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A B S T R A C T

Auricularia auricula-judae is a widely cultivated mushroom species known for its edible and medicinal properties. 
Polysaccharides have been the focus of research because of their potential bioactivities; nonetheless, the struc
tural complexity and molecular weight have hindered a complete understanding of their bioactivities. In this 
study, AP-1 polysaccharide was isolated from A. auricula-judae and subjected to ultrasonic degradation at 
different time points to improve their anti-inflammatory effects. The results showed that when AP-1 was 
degraded for 9 min (AP-2) and 20 min (AP-3), the NO inhibition rate was significantly increased in LPS- 
stimulated RAW 264.7 cells. The structural and physiochemical properties of native and degraded poly
saccharides were analyzed, and it was found that the degradation process significantly reduced molecular weight 
and altered the particle size, viscosity, crystallinity, and helical structure. Furthermore, native and degraded 
polysaccharides (AP-1, AP-2, and AP-3) anti-inflammatory effects were investigated in the DSS-induced colitis 
mouse model. Degraded polysaccharides resulted in significant improvements, including recovery from weight 
loss, reduced disease activity, shortened colon length, and decreased inflammation, while AP-3 showed the most 
promising effects. Gut microbiota 16S rRNA sequencing revealed that AP-3 potentially increases healthy gut 
microbiota and inhibits unhealthy gut microbiota. Overall, this study demonstrates that ultrasonic degradation 
could be a great technique to modify polysaccharides’ MW and physiochemical properties to improve anti- 
inflammatory and gut microbiota regulatory effects.

1. Introduction

A. auricula-judae is one of the most popular edible and medicinal 
mushrooms with numerous health-promoting benefits [27]. In most 
Asian countries, A. auricula-judae mushrooms are grown in large 
amounts, while it is the fourth largest cultivated mushroom globally due 
to their high demand. Its high consumption is attributable to its taste, 
soft texture, flavor, nutritional value, and health-promoting chemical 
composition [28]. Polysaccharides are one of the major active compo
nents in the fruiting body of A. auricula-judae, which promote antioxi
dant, antitumor, anticoagulant, and antifatigue effects, while its 
molecular weight is relatively higher [11,49,55]. A previous study re
ported that a β-glucan polysaccharide from A. auricula-judae mushroom 

has a higher molecular weight of 1200 kDa [64]. Mushroom poly
saccharides have gained much popularity in recent years for their 
widespread use in a variety of industrial applications and their wide 
range of pharmacological and biological effects, including anti- 
inflammatory effects.

Inflammatory bowel disease (IBD) is a chronic inflammation of the 
digestive system, while Crohn’s disease and ulcerative colitis (UC) are 
the two main types of IBD. Nowadays, UC is a severe problem due to an 
unhealthy lifestyle, unhealthy food consumption, smoking, drinking 
alcohol, and gut microbial dysbiosis. The intestinal tract is affected, 
causing diarrhea, abdominal pain/cramping, blood in stool, fatigue, 
fever, weight loss/anorexia, loss of appetite, and increased risk of colon 
cancer [33,43,84]. In recent studies, researchers have focused more on 
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natural compounds, especially polysaccharides, for treating IBD, as 
synthetic drugs have shown side effects. However, the bioactivities of 
polysaccharides are often associated with their chemical structure, 
monosaccharide composition, molecular weights, helical structure, de
gree of branching, particle size, solubility, and other factors [19,28,65]. 
Previous studies have reported that high MW polysaccharides have 
higher bioactivities [14], but the structural complexity of these poly
saccharides often limits the proper utilization of their bioactivities in our 
bodies and remains unknown their optimum efficacy. The high molec
ular weight polysaccharides cannot penetrate numerous cell membrane 
barriers into our body to exert pharmacological effects and cannot be 
wholly fermented or degraded by the gut microbiota in the gut [3,41]. 
High MW, poor solubility, and high viscosity are some obstacles pre
venting polysaccharides from being widely used in the pharmaceutical 
and food sectors.

Moreover, lower MW compounds are demanded in many unique 
applications, especially in the cosmetics and pharmaceuticals industry, 
due to the advantage of improving diffusion into bloodstreams and 
biological tissues [25]. Degradation of polysaccharides is an excellent 
technique to alter their MW and physiochemical properties (particle 
size, viscosity, helical structure, crystallinity, and solubility), thereby 
improving their bioactivities and breaking the complexity of their 
application in the pharmaceutical and food industries. Chemical, enzy
matic, and physical (ultrasonic treatment) methods are widely popular 
for the degradation of polysaccharides [86]. However, chemical 
methods require large amounts of organic reagents, high temperatures, 
time-consuming, and cause environmental pollution [20,81]. In 
contrast, enzymatic methods are costly and greatly restrict their appli
cation on an industrial scale. On the other hand, ultrasonic degradation 
is an effective, efficient, and environmentally friendly method for 
polysaccharide degradation, which has received significant attention 
recently [19,45]. However, the anti-inflammatory and gut microbiota 
regulating effects and the underlying mechanisms of degraded 
A. auricula-judae polysaccharides in colitis mice are still unclear. 
Therefore, this study aims to investigate the degraded A. auricula-judae 
polysaccharides and analyze whether the modified structure is associ
ated with the function, especially in terms of its anti-inflammatory and 
gut microbiota regulatory efficacy.

In this study, A. auricula-judae mushroom polysaccharide was iso
lated and degraded by an ultrasonic cell disruptor at different time 
points to improve its anti-inflammatory efficacy, which was monitored 
by the NO inhibitory rate using LPS-stimulated RAW 264.7 cells. Native 
and two degraded polysaccharides were selected to examine their 
physicochemical characteristics in relation to their anti-inflammatory 
effects. Furthermore, native and degraded A. auricula-judae poly
saccharides were administered to DSS-induced colitis mice to investigate 
their anti-inflammatory effects by analyzing histological changes, mucin 
expression, and inflammatory cytokines secretion in the colon. The 
higher anti-inflammatory effects among these three polysaccharides 
were further investigated by examining the protein expression of iNOS, 
COX-2, and NF-κBs in the colon. In contrast, the gut microbiota regu
latory effects were observed in mice fecal samples by 16S rRNA gut 
microbiota sequencing.

2. Materials and methods

2.1. Chemicals, reagents, and sample collection

Slide-A-Lyzer™ Dialysis flask (MWCO 3.5 kDa) was purchased from 
ThermoFisher Scientific, Waltham, Massachusetts, U.S.A. Dialysis 
membrane (MWCO 6–8 kDa), Spectrum® Laboratories, Song Jiang 
District, Shanghai, China. Lipopolysaccharides from Escherichia coli 
O111:B4 (LPS) L2630-25MG, muscovite mica for AFM (AFM- 
71856–02), dextran standard, (Molecular weight: 1000, 5000, 25000, 
50000, 270000, 410000, 650000 Da), congo red (C6767-25G), deute
rium oxide (D2O, 7789–20-0), D-(+)- mannose (3458–28-4), D- 

(+)-arabinose (5328–37-0), D-(+)-galactose (59–23-4), D-(+)-glucose 
(50–99-7), L-rhamnose (10030–85-0), D-(+)-fucose (3615–37-0), and D- 
gluconic acid solution (526–95-4) were purchased from Sigma-Aldrich, 
Merck Limited, Shanghai, China. Tianjin Damao Chemical Reagent Co., 
Ltd. (Tianjin, China) supplied the remaining chemicals and reagents. All 
chemicals were of analytical grade unless specially mentioned. Dextran 
sulfate sodium (colitis grade, MW 36,000–50,000 Da) was purchased 
from MP Biomedicals, California, U.S.A. Griess reagent kit (G7921) and 
5-aminosalicylic acid (89–57-6) were purchased from ThermoFisher 
Scientific, Waltham, Massachusetts, U.S.A. Mouse ELISA kits TNF-α 
(EM008-96), IL-1β (EM001-96), and IL-6 (EM004-96) were purchased 
from Shanghai Jitai Yikesai Biotechnology Co., Ltd, Shanghai, China. 
Primary antibody iNOS (ab204017) was purchased from Abcam (Hong 
Kong) Limited, Hong Kong SAR, China; COX-2 (12282S), Nrf-2 
(12721S), and NFκB p65 (8242S) were purchased from Cell Signaling 
Technology, Danvers, Massachusetts, U.S.A; mouse anti-ZO-1(339100) 
and loading control (MA515738D680) were purchased from Thermo
Fisher Scientific, Waltham, Massachusetts, USA; p-NFκB p65 (sc- 
166748), IκB-α (sc-1643), p-IκB-α (sc-8404), and secondary antibodies 
mouse anti-rabbit IgG-HRP (sc-2357) and m-IgGκ BP-HRP (sc-516102) 
were purchased from Santa Cruz Biotechnology, California, U.S.A. Dry 
A. auricula-judae mushroom was collected from the College of Horti
culture, Jilin Agricultural University, Changchun 130118, China.

