching vibration of hydroxyl groups'?*!. The peak at 2930.30 cm™! corresponded to
C-H stretching vibrations in the polysaccharide, specifically the asymmetric stretching of C-H in -CH
groups'?*.. The 1645.09 cm™! peak was linked to subtle minor C=0 stretching vibrations within polysaccharide
molecules®). The 1420.00 cm™ peak was related to C-H or -OH bending vibrations!?$]. The absorption at
1146.15 cm™! was assigned to the asymmetric stretching of C-O-C glycosidic bonds on pyranose rings. This
is a characteristic peak typical of polysaccharide structures!?”). The 1076.80 cm™! peak mainly represented C-
O stretching in sugar ring backbones or symmetric stretching of C-O-C glycosidic bonds. This main peak
reflects the characteristic properties of polysaccharides!?®). Additionally, the 828.00 cm™ peak was a

characteristic absorption of polysaccharides in the infrared spectrum?).

3.3 Methylation analysis

Methylation analysis can elucidate the linkage patterns between monosaccharide residues within

polysaccharides. It precisely localises linkage sites and delineates the substitution patterns of each
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monosaccharide®’l. Analysis and quantification were performed via GC-MS. Retention durations were
compared with those recorded in the literature and the CCRC database!®!). Tab. 1 illustrates the inferred linkage
patterns. The gas chromatograms of the methylation analysis and the mass spectrometry data for PMAA are
shown in Fig. S2A-B. The data suggest that Ahp-1 is a galactomannan. Four primary glycosidic bonds were

identified: 6-Gal, 6-Glc, t-Fuc, and 2,6-Gal.
Tab. 1. Analysis of methylation results

Type of m:;tlfa:xd Retention Mass Molecular Relative
Linkage aId»iltoI time fraction weight molar
acetates (min) (m/z) (Mw) ratio (%)

1,5-di-O-acetyl-2,3,4-tri-O-methyl 88,101,102,117,11

t-Ara(p) aZabinitoI y 12.734 8199 161 279 1.95
1,5-di-O-acetyl-6-deoxy-2,3,4-tri-O- 72,89,102,115,118

t-Fuc(p) methyl galactitol 13.598 ,131,162,175 293 10.26
1,5-di-O-acetyl-2,3,4,6-tetra-O- 87,102,118,129,14

t-Man(p) methyl mannitol 16.763 5,161,162,205 323 1.60
1,5-di-O-acetyl-2,3,4,6-tetra-O- 87,102,118,129,14

t-Gal(p) methyl galactitol 16.841 5,161,162,205 323 1.21
1,5-di-O-acetyl-2,3,4,6-tetra-O- 87,102,118,129,14

tGle(p) methyl glucitol 17.461 5,161,162,205 323 1.36
1,3,5-tri-0-acetyl-2,4,6-tri-O-methy| 87,101,118,129,16

3-Gal(p) gaTactitoI YU 19652 L 302 930 351 0.82
1,5,6-tri-O-acetyl-2,3,4-tri-O-methy| 87,99,102,118,129

6-Glc(p) g}’ucitol ' 2050 1o 189 293 351 13.24
1,5,6-tri-O-acetyl-2,3,4-tri-O-methy| 87,99,102,118,129

6-Gal(p) gaTactitoI YO 21545 1o 189 293 351 58.81
1,2,5,6-tetra-O-acetyl-3,4-di-O- 87,88,99,100,129,

2,6-Gal(p) methyl galactitol 24.246 130,189,190 379 9.20

3,4,6-Glc(p) 1,3,4,5,6-pentga\a-g;a;;ztlyl-z-o-methyl 25027 97,118(,)1;;139,16 207 154

