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A B S T R A C T
 
The Agrocybe cylindracea polysaccharides (ACP) have been shown to possess various health benefits. 
However, the anti-inflammatory effects of ACP and the mechanisms underlying these effects remain poorly 
understood. In this study, we delved into the potential of ACP in mitigating colitis induced by dextrose sodium 
sulfate (DSS) in C57BL/6J mice and explored the associated mechanisms. ACP demonstrated notable anti-
inflammatory effects in the intestines, as evidenced by the restoration of various indicators such as increased 
body weight and colon length, decreased disease activity index (DAI) score, and alleviation of pathological 
damage in the colon. Additionally, ACP upregulated the expression of ZO-1, Occludin, and Muc2, suggesting 
a restoration of the mechanical and mucus barriers of the intestinal mucosa. Furthermore, ACP facilitated 
the polarization of M2 macrophages and preserved intestinal immune balance. The impact of ACP on the 
biological barrier was further scrutinized. ACP ameliorated disruptions in the gut microbiota, particularly by 
enhancing the relative abundance of bacteria that produce short-chain fatty acids (Anaerostipes, Romboutsia, 
and Butyricicoccus). Remarkably, the ameliorative effects of ACP on colitis were compromised upon the 
removal of the microbial community, but were restored post fecal microbiota transplantation (FMT), indicating 
that the efficacy of ACP in alleviating colitis is dependent on the gut microbiota. Intriguingly, the regulatory 
influence of ACP on macrophages also hinged on the gut microbiota. In essence, ACP exhibits the potential 
to modulate the composition of the gut microbiota, fostering the growth of beneficial bacteria, which in turn 
promotes the polarization of colonic M2 macrophages and facilitates the repair of the intestinal mucosal barrier 
in DSS-induced colitis. These findings underscore the capacity of ACP to enhance the intestinal mucosal 
barrier and ameliorate colitis by modulating the gut microbiota-macrophage axis, suggesting that ACP could 
serve as a functional food supplement for preserving intestinal homeostasis and preventing colitis.
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1.  Introduction

Inflammatory bowel disease (IBD) is an intestinal disorder 
characterized by chronic inflammation of unknown etiology, impacted 

by host genetics, immunity, diet, and gut microbiome[1]. With the 
changes of living environment and dietary habits, the global incidence 
of IBD has reached 0.3% and is increasing[2]. Most therapeutic agents 
used to treat IBD, such as 5-aminosalicylic acid, corticosteroids and 
immunosuppressants, as well as surgical treatments, are associated 
with serious side effects in extreme cases, including allergic reactions 
and intolerance[3]. Therefore, there is still an urgent need to develop 
effective and safe therapeutic agents.

Intestinal mucosal barrier, including mechanical barrier, chemical 
barrier, and immune barrier, plays a key role in the pathogenesis 
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of IBD[4]. Increasing evidences revealed that dysbiosis of the 
intestinal microbiota may lead to impaired intestinal mucosal barrier 
function, which in turn triggers intestinal inflammation. Intestinal 
immune disorders are another major pathogenesis of IBD, in which 
macrophages are key cells in intestinal innate immunity[5]. Notably, 
it has been reported that changes in the gut microbiota can affect the 
polarization state of macrophages, thereby disturbing the balance of 
the intestinal immune system[6]. Therefore, the interaction between 
gut microbiota and macrophages plays a critical role in the repairment 
of intestinal mucosal barrier in IBD. In-depth study of this interaction 
may provide an important basis for developing new target and 
treatment strategies for IBD patients. 

Dietary intervention is considered to be a key regulatory modality 
affecting gut microbiota and intestinal immunity[7-8]. Previous studies 
have revealed that several polysaccharides from diet can protect the 
intestinal mucosal barrier and maintaining the balance of the gut 
microbiota and intestinal immunity[9-10]. Research on edible fungi 
polysaccharides (EFPs) have shown potential benefits in regulating 
gut microbiota[11] and intestinal immunity[12]. Agrocybe cylindracea 
(AC), as a common edible mushroom for daily consumption, are 
high in polysaccharides (about 70%) and are an important source 
of active EFPs[13]. However, there are few studies on A. cylindracea 
polysaccharides (ACP) can alleviate impairment of intestinal mucosal 
barrier in colitis. Thus, the objective of this study was to obtain 
polysaccharides from AC and subsequently investigate the effect of 
ACP on dextrose sodium sulfate (DSS)-induced colitis. Furthermore, 
the possible mechanism based on the interactions between gut 
microbiota and macrophages was analyzed.

2.  Materials and methods

2.1 Preparation and compositional analysis of ACP

2.1.1 Preparation of ACP

AC was obtained from Guangdong YueWei Technology Co., Ltd.  
(Guangzhou, China). The freshly dried AC solids were ground into 
powder using a high-speed pulverizer and then passed through a 100 
meshes sieve. The AC powder was heated with distilled water (1:20, m/V)  
in a water bath at 90 ℃ for 4 h and then centrifuged to retain the 
supernatant. Then added 2-fold volume of anhydrous ethanol to the 
supernatant and kept at 4 ℃ for 2 h. The precipitate was collected by 
centrifugation (4 ℃, 4 000 r/min, 15 min) and dissolved in distilled 
water to obtain crude ACP.  Sevage reagent (chloroform:n-butanol  
= 4:1, V/V) was added to the crude ACP solution and shaken violently 
to remove free proteins. After continuous dialysis (cut-off value  
7 000 Da) at 4 ℃ for 24 h, the resulting retentate was freeze-dried 
to obtain purified ACP. A total of 400 g of AC was used and 19.04 g 
of ACP was finally obtained, which means that the yield of ACP  
was 4.76%.