2.2. Extraction, isolation, and purification of A. auricula-judae 
polysaccharide

The extraction of A. auricula-judae crude polysaccharide was carried 
out in accordance with the method outlined by Zhang et al. [82], and 
Zhang et al. [83] with some modifications including overnight incuba
tion with absolute ethanol (extract: ethanol 1:3) at 4 ◦C. After being 
separated by centrifugation, the precipitated polysaccharide was 
lyophilized. The sevag method was applied to a 2 % crude poly
saccharides solution for the removal of proteins [50], then the pH was 
adjusted to 8.0 with ammonia, and color pigments were removed by 
adding 3 % of H2O2 according to the procedure described by Xiong et al. 
[77] and lyophilized. Polysaccharide was redissolved and eluted 
through DEAE–52 columns (2.7 cm × 70 cm) with distilled water and 
0.2–1.0 M NaCl solutions to collect the fractions at a flow rate of 0.2 mL/ 
min (each test tube was held for 18 min) and was monitored by using the 
phenol–sulfuric acid method. The major polysaccharide fraction was 
concentrated using a rotary evaporator and named AP-1. The concen
trated AP-1 was dialyzed using MWCO 3.5 kDa and 6–8 kDa dialysis 
membranes against DDI water for 48 h and 72 h. Finally, the purified 
polysaccharide extract was lyophilized, and the total polysaccharide 
content was measured by the phenol–sulfuric acid method. The extrac
tion flowchart is presented in Fig. 1A.

2.3. Determination of monosaccharides composition of AP-1 A. auricula- 
judae polysaccharides

The monosaccharides composition of AP-1 polysaccharides was 
determined using the methods outlined by Li et al. [40] with slight 
modifications. Monosaccharides were analyzed by HPLC-DAD. At 
120 ◦C for 2 h, 2 mol/L TFA was used to hydrolyze polysaccharides of 
varying molecular weights. The hydrolyzed polysaccharides were 
redissolved in methanol after being completely dried and with TFA 
removed, then the supernatant was filtered through a 0.45 µm mem
brane and transferred into 1.5 mL HPLC vials. Standard solutions of 
glucose, mannose, galactose, arabinose, fucose, and rhamnose were 
prepared by dissolving them in methanol to provide a range of con
centrations for use in fitting the external calibration curve. The HPLC- 
DAD detector and Shodex Asahipak NH2P-50 4E column (4.6 mm ID 
× 250 mm) were used. The sample volume was 20 µL, and mobile phases 
A and B (water and acetonitrile) were employed at a column tempera
ture of 30 ◦C. At a flow rate of 1 mL/min, 90 % of mobile phase B was 
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used from 0 to 30 min, and 20 % from 30.1 to 40 min.

2.4. NMR structural analysis of AP-1 A. auricula-judae polysaccharides

AP-1 polysaccharides (about 20 mg) were dissolved in 400 µL D2O 
and afterwards transferred to an NMR test tube. At 25 ◦C, the 1H NMR 
and 13C NMR spectra were measured using a Bruker Avance III 400 
spectrometer. Standard Bruker software and Mestre Nova were used to 
process the data, and the chemical shifts for 1H and 13C NMR were re
ported in ppm.

2.5. Infrared (IR) spectrum measurement of AP-1 A. auricula-judae 
polysaccharides

AP-1 polysaccharide powder (about 5 mg) was mixed with the po
tassium bromide (KBr) powder (weighing about 200 mg), then both 
were finely crushed using a mortar and pestle before being dried at 50 ◦C 
for 10 min. The powder was then compressed into 1 mm pellets, and a 
TENSOR 27 fourier transform infrared (FT− IR, Bruker Corporation, 
Karlsruhe, Germany) spectrophotometer was used to determine the IR 
spectra in the frequency range from 4000 to 400 cm− 1.

2.6. Degradation of A. auricula-judae polysaccharide by ultrasonic cell 
disruptor

The SM-1000A ultrasonic cell disrupter (Nanjing Shunma Instrument 
Equipment Co., Ltd., Nanjing, China), at 25 kHz frequency with a 
maximum output power of 1000 W, was used to degrade the poly
saccharide. The AP-1 polysaccharide was dissolved in water (4 mg/mL), 
and a probe with a 12 mm tip was used. The power was adjusted to 600 
W, the on/off time was set to 5/2 s, then the polysaccharide was 
degraded at different time periods (9 min, 20 min, 40 min, and 60 min). 
The polysaccharide solution in a beaker was placed in an ice water bath 
to keep the temperature lower, and solutions were stirred for a few 
seconds in 3-minute intervals throughout the ultrasonic. The degraded 
polysaccharides were then lyophilized and stored at − 80 ◦C for further 
study. Two different degradation time points were screened and selected 
based on their NO inhibition rates in LPS-stimulated RAW cells for 
further study.

Fig. 1. A. auricula-judae polysaccharides extraction and structural analysis. (A) AP-1 polysaccharide was isolated according to this flowchart: (B) FT-IR spectrum; 
(C)1H NMR spectrum (D) 13C NMR spectrum; (E) COSY NMR spectrum; (F) HSQC NMR spectrum.
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2.7. Determination of molecular weight (MW) of native and degraded 
A. auricula-judae polysaccharides

The MW of AP-1 and degraded A. auricula-judae polysaccharides 
were determined using the methods outlined by Li et al. [40]. MW was 
determined using HPGPC-DAD dictator. Under the same experimental 
condition used to establish the molecular weight-retention time cali
bration curve, the different molecular-weight dextran (1, 5, 12, 25, 50, 
80, 150, 270, 410, and 670 kDa) aqueous solutions were injected into 
the HPGPC-CAD.

2.8. Viscosity analysis of native and degraded A. auricula-judae 
polysaccharides

Using an LV DV-II + Pro viscometer, the viscosity of native and 
degraded A. auricula-judae polysaccharides solutions was determined 
(Brookfield Company, Stoughton, MA, U.S.A.). Polysaccharides were 
diluted to a concentration of 4 mg/mL in deionized water. The viscosity 
cP value of A. auricula-judae polysaccharides was measured at 25 ◦C 
using a spindle 62 with a speed range of 0.5 to 100 rpm.

2.9. Particle size distribution analysis of native and degraded A. auricula- 
judae polysaccharides

The native and degraded A. auricula-judae polysaccharides were 
dissolved in distilled water at a concentration of 0.01 mg/mL, then the 
DelsaTM Nano HC particle analyzer was used to measure the distribu
tion of polysaccharides particle size (Beckman Coulter, U.S.A.).

2.10. SEM and EDX analysis of native and degraded A. auricula-judae 
polysaccharides

The native and degraded A. auricula-judae polysaccharides were
studied by scanning electron microscopy and energy dispersive X-ray 
analysis using an LEO 1530 Field Emission SEM microscope (LEO 
company, Germany) at 10 kV acceleration. For scanning electron mi
croscopy analysis of the polysaccharides, their fracture surfaces were 
gold-vacuum coated for morphological and elemental characterization.

2.11. X-ray diffraction (XRD) analysis of native and degraded 
A. auricula-judae polysaccharides

Native and degraded A. auricula-judae polysaccharides powder was 
mounted onto a glass slide sample holder and aligned. The XRD mea
surement was carried out using Bruker AXS D8 Advance X-Ray 
Diffractometer.

