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KEY WORDS Abstract The intestinal mucus barrier is an important line of defense against gut pathogens. Damage to
this barrier brings bacteria into close contact with the epithelium, leading to intestinal inflammation.
Therefore, its restoration is a promising strategy for alleviating intestinal inflammation. This study showed
that Abelmoschus manihot polysaccharide (AMP) fortifies the intestinal mucus barrier by increasing mucus
production, which plays a crucial role in the AMP-mediated amelioration of colitis. IL-10-deficient mouse
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Interleukin 10; models demonstrated that the effect of AMP on mucus production is dependent on IL-10. Moreover,
Gut microbiota; bacterial depletion and replenishment confirmed that the effects of AMP on IL-10 secretion and mucus
A. muciniphila; production were mediated by Akkermansia muciniphila. These findings suggest that plant polysaccharides
Mucin 2 fortify the intestinal mucus barrier by maintaining homeostasis in the gut microbiota. This demonstrates that

targeting mucus barrier is a promising strategy for treating intestinal inflammation.
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1. Introduction

The surface of intestinal epithelial cells is covered by a layer of
mucus that maintains intestinal homeostasis and protects the in-
testinal mucosa from potential pathogens'. The intestinal mucus
layer provides an environment for symbiosis between gut
microbes and the host. Gut microbes and the mucus barrier are in
dynamic equilibrium in healthy people. In contrast, patients with
intestinal inflammation have a thinner intestinal mucus layer™,
making it easier for gut microbes to penetrate. Thereafter, gut
microbes and their inflammatory products contact the intestinal
epithelial cells, consequently triggering the release of proin-
flammatory cytokines and exacerbating intestinal inflammation®.

Mucin 2 (MUC2) is a highly glycosylated protein secreted by
goblet cells and is a major component of the intestinal mucus
layer’. Muc2 deficiency leads to intestinal mucus barrier damage,
subsequently inducing spontaneous colitis’. In contrast, excess
mucus secretion prevents chemical- and microbial-driven intesti-
nal inflammation’. This indicates that maintaining intestinal
mucus barrier function is a promising strategy for alleviating in-
testinal inflammation.

Akkermansia muciniphila is an important symbiotic bacterium
that is localized to the intestinal mucus layer®. It not only grows by
degrading MUC?2 but also stimulates the secretion of this protein
and maintains mucus production’. A decrease in A. muciniphila
may be a hallmark of intestinal inflammation associated with gut
microbiota dysbiosis, mucus barrier dysfunction, and immune
system overreaction'''. Moreover, supplementation with this
bacterium effectively alleviates intestinal inflammation'?.

Chinese medicine comprises natural products of various structural
types, such as alkaloids, polysaccharides, flavonoids, and saponins,
which have curative effects and low oral bioavailability. The gut
microbiota has been used to elucidate the unique mechanisms un-
derlying the curative effects of Chinese medicines'® such as
BaWeiBaiDuSan'®, Astragali radix", Panax ginseng poly-
saccharide'®, Morinda officinalis oligosaccharide'’, Astragalus
polysaccharide 1819 Rabdosia serra®, berberine®'~>*, and flavones®*.

Abelmoschus manihot, a plant widely distributed throughout
eastern Europe and Asia, has high nutritional value for human.
However, only a few pharmacological studies have been published
on Abelmoschus manihot polysaccharide (AMP). Of these, most
have focused on its immunomodulatory and anti-tumor activ-
ities”°. Thus, the effects of AMP on mucus secretion and the gut
microbiota remain unknown. In the present study, AMP alleviated
intestinal inflammation by fortifying the intestinal mucus barrier
and maintains homeostasis in intestinal A. muciniphila. Our
findings suggest that herbal polysaccharides can improve the in-
testinal mucus barrier by maintaining gut microbiota homeostasis.
Therefore, targeting the intestinal mucus barrier may be an
effective strategy for alleviating intestinal inflammation.

2. Materials and methods

2.1.  Drug preparation and administration

Abelmoschus manihot (Linn.) Medicus was provided by Anhui
Wansheng Chinese Herbal Pieces Co., Ltd. (Anhui, China). The
dried herb was extracted twice with 80% ethanol for 2 h. The
residue was extracted twice with water at 100 °C for 2 h. The
extracted solutions were concentrated and precipitated by 80%
ethanol for 12 h. The precipitate was freeze-dried to obtain AMP.

2.2.  AMP molecular weight and monosaccharide composition

AMP was analyzed by high-performance gel permeation chro-
matography (HPGPC) [PAD; Dionex ICS 5000+ system, TSK-gel
G-5000 and 3000 PW, 8.0 mm x 300 mm] and showed two major
peaks with molecular weight of 96.4 and 4.6 kDa (Supporting
Information Fig. S1A).

The monosaccharide composition was analyzed by Thermo ICS
5000+ ion chromatography system [Dionex™ CarboPac™ PA20,
150 mm x 3.0 mm] using high-performance anion-exchange chro-
matography (HPAEC). The monosaccharide composition of AMP
included 26.31% rhamnose, 29.03% galactose, 5.41% arabinose,
3.4% glucose, 0.73% xylose, 30.8% galacturonic acid, and 4.32%
glucuronic acid (Fig. S1B and S1C).