2.1.2 Molecular weight (Mw) determination of ACP

ACP was dissolved in 0.1 mol/L NaNO3 aqueous solution 
(containing 0.02% NaN3, m/m) at the concentration of 1 mg/mL, and 
then filtered through a filter of 0.45 m pore size for further detected. 

A DAWN HELEOS-II laser photometer (Wyatt Technology Co., 
CA, USA) equipped with two tandem columns (300 mm × 8 mm, 
Shodex OH-pak SB-805 and 803; Showa Denko K.K., Tokyo, Japan) 
was used for detection. The flow rate was 0.6 mL/min. Finally, the 
Mw of each component was calculated using data from a differential 
refractive index detector (Optilab T-rEX, Wyatt Technology Co., CA, 
USA).

2.1.3 Monosaccharide composition of ACP

ACP was acid-hydrolyzed to monosaccharides by adding 
trifluoroacetic acid (2 mol/L).  An ion chromatography system (ICS 
5000+, Thermo, MA, USA) was used. A liquid chromatography 
column, Dionex™ CarboPac™ PA20 (150 mm × 3.0 mm, 10 μm), 
was selected and eluted at a flow rate of 0.5 mL/min, while the 
monosaccharide fractions were analysed and detected using an 
electrochemical detector.

2.1.4 Fourier transform infrared spectroscopy (FT-IR) 
analysis of ACP

A total of 20 mg ACP was mixed with 200 mg KBr, and then 
pressed into 1 mm pellets to be detected. FT-IR (Nicolet iZ-10, 
Thermo, MA, USA) was used for scanning and analysis in the range 
of 4 000 to 400 cm-1. Finally, the infrared absorption spectrum of the 
transmittance of ACP with wave number was obtained.

2.1.5 Electron microscope scanning of ACP

The ACP sample, coated with a thin gold layer, were placed 
on the substrate, and then observed and photographed using a 
scanning electronic microscope (Zeiss Merlin Compact, Oberkochen, 
Germany).

2.2 Animal experiments 

2.2.1 Animals

Wild-type male C57BL/6 mice, aged 6‒8 weeks old, were 
purchased from Beijing Sipeifu Biotechnology Company. Mice were 
acclimatized at (22 ± 2) °C, (50 ± 5)% humidity, and 12 h light-dark 
cycle for one week in a specific pathogen-free (SPF) environment. 
During the experiment, the mice were weighed and their stool 
characteristics were evaluated daily. At the end of modelling, all 
mice were euthanised after pentobarbital anaesthesia. Colon tissue 
and cecum contents from mice were collected immediately and 
stored at –80 °C or fixed in 4% paraformaldehyde for subsequent 
experiments. All animal experiments complied with the ARRIVE 
guidelines and be carried out in accordance with the U.K. Animals 
(Scientific Procedures) Act, 1986 and associated guidelines, EU 
Directive 2010/63/EU for animal experiments, or the National 
Institutes of Health guide for the care and use of Laboratory animals 
(NIH Publications No. 8023, revised 1978). All animal experimental 
protocols in this study have been confirmed and approved by The 
Institutional Animal Care and Use Committee of Southern Medical 
University, China (SMUL2022289).
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2.2.2 DSS-induced colitis mice model and ACP treatment  
of mice

The mice were randomly divided into 4 groups: control group, 
DSS group, DSS + high-ACP group (300 mg/kg·day ACP), and DSS 
+ low-ACP group (100 mg/kg·day ACP). The modelling procedure 
is shown in Fig. 2A, where mice in the control and DSS groups were 
given 200 μL of PBS by gavage daily; whereas mice in the DSS + 
high-ACP group and the DSS + low-ACP group were gavaged with 
200 μL of PBS containing 300 mg/kg ACP and 100 mg/kg ACP once 
daily for 14 days, respectively. On days 8 to 14, mice in all groups 
except the control group were given 2.5% (m/V) DSS (36‒50 kDa, 
MP Biomedicals, CA, USA) in drinking water to induce colitis.

2.2.3 Depletion of gut microbiota by antibiotic cocktail

Mice were administered with an antibiotic cocktail consisting 
of ampicillin (1 g/L), neomycin (1 g/L), metronidazole (1 g/L), 
and vancomycin (0.5 g/L) dissolved in drinking water for 7 days. 
At the same time, the mice were also given a daily gavage of the 
cocktail (vancomycin 100 mg/kg·day, metronidazole 200 mg/kg·day, 
neomycin 200 mg/kg·day, and ampicillin 200 mg/kg·day) to further 
deplete the gut microbiota. Depletion of the gut microbiota was 
confirmed by collecting faecal samples for bacterial plate smears. This 
was followed by ACP treatment and induction of experimental colitis 
as described above.