2.12. AFM analysis of native and degraded A. auricula-judae 
polysaccharides

The native and degraded A. auricula-judae polysaccharides were 
examined using atomic force microscopy (AFM) in a manner similar to 
that reported by Wang et al. [71] with some modifications. Poly
saccharides solution was prepared in distilled water at a concentration 
of 0.01 mg/mL, and 20 µL was applied to the surface of the muscovite 
mica (Sigma) sample carrier. The polysaccharides on the mica sample 
were fixed by dripping absolute ethanol onto the sample. Following this, 
double-distilled water and air were used to blow the sample carrier, and 
AFM images were obtained from Nano Magnetics, ezAFM + KPFM 
(Nano Magnetics Instruments Ltd., United Kingdom).

2.13. Anti-inflammatory activity analysis of native and degraded 
A. auricula-judae polysaccharides in RAW 264.7 cells

2.13.1. Cell culture
RAW 264.7 cells were cultured in a humidified incubator with 5 % 

CO2 at 37 ◦C, using DMEM supplemented with 10 % FBS, 100 U/mL 
penicillin, and 100 µg/mL streptomycin.

2.13.2. MTT assay
The MTT assay was used to evaluate cell viability. RAW264.7 cells, at 

a density of 1.2 x 104 cells per well, were seeded into a 96-well plate, and 
the plate was incubated with 5 % CO2 at 37 ◦C overnight. The cells were 
then pre-treated with different doses of native and degraded A. auricula 
judae polysaccharides (50, 100, 200, 400, and 800 µg/mL in medium) 
for 2 h prior to the addition of LPS (1 µg/mL). After 24 h of incubation in 
a humidified incubator with 5 % CO2 at 37 ◦C, 500 µg/mL of MTT so
lution was added for an additional 3 h of incubation. After discarding the 
supernatant, 100 µL DMSO was added to each well to dissolve the for
mazan. A microplate reader was used and set to 570 nm to measure 
absorbance. The proportion of living cells was compared to the Control.

2.13.3. Determination of NO production
RAW264.7 cells were seeded into 24-well plates (8 × 104 cells per 

well) overnight and then pre-treated with AP-1, AP-2, AP-3, AP-4, and 
AP-5 polysaccharides at different concentrations (50, 100, and 200 µg/ 
mL) for 2 h prior to the addition of LPS (1 µg/mL). After 18 h of incu
bation in a humidified incubator with 5 % CO2 at 37 ◦C, the medium was 
collected, and the quantity of NO release was quantified using the Griess 
reagent kit (ThermoFisher) in accordance with the manufacturer’s in
structions. Nitrite was used to prepare external standards at varying 
concentrations (4–100 µM). The percentage of NO production inhibition 
rate was calculated based on the LPS group as 100 % control. The cells 
only treated with LPS were used as LPS, whereas untreated cells were 
used as Control. The NO production inhibition rate was calculated ac
cording to the following formula.

NO inhibition (%) = 100 x [1 – (LPS – Control) / (LPS – Control)].

2.14. Animals

Male C57BL/6J mice (aged five to six weeks and weighing 20–24 g) 
were acquired from the Laboratory Animal Services Centre of the Chi
nese University of Hong Kong. The mice were given conventional mouse 
food with unrestricted access to water and were housed in rooms 
maintained at 22 ± 1◦C with 12 h light/dark cycle at the Hong Kong 
Baptist University Animal facility under specific pathogen-free (SPF) 
conditions. All animal experiments followed the Animal Ordinance 
Guidelines, Department of Health, Hong Kong SAR ((22–22) in DH/ 
HT&A/8//2/6Pt.5).

2.15. Induction of colitis and treatments

Mice were randomly divided into nine groups (N = 7): Control, DSS, 
Positive Control, AP-1 LD, AP-1 HD, AP-2 LD, AP-2 HD, AP-3 LD, and 
AP-3 HD. Colitis was induced by DSS administration, as described pre
viously, with some modifications [16]. Briefly, colitis was induced by 
feeding DSS water in three cycles; in the first cycle, 2 % of DSS water was 
given for six days (day 0–6); in the second cycle, 1.7 % of DSS water was 
given for five days (day 13–18); and in the third cycle, 1.7 % of DSS 
water was given for five days (day 25–30). Except for three cycles of DSS 
water, mice received normal drinking water during the whole experi
mental period. From day 13, the different groups of mice were orally 
administered the corresponding drugs, such as Positive Control (5-ASA 
50 mg/kg b.w.), AP-1 LD (AP-1 125 mg/kg b.w.), AP-1 HD (AP-1 250 
mg/kg b.w.), AP-2 LD (AP-2 125 mg/kg b.w.), AP-2 HD (AP-2 250 mg/ 
kg b.w.), AP-3 LD (AP-3 125 mg/kg b.w.), and AP-3 HD (AP-3 250 mg/ 
kg b.w.). The body weights of all the mice were recorded three times 
each week, and the disease activity index (DAI) was assessed at a 
specified time point throughout the experimental treatment period. The 
evaluation of the DAI score was done with the standard parameters as 
described in Table 1. To analyze the 16S rRNA gut microbiota 
sequencing, fecal samples were collected on day 30 and stored at 
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− 80 ◦C. On day 31, the mice were sacrificed, and blood samples were 
collected from their hearts using a heparin-filled 2 mL syringe. The 
blood was immediately centrifuged at 15000 rpm for 10 min at 4 ◦C, and 
the resulting blood serum was collected and stored at − 80 ◦C until 
further analysis. After removing the colon, their lengths were measured 
and documented. Fecal samples were removed from the colon and 
washed with PBS, and 1 cm of the distal end of each colon was taken and 
stored in 4 % PFA for further histopathology and immunohistochemical 
assays. The remaining colon was stored at − 80 ◦C for biochemical study. 
Afterwards, the heart, kidney, liver, lung, and spleen were collected, and 
their weights were measured. All the tissues were rinsed with PBS and 
stored at − 80 ◦C for further analysis.

2.16. Colon tissue processing for histopathology and 
immunohistochemistry analysis

Distal colon samples were harvested and washed with PBS. The distal 
colon (1 cm) was immediately cut and preserved in 4 % PFA for 48 h. 
Afterward, the tissue was placed in a 30 % sucrose solution and stored at 
4 ◦C. By using the previously established cryosection procedures, the 
colon tissue was sectioned at a thickness of 15 µm [22]. The tissue 
sections were stored at 4 ◦C in 0.4 % PBST for histopathology and 
immunohistochemistry analysis.

2.17. H&E and alcian blue staining

The various groups of colon tissue sections were placed on micro
scope glass slides and dried at 37 ◦C. The slides were then stained with 
hematoxylin and eosin (H&E) stains following the manufacturer’s in
structions. For apparent mucin staining, alcian blue was stained ac
cording to the manufacturer’s procedure (IHC WORLD, LLC, U.S.A.), 
with minor adjustments to substitute neutral red with eosin. Leica (DMI 
3000B) microscope images of H&E and alcian blue stained sections were 
captured. The histological scoring was conducted in accordance with the 
report by Winter et al. [73], and Xiao et al. [76] with slight adjustments. 
ImageJ software was used to quantify the intensity of the alcian blue 
staining.

2.18. Determination of inflammatory cytokines in blood serum and colon 
tissue by ELISA

A colon tissue piece weighing around 20 mg was lysed with 500 µL 
PBS in a tissue homogenizer for 5 min. The tubes were centrifuged at 
15,000 rpm for 10 min, and the supernatant was transferred to a fresh 
set of 2 mL tubes. The BCA method was used to measure total protein 
content, and 1X PBS was used to equalize the total protein concentration 
of each sample. In accordance with the manufacturer’s instructions, 
mouse ELISA kits were used to measure inflammatory cytokines in the 
supernatant (Shanghai Jitai Yikesai Biotechnology Co., Ltd, Shanghai, 
China). Mouse ELISA kits were used to measure TNF-α in mouse blood 
serum according to the manufacturer’s instructions.

2.19. Immunohistochemistry analysis

The free-floating sections were used for immunostaining. The colon 
tissue section was taken and washed with 1X PBST and blocked with a 
blocking solution (5 % BSA in 1X PBST) for 2 h at room temperature. The 
tissue sections were then washed twice with 1X PBST and incubated 
with diluted primary antibody overnight at 4 ◦C. The next day, tissue 
sections were washed twice, followed by incubation with secondary 
antibody at 4 ◦C for 2 h. Sections were washed with 1X PBST and 
mounted with a DAPI containing mounting media. Confocal Laser 
Scanning Microscope Leica was used to capture immunofluorescence 
images of the colon tissue section (TCS SP8). Images were analyzed and 
quantified using ImageJ software.