We compared the structure and mechanism of action of the previously reported A. heimuer
polysaccharide with Ahp-1. Relevant details are provided in supplementary Tab. S2-S3. This result differs
from the polysaccharide structure and activity mechanism reported in prior studies, a discrepancy likely arising
from variations in extraction methods and conditions*>3#!. Thus, we propose that Ahp-1 may represent a novel
polysaccharide derived from A. heimuer. Additionally, this study found that Ahp-1 is rich in 6-Gal and 6-Glc
bonds, exhibiting structural characteristics similar to those of the active polysaccharides reported in the
literature from Ziziphus jujuba. According to literature reports, the active polysaccharides isolated from
Ziziphus jujuba primarily contain glycosidic bonds with galactose and glucose residues. Its abundant
galacturonic acid content enhances antioxidant bioactivity®>®!. The t-Fuc residues and 2,6-Gal residues
subsequently identified in Ahp-1 were confirmed to enhance antioxidant capacity and immunomodulatory

effectsl®”). In summary, we hypothesise that Ahp-1 may possess potent antioxidant activity.
3.4 Crystal characteristics and molecular surface morphology

We conducted experiments using AFM, Raman spectroscopy, and SEM to examine the molecular
structural characteristics, micro-morphology, nanoscale architecture, surface morphology, and macroscopic

aggregation state of Ahp-1.
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Fig. 1G shows that AFM topography images reveal Ahp-1 has a significant gel-like network structure,
indicating the sample’s elevated viscosity and molecular aggregation at room temperature. In the AFM three-
dimensional representation, Ahp-1 exhibits an average surface roughness (Ra) of 1.53 nm and a root-mean-
square roughness (Rq) of 1.15 nm. The height difference between the edges and the chain centers indicates
that the sample consists of dimers formed by the cross-linking of polysaccharide chains®!.

The Raman shift at 413 cm™! corresponds to the vibrational peak of the pyran ring. The peak at 820 cm’!
is indicative of the C-C-O-C-O bond. The region 1050-1168 cm™' displays distinctive C-O bond peaks. The
region 1272-1345 cm’! reveals recognizable C-O-H bond peaks®”). A distinct peak at 2953 cm™ corresponds
to C-H stretching vibration. The wide raman peak between 3200-3600 cm'! is associated with O-H stretching
vibration (Fig. 1H).

SEM demonstrated that Ahp-1 mostly comprises lamellar structures that join to create a network, with

strongly interlocked terminal connections (Fig. 11).
3.5 Ahp-1 exerts a protective effect against APAP-induced acute liver injury

Initially, we investigated the hepatoprotective effect of Ahp-1 in mice with APAP-induced injury (Fig.
2A). Results demonstrated that compared with the APAP group, the Ahp-1 group exhibited significantly
reduced hepatic parameters (Fig. 2B). Serum ALT and AST levels showed marked decreases (Fig. 2C).
Inflammatory cell infiltration and vacuolation within hepatic lobules were ameliorated (Fig. 2D).
Concurrently, it significantly enhanced the activity of SOD, GSH-Px, and CAT in serum and liver tissue while
reducing MDA levels (Fig. 2E-F). ALT and AST levels in the APAP group exceeded the established safety
range for KM mice, validating the model’s efficacy (physiological safety range provided by Jiangsu Jingmei
Biotechnology Co., Ltd.). Furthermore, through 21 days of oral administration of Ahp-1 solution, we observed
no toxic effects. The mice exhibited sustained weight gain, and no significant alterations in transaminase
activity were noted (Fig. S3A-B). Our findings demonstrate that Ahp-1 substantially alleviates APAP-induced
DILI in mice, with the medium-dose cohort displaying the greatest efficacy. Consequently, this dosage was

selected for further examinations.
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Fig. 2. Ahp-1 demonstrates a marked ameliorative effect on drug-induced liver injury (DILI). (A) Schematic of the
experimental process. (B) Effect of Ahp-1 on liver indices in acetaminophen (APAP) mice (n = 6). (C) Serum ALT, AST
indices in mice administered APAP, N-acetylcysteine (NAC), treatment with Ahp-1 (n = 6). (D) Liver H&E staining (n =

3). (E) Serum oxidation index in APAP mice treated with Ahp-1 (n = 6). (F) Liver tissue oxidation index in APAP mice
treated with Ahp-1 (n = 6). Statistically significant differences are shown with asterisks as follows: “*#*P < 0.0001; "P <
0.05; P <0.01; ™ P<0.001; P <0.0001.