2.2.4 Fecal microbiota transplantation (FMT) 

Donor mice were randomly divided into 3 groups: control 
group, DSS group and ACP group. The DSS group received 2.5% 
DSS induced colitis for 7 days, and the ACP group received ACP  
(300 mg/kg·day) daily, and the fecal samples were collected during 
the last 3 days of the experiment. The feces were made up to a 
concentration of 50 mg/mL with sterile normal saline, and swirled 
in an oscillating vortex for 5 min. After filtration by a 70 μm filter, 
the feces were centrifuged at high speed (4 ℃, 10 000 r/min, 5 min) 
and then the precipitates were re-suspended with sterile normal 
saline containing 30% glycerol to prepare bacterial solution for 
transplantation. Receptor mice were also divided into 3 groups: DSS 
+ FMT-control group, DSS + FMT-DSS group, and DSS + FMT-
ACP group. The gut microbiota was first cleared by the antibiotic 
cocktail approach described above, and then received daily gavage 
administration of 200 µL of fresh bacterial solution for 14 days, 
with each group of mice receiving DSS to induce colitis on the latter  
7 days.

2.3 Disease activity index (DAI) score

During DSS induction, the severity of colitis was assessed using 
the DAI score based on clinical symptoms of weight loss, fecal 
consistency, and bloody feces (Table S1). The DAI scale ranges from 
0 to 4, with higher scores indicating more severe colitis. 

2.4 Histopathological examination

Paraformaldehyde-fixed colon tissues were paraffin embedded 
and then sectioned (3 mm). After being dewaxed and rehydrated, 
the sections were stained with hematoxylin and eosin (H&E). 

Histopathological changes including inflammatory cell infiltration, 
mucosal injury, and depth of injury were evaluated. Detailed 
histologic scoring rules for colitis are shown in Table S2.

2.5   Protein extraction and Western blotting

The expression of the protein related to Occludin (1:1 000; 
Proteintech, Wuhan, China), zonula occludens 1 (ZO-1) (1:1 000; 
Proteintech, Wuhan, China), and mucin-2 (Muc2) (1:500; ABclonal, 
Guangzhou, China) were evaluated using Western blotting. Briefly, 
colonic segments were homogenized with RIPA buffer (Fudebio, 
Hangzhou, China) to extract proteins and quantified by BCA Protein 
Assay Kit (Thermo, MA, USA) according to the manufacturer’s 
protocol. Protein samples were boiled for 15 min in protein loading 
buffer (Beyotime, Shanghai, China), electrophoresed on 10%‒15% 
sodium dodecyl sulfate-polyacrylamide gelelectrophoresis (SDS-
PAGE) and then transferred to PVDF membranes (Millipore Co., 
MA, USA). The PVDF membranes were blocked using 5% skimmed 
milk powder and then incubated with specific primary antibody 
at 4 °C overnight. The membranes were incubated with the HRP-
labeled goat anti-mouse/rabbit IgG (Abmart, Shanghai, China) for 1 h,  
and then detected in darkroom using ECL kit (Fudebio, Hangzhou, 
China). 

2.6  Immunofluorescence (IF) staining

IF staining was performed according to standard procedures. 
Colon tissue sections were dewaxed and hydrated, then high pressure 
boiled with Tris-EDTA (pH 9.0) or citrate buffer (pH 6.0) for antigen 
retrieval. After being blocked with 5% BSA for 1 h at 37 ℃, the 
sections were incubated overnight at 4 °C with the following primary 
antibodies: anti-Muc2 (1:200; Abcam, Cambridge, UK), anti-Occludin 
(1:200; CST, MA, USA), anti-ZO-1(1:1 000; Proteintech, Wuhan, 
China), anti-F4/80 (10 µg/mL; Thermo, MA, USA), and anti-CD206 
(20 µg/mL; R&D Systems, MN, USA). The next day the sections 
were incubated with the appropriate fluorescent-labeled secondary 
antibody for 1 h at room temperature in the dark before staining the 
nuclei with DAPI (Beyotime, Shanghai, China). Finally, the images 
were observed under a fluorescence microscope (Olympus, Tokyo, 
Japan) and the mean fluorescence intensity of images was analyzed 
using ImageJ software (National Institutes of Health, MD, USA). 

2.7 Alcian blue (AB) staining

Carnoy-fixed colon tissue fragments were stained using the AB 
Kit (Solarbio, Beijing, China) according to the protocol provided by 
the manufacturer. 

2.8 Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted using Trizol reagent (AG, Changsha, 
China), and then reverse transcription was performed using 
Reverse Transcriptase Kit (AG, Changsha, China) according to the 
manufacturer's protocol. RT-qPCR amplification was subsequently 
performed with SYBR Green Premix Ex Taq (Vazyme, Nanjing, 
China) using the Roche LC480 system. The mRNA expression was 
calculated using the 2-ΔΔCt method with β-actin as the reference gene. 
Gene primer sequences are provided in Table S3.
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2.9 Isolation of lamina propria mononuclear cells (LPMCs)

Colon tissue was dissected, cut longitudinally, rinsed in pre-
cooled PBS (Gibco, CA, USA) to remove feces, and then cut into 1 cm  
intestinal segments. Colon fragments were incubated in D-Hanks 
Balanced Salt Solution (HBSS, calcium and magnesium free, Solarbio, 
Beijing, China) with 30 mmol/L EDTANa2 (Solarbio, Beijing, China) 
and 2 mmol/L dithiothreitol (DTT) (Coolaber, Beijing, China) at  
37 °C for 30 min on a constant temperature shaker. After filtration, 
the remaining colon tissues were continued to be incubated in HBSS 
(containing calcium and magnesium) with 0.2 mg/mL collagenase-D 
(Roche, Basilea, Switzerland), 0.05 mg/mL DNase I (Sigma, 
MO, USA), and 2 U/mL Dispase II (Coolaber, Beijing, China) at  
37 ℃ for 30 min on a constant temperature shaker. The filtrate was 
collected through a 70 μm cell strainer, followed by density gradient 
centrifugation using 40%‒80% Percoll (Solarbio, Beijing, China). The 
intermediate white membrane layer, corresponding to the enriched 
LPMCs, was then collected.