2.20. Western blotting

Colon tissues were lysed in RIPA buffer containing phosphatase in
hibitor cocktail (ThermoFisher Scientific, U.S.A.) and homogenized for 
5 min. After 10 min of centrifugation at 15,000 rpm, the supernatant was 
collected, and the total protein content was determined using the BCA 
method. The protein content was normalized, then combined with 4 ×
loading buffer and heated at 95 ◦C for 7 min. The samples were analyzed 
by western blotting according to the protocol described by Abcam and 
then incubated with HRP-conjugated anti-rabbit/anti-mouse IgG anti
body. The chemiluminescent substrate (ThermoFisher Scientific, U.S.A.) 
was added to the membrane to expose the signal and developed on a CL- 
exposure film. The images were collected using an EPSON scanner, and 
ImageJ was used to quantify the intensity of the protein bands.

2.21. Fecal sample DNA extraction and 16S rRNA sequence analysis

Three groups of mice fecal samples were selected (Control, DSS, and 
AP-3 HD groups) for gut microbiota analysis.

According to the manufacturer’s instructions, DNA was isolated from 
fecal samples using the QIAamp DNA stool extraction kit (Qiagen, 
Germany). The whole genomic DNA was then analyzed by agarose gel 
electrophoresis at 1 % concentration. A Qubit 2.0 Fluorometer was used 
to measure the quantity of each sample (ThermoFisher Scientific, Mas
sachusetts, U.S.A.).

For PCR amplification of the 16S rRNA gene’s hypervariable V3-V4 
region, samples utilized the 338F and 806R universal primers. The 
amplicon products were purified using AMPure XP beads (Beckman 
Coulter, Milpitas, U.S.A.). The TruSeq® DNA PCR-free sample prepa
ration kit (Illumina, U.S.A.) was used to create sequencing libraries 
following the manufacturer’s instructions. Agilent Bioanalyzer 2100 
was used to evaluate the library’s quality (Agilent Technologies, U.S.A.). 
Finally, high-quality libraries were sequenced using a 250 bp paired-end 
read Illumina HiSeq 2500 platform. FLASH program (v1.2.7) was used 
to overlap and combine paired-end readings to get raw tags. Low-quality 
raw tags were filtered out using Trimmomatic (v0.33) to preserve high- 
quality clean tags. The program Quantitative Insights Into Microbial 
Ecology 2 (QIIME2 version 2018–8) was then used, and the clean tags 
were entered into it [8]. Raw data were sorted into the same operational 
taxonomic unit as those that shared at least 97 % of their characteristics 
(OTU). The bacterial taxonomy and diversity were examined using the 
OTU table. To identify the biomarkers of the microbiota’s composition 
and community functions, a threshold logarithmic Linear Discriminant 
Analysis (LDA) was carried out.

2.22. Statistical analysis

SPSS 20 and GraphPad Prism were used for statistical analysis and 
graph preparation. One-way ANOVA and Duncan’s novel multiple-range 
tests were used to determine statistical significance, p < 0.05, and the 
data are presented as mean ± SD.

Table 1 
Disease Activity Index (DAI).

Parameters Score Description

Changes in body weight 0 Gained b.w./Remain the same
1 Lost 1–5 % of original bodyweight
2 Lost 6–10 % of original bodyweight
3 Lost > 10 % of original bodyweight

Fecal occult blood (Twice in a week) 0 Occult blood absent
1 Occult blood detected
2 Bloodstains in feces 

Significant bleeding in feces3
Fecal consistency (Twice in a week) 0 Normal feces

1 Soft feces
2 Mild diarrhea
3 Severe diarrhea
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3. Results and discussion

3.1. Isolation, MW, monosaccharides, and structural elucidation of AP-1 
(native) A. auricula-judae polysaccharides

A. auricula-judae AP-1 polysaccharide was extracted according to the 
flowchart in Fig. 1(A), which was found to be 86.83 % of polysaccharide 
content after lyophilization. The average molecular weight was found to 
be 1091 kDa, while glucose (54.27 %) and mannose (29.44 %) were the 
major monosaccharides, along with minor amounts of fucose (1.60 %), 
arabinose (8.87 %), and galactose (5.82 %).

Fig. 1(B) displays the FT-IR spectrum of AP-1 A. auricula-judae 
polysaccharides obtained using an FT-IR spectrophotometer, which 
revealed the characteristics of carbohydrate patterns. The strong, wide 
characteristic band at 3365.8 cm− 1 suggested the existence of OH 
stretching in hydrogen bonds, which was suggestive of the poly
saccharide chains’ strong intermolecular and intramolecular in
teractions [67]. The weak band at 2921.67 cm− 1 was found to be 
associated with C-H stretching and bending vibrations. The peaks at 
1731.9 cm− 1 and 1251 cm− 1 were represented by the stretching vibra
tions of carboxylate groups (C=O) and CeO in the ester group, which 
indicated the presence of uronic acid [70], while the stretching vibration 
of C=O in carbonyl groups were observed around at 1635.30 cm− 1 [29]. 
The absorbance peaks around 1400–1300 were assigned to the vibra
tions of CeH and of CH2 groups [68], while the absorbance peaks at 
1200–1000 cm− 1 were assigned to the contribution of CeOH or CeOeC 
stretching vibration [44]. The pronounced peak at around 890 cm− 1 was 
β-configurations in fractions [56]. Infrared (IR) spectroscopy is a well- 
established method that has been extensively used in polysaccharide 
structural investigation [26].

We further elucidated the structure of AP-1 polysaccharides using 1D 
(1H and 13C) and 2D (HSQC and COSY) NMR analysis. The glucose 
residue exhibited an anomeric proton signal at 4.62 ppm and a 

corresponding carbon signal at 95.93 ppm in the 1H and 13C NMR 
spectra, indicative of a β-configuration. A downfield shift was observed 
at C3 (75.80 ppm) and its corresponding proton signal at 3.42 ppm, 
confirming substitution at this position. Other carbons, including C2 
(69.79 ppm), C4 (74.14 ppm), and C5 (69.63 ppm), showed no signifi
cant shifts, indicating no additional substitutions. The signals for H6a/b 
(3.65 and 3.54 ppm) and C6 (60.56 ppm) confirmed the presence of a 
free primary hydroxyl group, consistent with a β-(1 → 3)-linked glucose 
backbone, a feature commonly observed in fungal β-glucans [38]. The 
mannose residue (residue b) displayed an anomeric proton signal at 
5.20 ppm and a corresponding carbon signal at 92.01 ppm, indicative of 
an α-configuration. Substitution at C3 was confirmed by a downfield 
shift to 69.80 ppm for C3 and 3.30 ppm for H3. The remaining carbons, 
including C2 (71.41 ppm), C4 (71.29 ppm), and C5 (72.22 ppm), 
showed no significant shifts, suggesting an α-(1 → 3) glycosidic linkage 
for this mannose residue. The data are consistent with structural features 
of fungal mannose-rich polysaccharides [60]. Another mannose 
exhibited an anomeric proton signal at 5.18 ppm and an anomeric car
bon signal at 93.25 ppm, confirming an α-configuration. Substitution at 
both C3 (71.26 ppm for C3 and 3.84 ppm for H3) and C4 (75.80 ppm for 
C4 and 3.42 ppm for H4) was observed, suggesting a branching point 
with α-(1 → 3,4) linkages. This structure is consistent with the typical 
branching observed in fungal polysaccharides with mannose side chains 
[60,61]. These data suggested that AP-1 has a β-(1 → 3)-linked glucose 
backbone with α-(1 → 3)-linked mannose side chains and branching 
through α-(1 → 3,4) linkages.