3.6 Ahp-1 exerts a beneficial effect on the gut microbiota of APAP mice

Research indicates that gut microbiota may exert a key regulatory role in improving DILI by modulating
the body’s oxidative stress balance!*”). Thus, we investigated the effects of Ahp-1 on the gut microbiota of
APAP-treated mice. Fig. 3A demonstrates that Ahp-1 enriches dominant phylum-level species composition.
Following Ahp-1 gavage, the mice’s community structure converged towards that of the CK group (Fig. 3B).
The increase in his alpha diversity index indicates enhanced microbial diversity within the gut (Fig. 3C).
Furthermore, Ahp-1 intervention led to an increase in the number of OTUs, suggesting that Ahp-1 alleviated
the disruption in species composition within the mouse gut (Fig. 3D).

We further investigated the differential changes in APAP-induced alterations to gut microbial genus
abundance in mice. LEfSe analysis demonstrated that Ahp-1 supplementation elevated the abundances of
Roseburia and Dubosiella (Fig. 3E). Roseburia is a key butyrate-producing genus implicated in regulating
intestinal pathogenic processes*!l. Dubosiella synthesizes propionate and lysine to modulate colonic
Treg/Th17 immune balance, thus alleviating colitis and improving mucosal barrier integrity*?. Further
analysis of gut microbial disparities among groups (Fig. 3F) revealed increased relative abundances of
Kineothrix, Muribaculum, Lactobacillus, Prevotella and Eubacterium in the Ahp-1 group. Kineothrix is

associated with hepatic health and mitigates murine steatohepatitis via lipid metabolism regulation'*’],
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Muribaculum and Prevotella metabolize dietary polysaccharides through various carbohydrate-degrading

(44451 Eubacterium boosts intestinal

[46]

enzymes, maintaining intestinal mucus layer structure or function
epithelial tight junction function by producing butyrate, thereby protecting the intestinal mechanical barrier
These findings indicate that Ahp-1 can enrich beneficial bacteria and regulate the relative abundance and
diversity of the intestinal microbiota in APAP mice.
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Fig. 3. Ahp-1 exerts a beneficial effect on the gut microbiota of APAP mice. (A) Species composition analysis (n = 3). (B)
Principal component analysis clustering (z = 3). (C) Microbial diversity in the gut flora (z = 3). (D) Differential microbial
community venn diagram (n = 3). (E) LefSe analyses of differential bacterial genera (r = 3). (F) Heat map of different
groups of related genera (n = 3).

3.7 Ahp-1 can increase beneficial metabolites in APAP mice

Metabolites act as the crucial connection between gut microbiota and liver damage, with their

(471 Therefore, we used

dysregulation directly or indirectly facilitating the initiation and advancement of DILI
non-targeted metabolomics to examine the impact of Ahp-1 on metabolites in APAP-treated mice. The
comparison of differential metabolites between the APAP and Ahp-1 groups identified 72 unique metabolites,
consisting of 64 upregulated and 6 downregulated metabolites (Fig. 4A). The CK and APAP groups exhibited
196 significantly different metabolites, with 32 shared significantly different metabolites between the two
groups (Fig. 4B). Correlation analysis results, as depicted in Fig. 4C, revealed positive correlations between

Trigonelline and N-Acetylserotonin (NAS), Riboflavin, Gentisic acid, among others, in the Ahp-1 group
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compared to the APAP group. Studies demonstrate that Trigonelline has anti-inflammatory and antioxidant
characteristics!*8). Malvidin has protective benefits against lipopolysaccharide-induced acute liver damage in
mice via regulating the Nrf2 and NLRP3 pathways!*’. NAS reduces serum AST levels and mitigates
histological liver lesions®®). Gentisic acid raises plasma liver enzyme levels and boosts hepatic antioxidant

capacity via the modulation of the Nrf2 pathway'l.
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Fig. 4. Ahp-1 can increase beneficial metabolites in APAP mice. (A) Metabolite volcano plot (n = 3). (B) Number of
differential metabolites (n = 3). (C) Metabolite correlation analysis (n = 3). (D) Metabolite importance ranking (n = 3). (E)
Differential metabolite relative quantification (n = 3). (F) KEGG pathway prediction (r = 3). Statistically significant
differences are shown with asterisks as follows: “P < 0.05.