2.10 Flow cytometry

LPMCs were firstly incubated with anti-mouse CD16/32 
(Biolegend, CA, USA) to block the Fc receptor, followed by 
incubation with APC labeled anti-F4/80, and Alexa Fluor® 700 
labeled anti-CD206 (Biolegend, CA, USA) for 30 min at 4 °C for 
staining. The stained LPMCs were then examined by FACSCalibur 
flow cytometry instrument and the data were analyzed using FlowJo 
software version 10 (FlowJo, OR, USA).

2.11 16S rRNA gene sequencing 

Fresh feces were collected from each group of mice to be used 
as 16S rRNA to detect the composition of the gut microbiota. Fecal 
genomic DNA was extracted with the E.Z.N.A.® Stool DNA Kit 
(Omega Bio-Tek, GA, USA) followed by PCR amplification using 
specific primers (341F and 806R) targeting the 16S rRNA V3-V4 
region. The PCR products were purified using the AxyPrep DNA 
Gel Extraction Kit (Axygen Biosciences, CA, USA) and then tested 
by 2% agarose electrophoresis. Illumina sequencing libraries were 
constructed according to the instructions of the TruSeqTM DNA 
Sample Prep Kit (Illumina, CA, USA). The analysis was performed 
on the Illumina NovaSeq PE250 platform of Majorbio Bio-Pharm 
Technology Co. Ltd. (Shanghai, China).

2.12 Statistical analysis

SPSS 21.0 software (Version 21.0, IBM, NY, USA) was used 
for statistical analysis and GraphPad Prism 7 software (GraphPad 
Software, CA, USA) for graphical processing. All data were presented 
as mean ± standard deviation (SD) or mean ± standard error (SEM). 
Significant differences between groups were tested using one-way 
ANOVA and LSD multiple comparison test. P < 0.05 was considered 
statistically significant. 

3.  Results 

3.1 Chemical structure of ACP

The primary structure of ACP was estimated in this study  
(Fig. 1). Comparing the peak retention time of the monosaccharide 
mixed standard with that of the ACP sample, ACP was mainly 
composed of glucose, galactose, and fucose, with a molar ratio 
of 11.4:1.9:1, and also contains a small amount of mannose and 
glucuronic acid (Figs. 1A and B). The Mw of polysaccharide is an 
important physicochemical parameter, which is closely related to the 
biological activity of polysaccharide[14]. Notably, polysaccharides 
with intestinal barrier protective effects have higher Mw, probably 
because high Mw polysaccharides can maintain the structural integrity 
of the intestinal barrier by forming something similar to the sticky 
gel[15-16]. Calculated with ASTRA6.1 software (Wyatt Technology, 
CA, USA), it was found that Mw of ACP was 2.7 × 106 Da, which 
is higher than that reported in previous studies, indicating that ACP 
might have the biological activity of protecting intestinal barrier. The 
characteristic chemical bond of ACP was further revealed by FT-IR 
spectroscopy. The spectrum showed a wide and strong O–H stretching 
vibration absorption peak at 3 432.51 cm-1, which is the characteristic 
absorption peak of polysaccharides. The absorption peak at  
2 923.95 cm-1 was assigned to C–H stretching vibration, and the 
absorption peak at 1 079.66 cm-1 was attributed to the C=O stretching 
vibrations of glucuronic acid (Fig. 1C). The molecular morphologies 
of ACP were observed using a scanning electronic microscope. As 
shown in Fig. 1D, ACP surface was rough and had porous structure. 
Rough surfaces and porous structure provide a larger surface area and 
more sites for interaction with other molecules[17], which may be the 
structural basis for ACP to exert its biological activity. 

Fig. 1 Chemical structure of ACP. HPLC profiles of monosaccharide composition analysis of (A) mixed standards, (B) ACP.  (C) Fourier transform infrared 
spectroscopy (FT-IR) analysis of ACP. (D) The scanning electron microscopy images (2 000×) of ACP. 
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Fig. 1 (Continued)

3.2 ACP alleviated the symptoms of DSS-induced colitis  
in mice

The symptoms of DSS-induced colitis were evaluated by 3 
parameters including body weight changes, DAI score and colon 
length. Compared with the control group, the DSS group showed 
significant decrease of body weight, increase of DAI score, and 
dramatic shortening of the colon, while high-ACP and low-ACP 
supplementation significantly reversed the tendency (Figs. 2B-E). 
Representative H&E staining histological sections and histopathology 
scores were shown in Fig. 2F. The colon tissues of the control group 
displayed a normal morphological structure with intact mucous 
membranes, and no inflammatory infiltration. In contrast, the colon 

tissues from the DSS group showed severe acute colitis, manifested 
by the destruction of the mucosal layer, disappearance of the crypt, 
marked edema of the submucosal and muscular, and extensive 
infiltration of inflammatory cells. Both the DSS + high-ACP and DSS 
+ low-ACP groups alleviated these pathological damages and restored 
the integrity of the intestine. Additionally, there was a significant 
increase in histological scores following DSS treatment compared 
to those of the control group (Fig. 2G), while these changes were 
dramatically reversed by the supplementations of high-ACP and low-
ACP. Collectively, these results revealed that ACP could effectively 

improve the symptoms of DSS-induced colitis in mice, and that high 
dose ACP is more effective than low dose ACP.