3.2. Effects of ultrasonic degradation on NO inhibition and MW of 
polysaccharides from A. auricula-judae

AP-1 polysaccharides was degraded by an ultrasonic cell disruptor at 
various time periods, and prepared AP-2 and AP-3 degraded poly
saccharides, as illustrated in Fig. 2(A). Chemical, enzymatic, and 

Fig. 2. Ultrasonic degradation of AP-1 polysaccharide suppressed NO inhibition rates in LPS stimulated RAW 264.7 cells at the concentration of polysaccharides 200 
μg/mL while reducing the molecular weights. (A) AP-1 was subjected to ultrasonic degradation at different times and parameters, producing AP-2 and AP-3 (B). The 
NO inhibition rates were increased in AP-2 and AP-3 polysaccharides while their molecular weight was reduced as compared to the original AP-1 polysaccharides.
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physical (ultrasonic treatment) methods are widely popular for the 
degradation of polysaccharides [86]. However, chemical methods 
require large amounts of organic reagents and high temperatures, are 
time-consuming, and are environmentally polluting. [20,81]. In 
contrast, enzymatic methods are costly and greatly restrict their appli
cation on an industrial scale. On the other hand, ultrasonic degradation 
is an effective, efficient, and environmentally friendly method in poly
saccharide degradation, which leads to improved anti-inflammatory 
effects and has received significant attention recently [19,45]. Ultra
sonic degradation of polysaccharides leads to reduced molecular 
weights, particle size, and viscosity, thereby increasing solubility to 
enhance its optimum bioactivity [75]. Therefore, we have applied ul
trasonic methods to degrade the polysaccharides in our current study to 
investigate the enhancement of the anti-inflammatory activity of this 
polysaccharide.

The native and degraded polysaccharides’ anti-inflammatory effects 
were measured by NO inhibitory activity in LPS-stimulated RAW 264.7 
cells. MTT assay revealed no cytotoxicity in the cells until the concen
tration of 200 µg/mL of all polysaccharides, and the NO inhibition ac
tivity of native and different degraded A. auricula-judae polysaccharides 
at 200 µg/mL concentration in LPS stimulated RAW 264.7 cells are 
shown in Fig. 2 (B). The native polysaccharide (AP-1) NO inhibition rate 
was 43.09 %, whereas degraded polysaccharides of AP-2 (9 min) and 
AP-3(20 min) NO inhibition rates were at 55.24 % and 68.50 %. In 
comparison to AP-1, the NO inhibition rates were dramatically increased 
in AP-2 and AP-3. However, we also degraded the polysaccharide for 40 
min and 60 min, during which their NO inhibition rates were no sig
nificant compared to the 20-minute (AP-3) degradation. Therefore, 
native AP-1, and degraded AP-2 and AP-3 were selected for our study. 
The molecular weight of the degraded AP-2 and AP-3 polysaccharides 
revealed that AP-2 (774 kDa) and AP-3 (326 kDa) had significantly 
reduced molecular weights, which is likely an important factor 
contributing to the improved anti-inflammatory activity. Nitric oxide 
(NO) is a signaling molecule essential for inflammation-mediated 

pathogenesis and has anti-inflammatory effects under normal physio
logical conditions. Excessive NO production in abnormal conditions 
could turn into a pro-inflammatory mediator that promotes inflamma
tion [2]. There are three types of nitric oxide synthases (NOS) known as 
endothelium NO synthase (eNOS), neural NO synthase (nNOS), and 
inducible NO synthase (iNOS) [37]. The nitric oxide synthases (NOS) 
isoforms are expressed continuously and release NO at low levels, which 
are important for regular physiological processes. Conversely, inducible 
nitric oxide synthase (iNOS) generates a large amount of NO under in
flammatory stimuli[34]. Lipopolysaccharide (LPS) is a major component 
of the cell membrane of gram-negative bacteria and is known to induce 
inflammation [59]. When LPS activates macrophages, they produce a 
variety of pro-inflammatory cytokines and nitric oxide (NO) through the 
activation of iNOS. [30]Therefore, the inhibition of NO production in 
LPS-stimulated RAW 264.7 cells is a well-established method for 
screening different anti-inflammatory drugs [7,36,80], and the mecha
nisms of LPS-induced inflammation by excessive NO production is 
illustrated in Fig. 3. Based on this finding, the physiochemical charac
teristics and anti-inflammatory effects of AP-1, AP-2, and AP-3 were 
further investigated.

3.3. Effects of ultrasonic degradation on the viscosity and particle size 
distribution of A. auricula-judae polysaccharide

The native and degraded A. auricula-judae polysaccharides’ viscosity 
was analyzed, and the viscosity graphs of AP-1, AP-2, and AP-3 are 
shown in Fig. 4(A). The results indicate that the cP value of AP-1 was 
27840–6930, AP-2 was 2332–165, and AP-3 was 900–78, while the 
spindle range was 0.5–4.00 rpm. When the spindle speed was set be
tween 10 and 100 rpm, the cP value of AP-1 was recorded as 3027 to 
633, but the cP values of AP-2 and AP-3 were undetectable owing to the 
low viscosity. The decrease in viscosity of polysaccharides typically 
depends on ultrasonic power, ultrasonic duration, temperature, pH, and 
the concentration of polysaccharide solution. High-intensity 

Fig. 3. Mechanisms of LPS on the progression of inflammation. Through the (TLRs) receptor, LPS activated macrophages and activated NF-κBs signaling, thereby 
increasing the production of pro-inflammatory cytokines as well as activated COX-2 and iNOS, while iNOS produces excessive levels of NO and leads to inflammation. 
On the other hand, A. auricula-judae polysaccharides inhibit NO production.

T. Islam et al.                                                                                                                                                                                                                                    Ultrasonics Sonochemistry 117 (2025) 107339 

7 



ultrasonication has been shown to affect chitosan’s inherent viscosity, as 
previously described [6]. The current findings demonstrate that 
extending the duration of the ultrasonic process reduced the viscosity of 
A. auricula-judae polysaccharide. Due to their large molecular weight, 
low solubility, and higher viscosity, polysaccharides provide a signifi
cant challenge in functional food development and pharmaceutical 
areas. According to the literature, high molecular weight poly
saccharides are known to have poor solubility and high viscosity, which 
showed a similar state to our current results [21]. Our current data 
suggest that ultrasonic treatment is one of the most effective methods for 
modifying polysaccharides’ viscosity forms, which are more amenable 
to being dissolved in water.

The particle size distribution of native and degraded A. auricula-judae 
polysaccharides is presented in Fig. 4(B). The average particle size dis
tribution of native polysaccharide (AP-1) was found at 1963.8 nm. 
However, after ultrasonic degradation, the average particle size distri
bution in AP-2 and AP-3 decreased to 1435.8 nm and 791 nm, respec
tively. Some research has shown that polysaccharides with a higher 
molecular weight also tend to have a large particle size, suggesting that 
particle size may be a surrogate for the molecular weight of poly
saccharides [17,78]. The size of polysaccharide particles has a crucial 
impact on functional drug delivery [5]. Their particle size typically 
causes the low bioavailability of medications, inability to dissolve in 

water, and inability to pass through the cell membrane and epithelium 
[46]. By reducing the particle size of the polysaccharide, an external 
stimulus might initiate the release of the medication [15].

3.4. AFM, XRD, SEM, and EDX analysis of native and degraded 
A. auricula-judae polysaccharides

Polysaccharides have been examined extensively using atomic force 
microscopy (AFM) in recent years since AFM is an excellent method for 
characterizing biopolymers [1]. AFM was utilized to investigate the 
morphology and topography of AP-1, AP-2, and AP-3 polysaccharides of 
A. auricula-judae in aqua solution, providing direct evidence concerning 
the chain of conformation and macromolecular structure of these 
polysaccharides. Fig. 5(A) shows the AFM topographical images of AP-1, 
AP-2, and AP-3. These topographic images demonstrate linear, circular, 
and crossover patterns of AP-1, AP-2, and AP-3. The images demonstrate 
that AP-1 with a high molecular weight compacted folded into ribbon 
triple-helical chains, although most triple helix structures exist as 
modest intrachain entangled species. The structure of A. auricula-judae 
polysaccharide chains became chaotic, the branching chains became 
soft, short, and low polysaccharide chains, and even in AP-3, poly
saccharide chains were linked to create single and random coils after 
treatment with ultrasound at different times. In AP-1, the ribbon and 

Fig. 4. The effects of ultrasonic degradation on A. auricula-judae polysaccharide’s viscosity and particle size. (A) The initial viscosity of AP-1 was 27,840 cP; after 
ultrasonic degradation at different times, the initial viscosity values were 2332 cP in AP-2 and 900 cP in AP-3, recorded at 0.5 rpm speed. (B) The results show that 
the particle size was significantly reduced after ultrasonic degradation.
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triple helix structure began to transform into a single helix in AP-2, 
whereas, in AP-3, the random coil and single helix chains were more 
prominent than in AP-2. Consistent with earlier research, the poly
saccharides with single-helix structures have higher anti-inflammatory 
activity [19].