To further investigate differential metabolite changes, we ranked metabolites by significance. We
identified Trigonelline as the metabolite exhibiting the most pronounced change between the Ahp-1 group
and the APAP group (Fig. 4D). Trigonelline levels were significantly elevated in the Ahp-1 group (Fig. 4E).
Furthermore, KEGG enrichment analysis revealed that the most enriched pathway for differential metabolites
was ABC transporters (Fig. 4F). ABC transporters participate in the transmembrane transport of lipids, and
lipid metabolism is closely associated with AMPK activity!®?. Moreover, it can reduce intracellular oxidative
stress levels, thereby exerting feedback regulation on the Nrf2 signaling pathway to maintain homeostasis>>!.
Based on the aforementioned findings, we hypothesize that Ahp-1 inhibits APAP-induced hepatotoxicity
through its association with the ABC transporter metabolic pathway, potentially mediated via the AMPK and
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Nrf2 signaling pathways.

3.8 Ahp-1 can ameliorate DILI by modulating intestinal flora

To elucidate the role of gut microbiota in Ahp-1’s amelioration of DILI, this study employed FMT to
verify whether gut microbiota can suppress the occurrence of DILI (Fig. 5A). Following antibiotic depletion,
no DNA was detected in mouse feces. Microbial diversity indices and biomass decreased, confirming the
successful establishment of the pseudo-germ-free mouse model (Fig. 5B, Fig. S4A-B). The Ahp-FMT group
significantly reduced serum ALT and AST levels in APAP-treated mice (Fig. 5C). It alleviated hepatic
inflammatory cell infiltration and oedematous vacuoles (Fig. 5D). It also markedly increased GSH-Px, SOD,

and CAT activity in liver and serum, while decreasing MDA activity (Fig. 5E-F). However, in mice

continuously cleared by ABX, Ahp-1 failed to alleviate elevated ALT and AST levels or hepatic lesions (Fig.

5G-I). Thus, our results validate that Ahp-1 provides hepatoprotective benefits via the gut microbiome.
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Fig. 5. Ahp-1 can ameliorate DILI by regulating intestinal flora. (A) Schematic of the experimental process. (B) Fecal DNA
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Liver H&E staining (n = 3). (E) Serum oxidation index in APAP mice after FMT (n = 6). (F) Liver tissue oxidation index in
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3.9 FMT can protect against intestinal barrier damage in APAP mice

The function of the intestinal barrier depends on the integrity of the mucosa. A reduction in the levels of
tight junction proteins and mucins within the intestinal epithelium will lead to bacterial invasion, triggering
various diseases>*. Therefore, we assessed the effects of FMT on the expression of Occludin, Claudin-1, ZO-
1, and Muc2 via immunofluorescence analysis. Fig. 6A demonstrates reduced fluorescence intensity for
Occludin, Claudin-1, ZO-1, and Muc2 in the APAP-FMT group. The Ahp-FMT group exhibited a marked
increase, with a clearly defined and intact fluorescence signal distribution.

CK ABX

A APAP-FMT Ahp-FMT

Claudin-1/DAPI

Occludin/DAPI

Z0-1/DAPI

Muc2/DAPI

™ * e
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Fig. 6. FMT can protect against intestinal barrier damage in APAP mice. (A) Immunofluorescence expression levels of tight
junction proteins and mucins in the intestinal barrier. (B) Short-chain fatty acid (SCFAs) content (n = 3). Statistically
significant differences are shown with asterisks as follows: “P < 0.05; %P < 0.01; P < 0.001; P < 0.0001; "P < 0.05;
P <0.01;"P<0.001.