Fig. 2 ACP alleviated the symptoms of DSS-induced colitis in mice. (A) Diagram of the DSS-induced colitis mice model and ACP treatment protocol. (B) Body 
weight changes. (C) Photograph of the representative colons. (D) Length of colon. (E) DAI score. (F) Representative H&E staining images. Scale bar = 100 μm or 

50 μm (downmost). (G) Histopathology score. The data were presented as the means ± SEM (n= 6). *P < 0.05; **P < 0.01; ***P < 0.001. 
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3.3 ACP repaired intestinal mechanical barrier and mucus 
barrier in DSS-induced colitis

ZO-1 and Occludin are tight junction (TJ) proteins responsible for 
maintaining the mechanical barrier and permeability of the mucosal 
epithelium, and Muc2 is a high Mw glycoprotein secreted by goblet 
cells that plays an essential role in maintaining the mucus barrier of 
the mucosal epithelium. As shown in Fig. 3A, the protein expression 
levels of ZO-1, Occludin and Muc2 were significantly decreased 
in DSS group compared with the control group, whereas ACP 
intervention significantly up-regulated ZO-1, Occludin and Muc2 
expression in DSS + low-ACP group and DSS + high-ACP group 
(P < 0.05, Fig. 3A). Consistent with the Western blotting results, the 
IF results likewise indicated that the protein levels of Muc2, ZO-1 
and Occludin were significantly increased after ACP intervention  
(P < 0.05, Figs. 3C and D). Similarly, the same results were found 
at the transcriptional level by RT-qPCR assay (Fig. 3B). In addition, 
with the AB results in Fig. 3E, we again revealed the repairing effect 
of ACP on the intestinal mucus barrier in DSS colitis. The above 
results demonstrated that ACP can alleviate DSS-induced dysfunction 
of intestinal mechanical barrier and mucus barrier.

3.4 ACP promoted M2 macrophage polarization and 
suppressed intestinal inflammation in colitis mice

The lamina propria of the colon serves as the primary effector 
site of the mucosal immune response, and macrophages are the most 

abundant immune cells residing in the lamina propria. Macrophages 
are highly plastic, which can be activated by changes in the 
surrounding local microenvironment, cytokines and metabolites, and 
differentiate into different subtypes and obtain different functional 
phenotypes[18]. Decreased M2 macrophages in the lamina propria of 
the colon have been found in IBD patients, and M2 macrophages 
have been shown to relieve intestinal inflammation and promote 
tissue repair[19]. Therefore, we examined the proportion of M2 
macrophages in the colon lamina propria cells of mice in each group.  
Flow cytometry results showed a significant decrease in the proportion 
of M2 macrophages in the DSS group compared to the control 
group, whereas M2 macrophages in the lamina propria increased 
significantly after ACP administration (Figs. 4A and B). Meanwhile, 
IF of mouse colon tissues was validated and it was also found that 
ACP increased the proportion of M2 macrophages, that is, promoted 
the M2 macrophages polarization (Fig. 4C). Additionally, the mRNA 
levels of M2 macrophage markers (Arg1 and CD206) in the DSS 
+ high-ACP and the DSS + low-ACP groups were significantly 
increased compared to the DSS group (Fig. 4D). Moreover, ACP 
could reduce the elevated expression of IL-1β, IL-6, and TNF-α 
and up-regulate the reduced expression of IL-10 in DSS-induced  
colitis mice at the mRNA level (Fig. 4E). These above data indicated 
that ACP could promote M2 macrophages polarization and relieve 
intestinal inflammation, and thus restore the intestinal immune barrier 
homeostasis in colitis. 

Fig. 3 ACP repaired intestinal barrier function in DSS-induced colitis. (A) Expression of barrier-associated proteins (ZO-1, Muc2, Occludin) were measured 
by Western blotting. (B) The relative mRNA level of ZO-1, Occludin and Muc2 was detected by RT-qPCR. (C) Representative images of IF staining of ZO-1, 

Occludin and Muc2. Scale bar = 50 μm. (D) Mean fluorescence intensity of ZO-1, Occludin and Muc2. (E) AB staining of each group. Scale bar = 50 μm. All data 
were presented as the means ± SEM (n = 6). ***P < 0.001. 
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Fig. 4 ACP promoted M2 macrophage polarization and suppressed intestinal inflammation in colitis mice. (A) LPMCs were isolated, stained for F4/80 
(macrophage markers) and CD206 (M2 macrophage markers), and determined by flow cytometry. (B) The ratio of M2 macrophage was detected by flow 

cytometry. (C) Representative IF staining of F4/80 (green) and CD206 (red). Nuclear counterstaining was provided with DAPI (blue). Scale bar = 50 μm or 20 μm 
(downmost). (D) The relative mRNA level of M2 macrophage markers (Arg1 and CD206). (E) The relative mRNA level of IL-1β, IL-6, TNF-α and IL-10. All data 

were presented as the means ± SEM (n = 6). **P < 0.01; ***P < 0.001.