Scanning electron microscopy (SEM) was used to examine the 
microstructure and topography of native and degraded A. auricula-judae 
polysaccharides. Fig. 5(B) represents the SEM images of AP-1, AP-2, and 
AP-3 polysaccharides with different molecular weights. AP-1 poly
saccharide is shown to have altered into a spherical, irregular shape with 
massive particles, whereas AP-2 and AP-3 polysaccharides were seen to 
have altered into fine particle sizes. Before and after ultrasonic degra
dation, the microstructure of A. auricula-judae polysaccharide was 
intuitively evaluated using scanning electron microscopy (SEM). As 
shown the huge irregular particle size in native A. auricula-judae poly
saccharide (AP-1), following ultrasonic degradation, the particle and 
structure were fragmented into smaller portions with a porous surface 
and cavities on the fracture surface, which may have been generated by 
the ultrasonic’s considerable cavitation activity, turbulence shear, and 
instantaneous high pressure [12,13,39].

SEM-EDX was used to examine the chemical elements in native and 
degraded A. auricula-judae polysaccharides, detecting C, O, Mg, Si, S, K, 
and Ca. Fig. 5(C) depicts the various element peaks and the element and 
atomic percentage in AP-1, AP-2, and AP-3. In AP-1, chemical elements 
C (55.47 %), O (43.41 %), and Ca (1.12 %) were found; in AP-2, 
chemical elements C (55.11 %), O (43.89 %), Ca (0.57 %), Mg (0.12 
%), Si (0.10 %), S (0.11 %), and K (0.10); and in AP-3, chemical elements 
C (49.07 %), O (50.00 %), Ca (0.76 %), and Mg (0.15 %). In these three 
different molecular weight polysaccharides from A. auricula-judae, C and 
O were identified as the main chemical elements. According to the el
ements analysis of AP-1, AP-2, and AP-3, the element’s content in 
polysaccharides was evaluated, and the percentage of the principal el
ements was determined to be C and O. It has been noted that some 
polysaccharides include a small quantity of nitrogen; however, nitrogen 
was not detected in this A. auricula-judae polysaccharides. Rich samples 
of polysaccharides do not contain nitrogen, while they may include trace 
amounts of nitrogen derived from protein [66]. Trace amounts of min
erals (Ca, Mg, S, and K) were detected in AP-1, AP-2, and AP-3 poly
saccharides, which could be from the sources of polysaccharides or 
contamination from several factors, including extraction and 

Fig. 5. Structural and elements analysis of native and degraded A. auricula-judae polysaccharides. (A) Topographical AFM planar and 3D images of native AP-1 (High 
MW) and degraded AP-2 (Medium MW) and AP-3 (Low MW) A. auricula-judae polysaccharides; (B) Scanning electron microscope (SEM) images of A. auricula-judae 
polysaccharides before and after ultrasonic degradation. AP-1 (High MW), AP-2 (Medium MW), and AP-3 (Low MW); (C) Energy dispersive x-ray spectroscopy (EDX) 
analysis for elements determination of native and degraded A. auricula-judae polysaccharides; (D) XRD (X-ray diffraction) intensity curves of native (AP-1) and 
ultrasonic degraded (AP-2 and AP-3) A. auricula-judae polysaccharides. Curves show that the ultrasonic degradation caused a reduction in the crystallinity of the 
polysaccharides.
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degradation process, the sensitivity of the analytical techniques, or the 
sample career contamination. Previous studies conducted EDX analysis 
with purified polysaccharides to investigate the contents of the major 
elements, whereas trace levels of minerals (Na, S, Ca, P, Cl) were 
detected, which have been ignored [42,48]. These findings indicated 
that this polysaccharide-rich sample of A. auricula-judae mushroom had 
a high concentration of polysaccharides, while C and O are the major 
elements.

The XRD profile of native and ultrasonic degraded A. auricula-judae 
polysaccharides is presented in Fig. 5(D). Results show that AP-1 had a 
higher intensity peak in 2θ range of 17-25◦ due to the crystalline ag
gregates, which are significantly related to the presence of an interme
diate phase, hydrogen bonds, and triple-helical structure. However, the 
intensity of ultrasonic degraded AP-2 and AP-3 polysaccharides peaks 
was reduced, demonstrating the reduction in the polysaccharides’ 
crystallinity and may alter the helical structure into a single helix. Pre
vious studies have reported that lowering polysaccharides or cellulose 
crystallinity could alter the helical structure from triple helix to single 
helix, enhance digestibility, promote healthy gut microbiota, and in
crease anti-inflammatory effects [19,47,63].

3.5. Effects of native and degraded A. auricula-judae polysaccharides on 
body weight, DAI, behavior, colon lengths, and spleen weights in DSS- 
induced colitis mice

The anti-inflammatory effects of native (AP-1) and ultrasonic 
degraded (AP-2 and AP-3) A. auricula-judae polysaccharides were 
investigated in a DSS-induced colitis mouse model. It has been shown 
that the histological characteristics of mouse colitis produced by DSS are 
similar to those of human colitis [9]. Mice were subjected to three cycles 
of DSS water treatment to induce colitis, with the animals drinking DSS- 
free water during the recovery period (Fig. 6(A)). The common symp
toms of inflammatory colitis, such as body weight changes, diarrhea, 
blood in stool, and colon length, were examined in the mice to confirm 
the successful induction of colitis by DSS. The DSS group mice showed 
significant reduction in body weight, increased DAI score, shorter colon 
length, and increased spleen weight (Fig. 6(B-F)); these findings were 
consistent with the earlier research [16]. After being treated with 5-ASA, 
AP-1, AP-2, and AP-3 at various dosages in mice with DSS-induced co
litis, the body weights were increased, reduced the DAI score, spleen 
weight, and increased the colon length, whereas the AP-HD group had 
better recovery as compared to other treatment groups. Ulcerative co
litis (UC) is an inflammatory and destructive disease of the large intes
tinal tract that often affects the rectum, the lower colon, and the whole 
colon [24]. Bodyweight changes, colon length, disease activity index 
(DAI), and spleen weight are commonly used to evaluate the severity of 
DSS-induced colitis, and it has been documented in several studies that 
DSS water intake in mice has a considerable impact on body weight loss 
and colon length reduction [16,76,88]. Our current result suggests that 
degraded A. auricula-judae AP-3 polysaccharide had better recovery ef
fects from the above-mentioned inflammatory colitis symptoms.

3.6. Effects of native and degraded A. auricula-judae polysaccharides on 
colon histological changes and pro-inflammatory cytokines expression in 
DSS-induced colitis mice

H&E and alcian blue staining were performed on the colon tissue 
section to evaluate the anti-inflammatory effects of AP-1, AP-2, and AP-3 
A. auricula-judae polysaccharides in DSS-induced colitis mice colon 
histological changes. Mice with recurrent DSS-induced chronic colitis 
displayed intestinal barrier degradation, decreased crypts, intensified 
inflammatory infiltration in the colon, and a rise in the histological 

score, while AP-1, AP-2, and AP-3 treatment exhibited reduced damages 
(Fig. 7(A,C)), whereas AP-3 HD had the most significant reduction in 
intestinal barrier degradation, inflammatory cell infiltration, and crypt 
destruction among the treatment groups. Colitis animal models have 
shown that DSS may damage colonic tissue, resulting in an increased 
histology score due to inflammation and crypt destruction that can be 
mitigated with proper medication [79,87]. In another study, colon tis
sue lesions were seen in the DSS group of mice, including crypt defor
mation, goblet cell loss, severe epithelial destruction, and mucosal 
infiltration of inflammatory cells [10]. In addition, it was postulated that 
AP-3 was much more effective in protecting intestinal mucosa from 
harm by enhancing its ability to heal itself. To further confirm this, 
alcian blue staining was conducted to examine the expression of intes
tinal mucin. Results show that the expressions of mucins, which were 
engaged in the healing of colon mucosa, were significantly lower in the 
DSS group compared to the control group (Fig. 7(B,D)). Despite this, 
high dosages of AP-1, AP-2, and AP-3 boosted mucin expressions, while 
AP-3 HD induced the most significant enhancement. Intestinal mucin
s are secreted by goblet cells that have a cytoprotective role against 
various hazards, including colonization by bacterial toxins [52]. Mucins 
are also responsible for protecting the underlying epithelium; a change 
in the amount of mucus secreted may affect the efficacy of this protec
tive barrier and have serious physiological impacts [57,62]. These 
findings prove that AP-3 suppresses colonic inflammation and boosts 
mucosal repair.