SCFAs serving as the primary energy substrate for colonic cells, maintain intestinal barrier integrity,
reduce intestinal permeability, and delay hepatic injury®*!. The quantitative examination of SCFAs indicated
that the Ahp-FMT group had increased amounts of butyrate, valerate, acetate, and isovalerate (Fig. 6B).
According to the literature, butyrate and valerate stimulate intestinal epithelial cell proliferation via activating
the AMPK signaling system, hence expediting the healing of injured epithelium. They further access the liver
via the portal vein, triggering the Nrf2 antioxidant pathway to indirectly alleviate hepatic damage!>®!. Besides,

acetate and isovalerate decrease gut pH, limiting pathogenic bacterial development and fostering probiotic
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proliferation®®”). Our research indicates that FMT can modulate the intestinal barrier and elevate SCFA levels.
3.10 FMT can modulate the gut microbiota of APAP mice

To further elucidate changes in gut microbiota following FMT, we conducted microbial diversity
analyses. At a sequencing depth of 20,000, the curve levelled off, indicating sufficient sampling depth (Fig.
7A). Ahp-FMT enriched microbial diversity in mouse intestines (Fig. 7B) and markedly improved gut
microbiota composition (Fig. 7C-D). Within the Ahp-FMT group, relative abundances of Alloprevotella,
Mucispirillum, and Alistipes decreased, while those of Lachnospiraceae NK4A4136 group, Desulfovibrio,
Lactobacillus, Parabacteroides, and Blautia increased (Fig. 7E-F). Lachnospiraceae is a potentially beneficial
taxon that metabolizes various carbohydrates to promote the synthesis of butyrate, acetate and other SCFAsP?,
Blautia lowers intestinal pH to inhibit pathogenic bacterial growth, supplies energy for intestinal epithelial
cells, alleviates inflammation and improves intestinal barrier function™). Lactobacillus is a well-recognized
gut probiotic that enhances intestinal immune function!®. Parabacteroides is linked to lipid metabolism and
transport, intestinal barrier repair and the amelioration of metabolic disorders!®'l. Collectively, these findings
confirm that FMT can modulate the species composition and relative abundance of the gut microbiota in

APAP mice.
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Fig. 7. FMT can modulate the gut microbiota of APAP mice. (A) Sequencing depth detection (n = 3). (B) Microbial
diversity in the gut flora (n = 3). (C) Principal component analysis clustering (n = 3). (D) Differences in microbial
abundance across groups (rn = 3). (E) Abundance Difference Statistics (n = 3). (F) Heat map of different groups of related
genera (n = 3).
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3.11 FMT can enrich advantageous metabolites in APAP mice

To elucidate metabolic changes during FMT, we conducted non-targeted metabolomics analysis. All
metabolites were statistically categorised by chemical classification. Organic acids and their derivatives
exhibiting the highest proportion in both positive and negative ions, followed by lipids and lipoid molecules
(Fig. 8A-B). 27 differential metabolites were identified between the APAP-FMT and Ahp-FMT groups (Fig.
8C). Compared to the APAP-FMT group, Trigonelline exhibited the most significant change in the Ahp-FMT
group (Fig. 8D-E). KEGG enrichment analysis revealed that the most enriched pathway for differential
metabolites was Metabolic pathways, followed by ABC transporters (Fig. 8F). Trigonelline has been reported
to promote transporter expression via the AMPK signaling pathway, inhibit key enzymes of hepatic
gluconeogenesis, and reduce lipid accumulation in liver tissue!®?l. Furthermore, Trigonelline can reduce MDA
accumulation via the Nrf2/HO-1 pathway, thereby protecting cells from oxidative damage!®’!. Therefore, we
conducted in vitro cell functional validation. In vitro cellular studies demonstrate that the metabolite
Trigonelline enhances the survival rate of THLE-2 cells (Fig. S5A). It enhances antioxidant activity (Fig.
S5B), and mitigates APAP-induced damage via the AMPK/GSK3f and Nrf2/HO-1 signaling pathways (Fig.
S5C, Fig. S6). Therefore, we hypothesize that Ahp-FMT may mitigate DILI via the AMPK/GSK3p and
Nrf2/HO-1 signaling pathways, based on investigations of gut microbiota and non-targeted metabolomics.
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Fig. 8. FMT can enrich advantageous metabolites in APAP mice. (A) Percentage distribution of metabolites identified in
positive ion mode across chemical classes (n = 3). (B) Proportion of metabolites identified in negative ion mode across
chemical classes (rz = 3). (C) Number of differential metabolites across different groups (n = 3). (D) Metabolite importance
ranking (n = 3). (E) Differential metabolite relative quantification (n = 3). (F) KEGG pathway prediction (n = 3).
Statistically significant differences are shown with asterisks as follows: “P < 0.05.
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3.12 Ahp-FMT ameliorates DILI via the AMPK/GSK3p and Nrf2/HO-1 signaling pathways