Fig. 3 (Continued)
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3.5 ACP attenuated DSS-induced gut microbiota dysbiosis

Gut microbiota plays an important role in maintaining intestinal 
biological barrier homeostasis, and intestinal dysbiosis is a key 
pathogenetic factor of IBD[20]. To evaluate the effect of ACP on the 
gut microbiota in colitis mice, 16S rRNA amplicon sequencing was 
performed. As shown in Figs. 5A and B, a decrease in the gut bacterial 
alpha diversity, measured with Shannon index and Sobs index, 
was observed in the DSS group. In contrast, the ACP intervention 
significantly limited the loss of α-diversity in the DSS + high-ACP 
and DSS + low-ACP groups, indicating a protective effect of ACP 
on gut microbiota. β-Diversity analysis with principal component 

analysis (PCoA) and NMDS analysis (Figs. 5C and D) showed that 
the gut microbiota composition in the DSS group was significantly 
different from that of the control group. And ACP intervention 
reversed the DSS-induced changes in gut microbiota, suggesting 
that ACP can significantly affect the gut microbiota structure in 
colitis mice. Compositionally, the dominant phyla were Firmicutes, 
Bacteroidota, Verrucomicrobia, Desulfobacterota, and Proteobacteria 
for all the 4 groups (Fig. 5E). The Firmicutes/Bacteroidetes  

(F/B) ratio was found to be decreased in the DSS group compared with 
the control group, while the ACP treatment group could effectively 
reverse this change (Fig. 5F). 

Fig. 5 ACP attenuated DSS-induced gut microbiota dysbiosis. (A) Shannon index of OTU level. (B) Sobs index of OTU level. (C) The principal coordinate 
analysis (PCoA) on OTU level. (D) NMDS analysis on OTU level. (E) The percent of community abundance on phylum level. (F) F/B ratio. (G) Comparison of 

different microbiota between the control group and DSS group on genus level. (H) Comparison of different microbiota between the DSS group and DSS + high-ACP  
group on genus level. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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The above results indicated that the effect of ACP on improving 
intestinal barrier and reducing intestinal inflammation was in a dose-
dependent manner. The differences in the gut microbiota among the 
control, DSS, and DSS + high-ACP groups were further accessed at 
the genus level using the Wilcoxon rank sum test (Figs. 5G and H). 
Compared with the control group, the relative abundance of  
Akkermansia, Bacteroides, Dubosiella and Escherichia-Shigella induced 
by DSS treatment increased significantly, while the relative abundance 
of Ligilactobacillus, Lactobacillus, Roseburia, Anaerotruncus, ASF356 
and Enterorhabdus decreased significantly. However, high-ACP 
treatment significantly increased the relative abundance of Anaerostipes, 
Romboutsia, Butyricoccus, ASF356, Phascolarctobacterium, and 
unclassified_f_Prevotellaceae, which suggested that ACP could reverse 
the microflora disturbance of DSS colitis.

3.6 Effect of ACP on alleviating colitis depended on the gut 
microbiota

To determine the significance of gut microbiota in the protective 
effect of ACP against colitis, we cleared the gut microbiota of mice 
before DSS administration. Mice were given antibiotics (ABX) 
cocktail for 14 days to clear the gut microbiota and then modeled 
with drinking water containing 2.5% DSS (Fig. 6A). There were no 
statistically significant differences between the DAI scores, body 
weight changes, colon length, and pathological histology exhibited in 
the ABX + DSS group and the ABX + DSS + ACP group (Figs. 6B-E). 
Moreover, the function of ACP to repair the intestinal mechanical 
and mucus barriers was decreased after removing the gut microbiota  
(Figs. 6F-G). These results suggested that the protective effect of ACP 
against DSS-induced colitis relied on gut microbiota.

Fig. 5 (Continued)

Fig. 6 Effect of ACP on alleviating colitis depended on the gut microbiota. (A) Diagram of the antibiotic cocktail protocol. (B) Body weight changes.  
(C) DAI score. (D) Colon length. (E) Representative H&E staining images. Scale bar = 100 μm or 50 μm (downmost). (F) Representative images of IF staining of 
ZO-1, Occludin and Muc2. Scale bar = 50 μm. (G) AB staining of each group. Scale bar = 50 μm. All data were presented as the means ± SEM (n = 6). ***P < 0.001; 

ns, not significant.
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3.7 Fecal microbiota of ACP-treated mice restored intestinal 
damage in DSS-induced colitis

To further determine the role of gut microbiota in the treatment 
of colitis with ACP, we transplanted fecal suspensions from donor 
mice into the corresponding recipient mice (Fig. 7A). As shown  
in Fig. 7C, the DAI scores in the DSS + FMT-ACP group were 
significantly decreased compared with those in the DSS + FMT-DSS  
group. Likewise, DSS +  FMT-ACP treatment significantly 
improved weight loss and colon shortening in mice with DSS injury  
(Figs. 7B and D). Histopathologic results showed that colonic 

epithelial cell destruction, inflammatory cell infiltration, and crypt 
disappearance were significantly improved in the DSS + FMT-ACP 
group compared with the DSS + FMT-DSS group (Fig. 7E). The 
intestinal barrier damage was further investigated in colitis mice with 
FMT. Compared with the DSS + FMT-DSS group, the expression 
of ZO-1, Occludin and Muc2 in DSS + FMT-ACP group was 
significantly increased (Fig. 7F). Similarly, the AB results suggested 
that the DSS + FMT-ACP group could promote colonic mucin 
secretion and repair the mucus barrier (Fig. 7G). The above results 
demonstrated that the protective effect of ACP against DSS colitis 
was dependent on gut microbiota.