It is well-established that inflammatory cytokines play a crucial role 
in the pathophysiology of colitis. To examine the anti-inflammatory 
effects of AP-1, AP-2, and AP-3, the secretion of pro-inflammatory cy
tokines TNF-α, IL-1β, and IL-6 was assessed using ELISA. The levels of 
these pro-inflammatory cytokines were much higher in the DSS group 
than in the control group (Fig. 7(E-H)). TNF-α in blood serum, TNF-α, IL- 
1β, and IL-6 in the colon were reduced following treatment with AP-1, 
AP-2, and AP-3 in comparison to the DSS group. Nevertheless, pro- 
inflammatory cytokine secretions were significantly reduced in the 
AP-3 HD group. The inflammatory response is considered to be a crucial 
mechanism in the pathophysiology of chronic colitis due to its role in 
regulating the immune system [31]. Macrophage migration and the 
production of inflammatory mediators may be triggered by pro- 
inflammatory cytokines, which play an active role in inflammatory 
progression[85]. Prior research has shown that recurrent DSS-induced 
chronic colitis is characterized by elevated levels of pro-inflammatory 
cytokines [32]. This study found that AP-1, AP-2, and AP-3 had poten
tial anti-inflammatory effects through the inhibition of TNF-α, IL-1β, and 
IL-6 secretion, with AP-3 HD being the most effective.

3.7. Anti-inflammatory activity of AP-3 polysaccharide via suppressing 
iNOS, COX-2, NF-κBs, and enhancing tight junction proteins expression in 
the colon of DSS-induced colitis mice

The above results clarify that AP-3 has better anti-inflammatory ef
fects in DSS-induced colitis mice. To further investigate the anti- 
inflammatory mechanism of AP-3 polysaccharide, the protein expres
sion of tight junction (ZO-1), iNOS, COX-2, and NF-κBs (p65, p-p65, p- 
IκBα) were measured in colon tissue and the results are presented in 
Fig. 8. Zonula occludens-1 (ZO-1) is a tight junction protein that plays a 
vital role in maintaining the integrity of the intestinal mucosal barrier. 
To examine the ameliorative effects of AP-3 on intestinal barrier integ
rity, the expression of ZO-1 in colon tissue samples was analyzed using 
immunofluorescence. Fig. 8(A-B) shows the optical density of ZO-1 
immunofluorescence-stained images of colon tissue. ZO-1 expression 
was considerably lower in the DSS group than in the control group. 
However, after being treated with AP-3, the mice showed a significant 
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Fig. 6. Effects of AP-1, AP-2, and AP-3 A. auricula-judae polysaccharides on body weight changes, DAI score, spleen weight, and colon length in DSS-induced colitis 
mice. (A) The experimental timeline and treatment of DSS-induced colitis mice; (B) Bodyweight was recorded 2–3 times weekly (treatment from day 13 to day 30); 
(C) DAI scores were recorded at specific time points (treatment from day 13 to day 30); (D) DAI scores were collected according to the following parameters; (D) 
Representative image of the colon; (E) Measurement of colon length, and (F) Spleen weight. Data are expressed as mean ± SD. The parameters marked by the same 
letter are not significantly different, p < 0.05.
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Fig. 7. Effects of native and degraded different MW A. auricula-judae polysaccharides on colon histopathological changes and pro-inflammatory cytokines expression 
in DSS-induced colitis mice. (A) Representative image of H&E staining of colon tissues, (B) representative image of alcian blue staining of mucin expression in colon 
tissue, (C) histological scores, (D) alcian blue optical density. Pro-inflammatory cytokines level of TNF-α in serum (E) and TNF-α (F), IL-1β (G), IL-6 (H) in the colon. 
Data are expressed as mean ± SD. Parameters marked by the same letter are not significantly different, p < 0.05.

Fig. 8. AP-3 enhanced tight junction proteins and suppressed iNOS, COX-2, and NF-κB in the colon tissue of DSS-induced colitis mice. (A) Representative images of 
ZO-1 staining in colon tissues from different groups, (B) average optical density of ZO-1 staining across groups. (C) Representative images of immunoblot relative 
protein expression levels, (D-G) relative quantification of iNOS, COX-2, p-p65, and p-IκBα protein levels in colon tissues. Data are expressed as mean ± SD. # p < 
0.05, compared with the control group; *p < 0.05, compared with the DSS group; ns, not significant.
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improvement as compared to the DSS group, where ZO-1 expression 
dramatically increased in colon tissue. Intestinal epithelial cells use a 
protein cluster called the tight junction complex to create a physiolog
ically active barrier whose permeability may be adjusted in response to 
local conditions [53]. It has been found that intestinal permeability was 
increased in animals with colitis produced by dextran sulfate sodium 
(DSS), and the expression of tight junction proteins in the ZO-1 was 
reduced [35,53]. Western blot results show that the DSS group signifi
cantly increased the expression of iNOS and COX-2 in the colon tissues of 
mice, while both protein expressions were significantly decreased in 
mice groups treated with AP-3 (Fig. 8(D-E)). The DSS group had 
considerably higher expression of NF-κB p65, p-p65, and p-IκBα as 
compared to the control group; alternatively, in the AP-3 treatment 
groups, p-p65 and p-IκBα expression were significantly lower than the 
DSS group (Fig. 8(F-G)). NF-κB is a major modulator of immune cell 
responses to inflammation, DNA damage, oxidative stress, genotoxic 
damage, and dysregulated NF-κB signaling causes inflammation in 
multiple diseases such as multiple sclerosis, rheumatoid arthritis, and 
various inflammatory bowel diseases [58]. NF-κB activation enhances 
the transcription of genes involved in inflammatory responses, including 
iNOS, COX-2, IL-6, IL-1β, and TNF-α [4]. These results have shown a 
significant correlation with pro-inflammatory cytokine expression 
changes, which demonstrate AP-3′s possible protective benefits against 
colitis. Based on the current findings, the mechanisms of AP-3 poly
saccharide in DSS-induced colitis mice are illustrated in Fig. 9.

3.8. Effects of AP-3 polysaccharide on gut microbiota structure in DSS- 
induced colitis mice

To explore the anti-inflammatory effects of AP-3 polysaccharide in 
DSS-induced mice, 16S rRNA gut microbial sequencing was further 
performed on mice fecal samples. Three groups of mouse feces samples 
were selected and renamed for investigation of gut microbiota: Control, 
DSS, and AP-3 HD group. The abundance index (Chao and ACE) and 
diversity index were used to determine the alpha diversity index 
(Shannon and Simpson). There was a statistically significant difference 
between the DSS and control groups, as well as between the DSS and AP- 
3 HD groups, as measured by the alpha diversity index of the fecal 
microbiota (Fig. S1). According to the data, the DSS group had a lower 

alpha diversity index than the control group. However, compared with 
the DSS group, the alpha diversity index was raised in AP-1 HD group.

The top 10 gut microbiota at the phylum level and top 20 gut 
microbiota at the genus level are shown in Fig. 10. The different mouse 
phyla in each group are shown in Fig. 10(A), whereas the different 
groups’ phylum distributions are shown in Fig. 10(B). The most abun
dant phylum were determined to be Firmicutes, Bacteroidetes, Proteo
bacteria, Tenerobacteria, Actinobacteria, and Deferribacteres, within the 
order. Meanwhile, the Bacteroidetes phylum was more prevalent in the 
Control and AP-3 HD than in the DSS. Furthermore, the individual 
relative abundance percentage of Proteobacteria, Firmicutes at the 
phylum level, and Gammaproteobacteria at the class level were higher in 
the DSS as compared to control and AP-3 HD groups, while Bacteroidetes 
at the phylum level was lower in DSS as compared to Control and AP-3 
HD (Fig. 11(A-D)). Fig. 11(E-I) demonstrates that the relative abundance 
of Allobaculum, Alloprevotella, and Prevotella at genus level was lower in 
the DSS group, while those were highest in the Control and AP-3 HD 
groups, while Romboutsia and Escherichia-Shigella were more prevalent 
in the DSS group.