To further elucidate the mechanism by which Ahp-FMT ameliorates DILI, we conducted validation via
western blot analysis. As depicted in Fig. 9A-C and Fig. S7, Ahp-FMT significantly elevated the
phosphorylation levels of AMPK, AKT, and ACC, suppressed GSK3p expression, and activated the
AMPK/GSK3p signaling pathway. It markedly elevated Nrf2 nuclear translocation and promoted the
expression of NQO1, HO-1, GCLM, and GCLC, thereby protecting against APAP-induced hepatic injury.
Additionally, we employed Compound C to inhibit expression in mice prior to intervention (Fig. 10A). Results

demonstrated that following Compound C treatment, Ahp-1 and Ahp-FMT could no longer modulate the

protein expression of AMPK/GSK3p and Nrf2/HO-1 (Fig. 10B, Fig. S8).
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Fig. 10. Following the addition of antagonists, Abp-1 and Ahp-FMT failed to ameliorate DILI via the AMPK/GSK3p and
Nrf2/HO-1 signaling pathways. (A) Schematic of the experimental process. (B) Protein expression levels and quantification
of AMPK/GSK3p and Nrf2/HO-1 signaling pathways (n = 3). Statistically significant differences are shown with asterisks
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Liver AMPK acts as a cellular energy sensor that regulates glucose and lipid metabolism, its activation
modulates downstream glycolytic and lipid metabolic genes. It can also drive hepatic glycogen synthesis by

upregulating glycogen synthase expression(®4,

AMPK orchestrates cellular energy metabolism via
downstream targets such as ACC, and enhances glycogenesis by upregulating GSK33-an emerging regulator
of Nrf2[%%]. As a key transcription factor in the intracellular antioxidant defense system, Nrf2 maintains cellular
redox homeostasis and protects against oxidative stress by regulating downstream antioxidant proteins (HO-
1, NQO1)¢) Additionally, GCLC and GCLM are rate-limiting enzymes in GSH synthesis, with their
expression directly governing GSH production!®”!. Based on these findings, we demonstrate that Ahp-FMT
ameliorates APAP-induced acute liver injury by activating the AMPK/GSK3p and Nrf2/HO-1 signaling

pathways.
4. Conclusion

This study presents the isolation of a novel polysaccharide (Ahp-1) from the fruiting bodies of 4. heimuer,
with a molecular weight of 270.161 kDa. The primary glycosidic connections are 6-Gal, 6-Glc, t-Fuc, and 2,6-
Gal. Ahp-1 maintains gut microbial balance and associated metabolite levels in mice, increases SCFAs
concentrations, and rehabilitates the intestinal mucosal barrier. Moreover, Ahp-1 confers a protective effect
against APAP-induced liver damage via activating the AMPK/GSK3p and Nrf2/HO-1 signaling pathways and
the gut microbiota, thereby alleviating oxidative stress. This study provides a theoretical foundation for the

development of hepatoprotective pharmaceuticals or functional foods produced from A. heimuer
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polysaccharides.
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