Fig. 7 Fecal microbiota of ACP-treated mice restored intestinal damage in DSS-induced colitis. (A) Diagram of the FMT protocol. (B) Body weight changes.  
(C) DAI score. (D) Length of colon.  (E) Representative H&E staining images. Scale bar = 100 μm or 50 μm (downmost). (F) Representative images of IF staining 

of ZO-1, Occludin and Muc2. Scale bar = 50 μm. (G) AB staining of each group. Scale bar = 50 μm. All data were presented as the means ± SEM (n = 6).  
**P < 0.01; ***P < 0.001.
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3.8 Regulation of M2 macrophage polarization by ACP 
depended on the gut microbiota

According to previous results, ACP administration not only 
modulated the gut microbiota, but also modulated intestinal M2 
macrophage polarization. Here we further explored the role of the gut 
microbiota on macrophage polarization during intestinal inflammation. 
Flow cytometry results showed that after elimination of gut microbiota, 
ACP lost its effect on regulating intestinal M2 macrophage 
polarization in DSS colitis mice (Figs. 8A and B). After FMT, the 
proportion of M2 macrophages in the colon was significantly restored 
in the DSS + FMT-ACP group (Figs. 8C and D). These results were 
likewise confirmed by IF staining of the colon tissue (Figs. 8E and F). 
Taken together, these data suggested that the modulatory effect of 
ACP on M2 macrophage polarization during intestinal inflammation 
was exerted through the gut microbiota. 

4.  Discussion

Dietary component interventions have been reported to 
have great potential in alleviating IBD by modulating intestinal 

mucosal immunity and regulating gut microbiota[7,21], especially the 
polysaccharide[9,22]. ACP has been demonstrated to possess a wide 
range of biological activities such as antioxidant, anti-aging, anti-
obesity and anticancer, with no adverse effects after consumption[23-25]. 
However, the role of ACP in DSS colitis has not been studied. In this 
study, the mice showed significant weight loss, severe hematochezia 
and diarrhea in colitis, while ACP treatment increased body weight, 
colon length, and decreased DAI score, as well as alleviated 
colon pathological damage, restored crypt structure, and reduced 
inflammatory cell infiltration. The alleviative effect of ACP on DSS-
induced colitis was demonstrated, suggesting that ACP may be an 
effectively functional food supplement to mitigate IBD.

Intestinal mucosal barrier dysfunction is the main pathogenesis 
of IBD[26-27]. TJ is an important structural basis for maintaining 
the mechanical barrier between intestinal mucosal epithelial 
cells. Intestinal epithelial cells are tightly coupled via TJ proteins 
(e.g., ZO-1 and Occludin), which further prevents the invasion of 
pathogens, and thus maintains the structural and functional integrity 
of the intestinal barrier[28]. The mucus layer on the intestinal surface 
consists mainly of mucins (Muc2) secreted by intestinal goblet cells, 
forming a protective layer that protects the intestinal epithelium from 
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Fig. 8 Regulation of macrophages by ACP depended on the gut microbiota. Flow cytometry analysis of M2 macrophage marker CD206 expression 
 and bar graphs show the relative mean ratio of CD206+ cells in F4/80+ population after (A, B) ABX and (C, D) FMT. Representative IF staining of F4/80  
(green) and CD206 (red) after (E) ABX and (F) FMT. Scale bar = 50 μm or 20 μm (downmost). All data were presented as the means ± SEM. **P < 0.01;  

***P < 0.001; ns, not significant.
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physical, chemical and microbial damage[29]. Thus, mucins and TJ 
proteins synergistically promote intestinal epithelial homeostasis. 
The loss of barrier integrity increases bacterial antigen translocation 
and stimulates intestinal mucosal inflammation, which is a core 
pathological feature of IBD[30]. Therefore, maintaining the integrity 
of the intestinal barrier is also an important goal of IBD treatment.  
In our study, we found that the expression of TJ proteins and Muc2 
were significantly reduced in DSS colitis mice, suggesting that the 
intestinal mucosal barrier was impaired. After ACP treatment, the 
expression of ZO-1, Occludin, and Muc2 proteins significantly up-
regulated, indicating that ACP repaired the mechanical and mucus 
barriers in DSS colitis mice and maintained the integrity of the 
intestinal mucosal barrier. The restoration and maintenance of 
intestinal mucosal barrier helps to improve the defense function of 
intestinal mucosa, thus promoting the remission of colitis.

As the key gatekeepers of intestinal innate immunity,  
macrophages play an essential role in maintaining intestinal 
immune homeostasis as they monitor the intestinal environment and 
phagocytose potentially harmful antigens[31]. It has been reported 
that macrophages can polarize from M0 to multiple phenotypes, 
with M1 and M2 phenotype playing key roles in IBD development 
and mucosal repair, respectively[32-33]. This suggests that the state 
of macrophage polarization may be a key factor in determining 
the resolution or progression of inflammation[19]. M2 macrophages 
are an anti-inflammatory phenotype involved in tissue repair and 
maintenance of intestinal homeostasis. As well, a large number of 
current studies suggested that transforming macrophages into anti-
inflammatory M2 phenotypes is a promising therapeutic strategy 
for IBD[34-35]. In the present study, ACP significantly increased the 
proportion of M2 macrophages, indicating that ACP could promote 
M2 macrophage polarization in colitis mice. It may be the key factor 
for ACP to relieve intestinal inflammation by regulating intestinal 
immune barrier.