Furthermore, spearmen correlation analysis revealed that the un
healthy gut microbiota Romboutsia and Escherichia-Shigella exhibited a 
negative correlation with body weight changes, colon length, and mucin 
expression (alcian blue) in the colon. Conversely, these genera showed a 
positive correlation with H&E staining, TNF-α, IL-1β, and IL-6 levels. In 
contrast, the healthy gut microbiota Allobaculum, Prevotella, and Allo
prevotella were positively correlated with bodyweight changes, colon 
length, and mucin expression (alcian blue) in the colon, while showing a 
negative correlation with H&E staining, TNF-α, IL-1β, and IL-6 levels 
(Fig. S3). These findings suggest that the degradation of polysaccharides 
significantly influences gut microbiota composition, contributing to the 
prevention of colitis.

Further LEfSe analysis was performed to identify the biomarker 
species with significant changes between the control and DSS groups, 
and the DSS and AP-3 HD groups. LDA (Linear Discriminant Analysis) 
was used to minimize the dimension and analyze the effect of the various 
species. The rank-sum test was performed to identify the different spe
cies among the different groups. Histogram of LDA values, phylogenetic 
tree map (phylogenetic distribution), and biomarker abundance com
parison tree map showing statistically significant differences between 

Fig. 9. The DSS-induced colitis mice showed intestine epithelium cells were damaged, mucin and tight junction proteins were disrupted, and activated NF-κBs 
signaling, thereby enhancing iNOS, COX-2, and pro-inflammatory cytokines significantly. After being treated with AP-3 polysaccharide to colitis mice, iNOS, COX-2, 
pro-inflammatory cytokines, and NF-κBs proteins expression were suppressed, while tight junction proteins of ZO-1 and mucin were enhanced significantly.
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groups. Enterobacteriaceae, Bacilli, Proteobacteria, and Gammaproteobac
teria were discovered to have LDA values more than 4.0 in the DSS, while 
these bacteria were not detected in the control group (Fig. S2(A)). The 
majority of Bacteroidetes, Prevotellaceae, and Allobaculum had LDA scores 
of more than 4 in the control group, while in AP-3 HD group, the ma
jority of Prevotellaceae, Prevotella, and Allobaculum had over 4 LDA 
scores. Gammaproteobacteria, Enterobacteriales, and Escherichia-Shigella 
showed higher LDA scores in the DSS group, while these bacteria were 
not found in the AP-3 HD group (Fig. S2(B)).

Dysbiosis of the gut microbiome plays a critical role in activating the 
immune system, and numerous studies have shown that gut microbial 
dysbiosis is directly associated with the course of UC, and those have 
been documented in our review [28]. We investigated the effect of 
degraded low molecular weight (AP-3) A. auricula-judae polysaccharide 
on the intestinal microbiota of mice with DSS-induced colitis. Results 
show that the alpha diversity improved in the AP-3 HD compared to the 

DSS group. The LDA score and relative abundance of Gammaproteobac
teria, Enterobacteriaceae, and Escherichia-Shigella were considerably 
greater in the DSS group but were not found in the Control or AP-3 HD 
groups. It has been shown that Gammaproteobacteria and Enterobacteri
aceae have the ability to induce aberrant activation of the immune 
system [72]. Another research indicated that the quantity of Entero
bacteriaceae and Gammaproteobacteria was strongly connected with the 
release of inflammatory cytokines, which was consistent with the find
ings of the present investigation [23]. In a recent study, it was reported 
that the genus Romboutsia is considered a pro-inflammatory gut micro
biota, which can contribute to colitis and found a relatively higher 
abundance of Romboutsia in DSS-induced colitis mice, which aligns with 
our current findings [16]. In contrast, the abundance of Allobaculum and 
Alloprevotella was comparatively more significant in the Control and AP- 
3 HD groups, whereas it was considerably lower in the DSS group. 
Allobaculum provides a protective function in moulding the adult 

Fig. 10. The gut microbial composition at the phylum and genus levels in different mice and groups. (A) Each column represents the percentage of relative 
abundance of bacterial phylum for each mouse, (B) each column represents the percentage of relative abundance of bacterial phylum level of each group, and (C) 
each column represents the percentage of relative abundance of bacterial genus for each mouse.
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metabolism and in anti-inflammatory activity [54,69]. Growing more of 
the Allobaculum genus might protect mice from developing UC since this 
significant genus is inversely related to the disease [51]. The bacteria 
Alloprevotella has been shown to have anti-inflammatory and gut- 
barrier-supporting properties by producing succinate and acetate [18]. 
The molecular weight of polysaccharides plays a critical role in the 
structure of gut microbiota. Generally, high molecular weight poly
saccharides cannot be fully degraded and fermented by the gut micro
biota, while the gut microbiota efficiently utilizes low molecular weight 
polysaccharides [74]. Therefore, based on our current results, we can 
conclude that AP-3 ultrasonic degraded low molecular weight 
A. auricula-judae polysaccharide has a higher ability to improve intes
tinal gut microbial diversity by increasing healthy microbes and pro
tecting unhealthy ones. Healthy gut microbiota has significant effects on 
repairing leaky gut via SCFA production. Compared with preliminary 
experimental gut microbiota data, this current finding reveals that 
degraded low molecular weight A. auricula-judae polysaccharide had 
higher effects in regulating healthy gut microbiota and protecting them 
from unhealthy gut microbiota, as this polysaccharide metabolized and 
utilized more efficiently by gut microbiota than the native poly
saccharide. The gut microbiota regulating mechanisms of different 
molecular weight polysaccharides are illustrated in Fig. 12.

4. Conclusion

In conclusion, the ultrasonic degradation of A. auricula-judae poly
saccharides yielded promising results as a potent anti-inflammatory 

agent. The polysaccharide’s molecular weight, viscosity, particle size, 
and helical structure were significantly associated with its anti- 
inflammatory activity, and these properties were effectively modu
lated through ultrasonic degradation. The resulting change in helical 
structure, from a ribbon and triple structure into a single helix and 
random coil structure, appears to be closely related to its enhanced anti- 
inflammatory activity. When applied to the DSS-induced colitis mouse 
model, AP-3 showed the most remarkable therapeutic effects by 
reducing inflammatory symptoms, decreasing pro-inflammatory cyto
kine secretion, downregulated NOS, COX-2, and NF-κB signaling-related 
protein expression levels, and notably increasing ZO-1 protein in the 
colon. Additionally, the 16S rRNA gut microbiota analysis indicated that 
AP-3 treatment led to a meaningful shift in the gut microflora, sup
pressing unhealthy microbiota such as Gammaproteobacteria, Entero
bacteriaceae, Firmicutes, and Escherichia-Shigella while promoting the 
growth of beneficial gut microbiota such as Allobaculum, Alloprevotella, 
and Bacteroidetes. Therefore, the polysaccharide derived from 
A. auricula-judae, particularly in its ultrasonically degraded form (AP-3), 
demonstrated significant anti-inflammatory properties. In conjunction 
with the abundance of bioactive compounds in mushrooms, this finding 
suggests a promising potential for this polysaccharide in therapeutic 
applications and functional food product development. However, 
further extensive research into its molecular mechanism and clinical 
trials are needed to ascertain its potential as a potent anti-inflammatory 
therapeutic agent.

Fig. 11. The percentage of relative abundance at the phylum, class, and genus levels in different groups. (A) Proteobacteria(p), (B) Firmicutes(p), (C) Gammapro
teobacteria(c), (D) Bacteroidetes(p) (E) Allobaculum(g), (F) Prevotella(g), (G), Alloprevotella(g), (H) Romboutsia(g), and (I) Escherichia-Shigella (g). * p < 0.05 compared 
with the corresponding group.
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