Dysbiosis of the gut microbiota is recognized as a trigger for 
IBD-initiating events[4,20]. The researchers observed changes in the 
composition of the gut microbiota in the IBD patient population, 
mainly manifested by decreased levels of beneficial bacteria and 
increased relative abundance of harmful bacteria[36-37]. The imbalance 
of microbial homeostasis leads to the colonization and invasion of 
opportunistic pathogens in the gut, which increases the risk of host 
immune responses and damages the intestinal biological barrier, 
thereby promoting the development of IBD. Here, we investigated 
the effects of ACP on the gut microbiota of DSS-induced colitis mice. 
The results showed that the diversity and richness of gut microbiota 
in mice with colitis were increased after ACP supplementation, and 
the β-diversity analysis also suggested that ACP could significantly 
affect the structure of intestinal microflora in colitis mice. Firmicutes 
and Bacteroidetes are the 2 most important bacterial phyla in 
the gastrointestinal tract, and the F/B ratio is widely regarded as 
a biomarker of gut dysbiosis[38]. Decreased F/B ratio have been 
found in patients with IBD[39], which may be associated with an 
immune-inflammatory response induced by decreased production 
of short-chain fatty acids (SCFAs), protein metabolite histamine, 
and lipopolysaccharide accumulation. It was found that the F/B  
ratio was decreased in the DSS group compared to the control 

group, while the ACP-treated group could effectively restore the 
decrease of the F/B ratio, which is important for maintaining the 
host intestinal homeostasis. It has been reported that intestinal 
commensal Anaerostipes can convert inositol into propionate and 
acetate, which demonstrates the potential benefits of Anaerostipes 
in maintaining intestinal homeostasis and promoting host health[40]. 
Romboutsia[41], Butyricicoccus[42], and Phascolarctobacterium[43] have 
also been proved to be SCFAs-producing bacteria, which decompose 
carbohydrates into SCFAs, thereby providing an energy source 
for intestinal epithelial cells, regulating intestinal microecological 
environment, and reducing intestinal inflammation. Therefore, it 
can be concluded that ACP increased the abundance of SCFAs-
producing bacteria (Anaerostipes, Romboutsia, Butyricicoccus 
and Phascolarctobacterium) and maintained a dynamic balance 
of favorable intestinal microbiota, thus suppressing intestinal 
inflammation. To further elucidate the modulatory effects of ACP on 
the intestinal microbiota of DSS-induced colitis, we conducted ABX 
and FMT experiments. The results showed that after clearing the 
intestinal flora, ACP lost its protective effect against DSS colitis mice, 
and this protective effect could be transferred by FMT. The above 
results further suggested that the protective effect of ACP against DSS 
colitis was dependent on the intestinal microbiota.

Notably, the relationships among gut microbiota, immune 
response, and intestinal mucosal barrier in IBD have been 
increasingly reported[44-45]. The gut microbiota has been reported 
to modulate intestinal immunity, with the commensal microbiome 
regulating the maturation of the mucosal immune system, while the 
pathogenic microbiome contributes to immune dysfunction and lead 
to disease progression[6,44]. The changes in the gut microbiota affect 
the polarization state of macrophages, thus disrupting the balance of 
intestinal immunity. In our research, it was demonstrated that ACP 
increased the abundance of SCFAs-producing bacteria. Previous 
studies have reported that metabolites produced by gut microbes, 
particularly SCFAs, can promote M2 macrophage polarization[46-47]. 
SCFAs not only provide energy to the intestinal epithelial cells, 
but also induce the production of anti-inflammatory cytokines 
by binding to G-protein-coupled receptors (e.g., GPR43) on the 
surface of macrophages[48]. In addition, SCFAs can also enhance 
the M2 macrophage phenotype by inhibiting histone deacetylases 
(HDACs)[49]. Based on these findings, we hypothesized that ACP 
promotes macrophage polarization by enhancing the presence of 
SCFA-producing bacteria. To verify whether the regulation of 
macrophages by ACP was dependent on gut microbiota, we further 
examined macrophage changes after ABX and FMT. It was found 
that after ABX, ACP lost its regulatory effect on M2 macrophage 
polarization, whereas it was able to restore its regulatory effect on 
macrophages after FMT. In essence, ACP exhibits the potential to 
modulate the composition of the gut microbiota, fostering the growth 
of beneficial bacteria, which in turn promotes the polarization of 
colonic M2 macrophages and facilitates the repair of the intestinal 
mucosal barrier in DSS-induced colitis (Fig. 9). This study also has 
its limitations. Firstly, the precise chemical structure of ACP requires 
further elucidation. Secondly, the specific mechanisms by which 
ACP influences macrophage polarization through the gut microbiota 
warrant further investigation. 
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5.  Conclusion

Our study demonstrated that ACP treatment can effectively 
attenuate gut microbiota dysbiosis and intestinal mucosal barrier 
damage in DSS-induced colitis mice. Further analysis showed that 
ACP may regulate the structure and composition of the intestinal 
microbiota and promote the growth of beneficial bacteria such as 
SCFAs-producing bacteria, which in turn promote the intestinal M2 
macrophage polarization, further repair the intestinal mucosal barrier 
in DSS-induced colitis. These findings suggested that ACP can be 
used as a functional food ingredient for maintaining intestinal immune 
homeostasis, regulating intestinal microbiota and repairing the 
intestinal mucosal barrier, and are promising for application in dietary 
interventions for IBD treatment.
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