2.3. Animals

Female wild-type C57BL/6J mice of 6—8 weeks old were pur-
chased from Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China), and knockout mice (/// 0", Muc2™") were
purchased from GemPharmatech Co., Ltd. (Nanjing, China). All
mice were raised in specific-pathogen-free facility. Animal
experiments were approved by the Institutional Animal Care and
Use Committee of Nanjing University of Chinese Medicine.
Mice were provided with ad libitum chow and drinking water
and maintained on a 12-h light/dark cycle at 24 + 2 °C and
40%—60% relative humidity. All animal experiments were
performed in strict accordance with the regulations of the
Animal Ethics Committee of Nanjing University of Chinese
Medicine.

2.4.  Animal models

DSS-induced acute colitis”’: For wild-type and 7[/0~"~ mice, colitis
was induced by administering 2.5% DSS (molecular mass
36,000—50,000 Da; MP Biomedicals, USA) dissolved in drinking
water for seven or eight days. In the antibiotic treatment
experiment, the susceptibility of mice to DSS was reduced due to
the deletion of gut microbiota. Therefore, 3% DSS was used to
induce colitis in mice. Mice were sacrificed ten days after DSS
cessation.

DSS-induced chronic colitis®’: Mice were subjected to three
cycles of 2.5% DSS in the drinking water for seven days, followed
by ten days of recovery. Mice were sacrificed ten days after the
last DSS treatment.

Muc2 " induced chronic colitis’: Muc2™~ mice were raised to
two months old to develop chronic colitis.

Disease activity index (DAI) was performed by combining the
parameters of weight loss, stool consistency, and rectal bleeding as
described. DAI scores were composed of the mean of the total
score of the three parameters. DAI scores are shown in Supporting
Information Table STA.

The mice in the control and model groups were administered
purified water by oral gavage (0.1 mL per 10 g body weight), and
the mice in the AMP-treated group were given AMP (100, 200,
and 400 mg/kg).

2.5.  Histology

The distal and proximal colon section was collected and fixed in
4% paraformaldehyde, routinely embedded in paraffin, and sliced.
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Sections were stained with hematoxylin and eosin (H&E).
Histological pathology scores are shown in Table S1B.

The fecal pellets that were wrapped with middle colon tissue, as
well as a segment of the proximal and distal colon, were also fixed
with Carnoy’s solution. For histological staining of mucus and goblet
cells, colon tissue sections or mouse fecal sections were immersed in
Alcian blue (AB) and Alcian blue/Periodic acid-Schiff (AB/PAS).

Mucus thickness and goblet cells were measured and counted.
Five spots per slice were randomly selected for measurement on
AB-stained sections. For AB/PAS-stained sections, average goblet
cells in 20 crypts were counted per section.

2.6.  Fluorescence in situ hybridization (FISH) of 16S rRNA and
mucin staining

The paraffin sections were de-paraffined and hydrated by reducing
the ethanol concentration. The CY3-conjugated-eubacterial 16S
rRNA probe hybridization mixture was applied to the tissue.
Tissue sections were then incubated at 42 °C overnight. FISH
staining was followed by anti-MUC?2 antibody. After washing in
PBS, the tissue sections were stained with Coralite 488-
conjugated goat anti-rabbit IgG (H+L) diluted 1:1000, followed
by incubation with DAPI.

2.7.  Flow cytometry analysis

Mononuclear cells isolated from lamina propria (LP) were
stimulated with Cell Activation Cocktail (Biolegend, USA) for 4 h
to detect IL-10 secretion. Cells were stained with antibodies for
30 min at 4 °C to identify cell surface antibodies. Intracellular
staining was performed using Fixation/Permeabilization Solution
(Biolegend, USA), and the cells were fixed for 20 min and stained
for IL-10 antibody for 50 min at room temperature. All cells were
differentiated with Zombie Yellow™ Fixable Viability
Kit (Biolegend, USA). Samples were taken on Gallios flow
cytometer (BD Bioscience), and the data were analyzed using
Flowjo version 10.8.1. The following antibodies were used for
flow cytometry: FITC anti-CD19 (MB19-1, Biolegend), PE/
Cyanine7 anti-CD3 (17A2, Biolegend), Alexa Fluor 700 anti-
CD45 (S18009F, Biolegend), PE anti-IL-10 (JES5-16E3, BD
Biosciences).

2.8.  Bacteria culture

A. muciniphila (ATCC BAA-835) was obtained from Guangdong
Microbial Culture Center (GDMCC, Guangdong, China) and
cultured according to GDMCC culturing guidelines. A. mucini-
phila was cultured in Brain Heart Infusion (BHI, Solarbio, China)
medium, supplemented with 0.2% (w/v) of mucin (Yuanye, China)
plates and incubated at 37 °C in an anaerobic workstation
(DG250, Don Whitley Scientific, UK), that was filled with mixed
nitrogen (10% H,, 10% CO,, 80% N,).

For in vivo analysis, A. muciniphila was cultured overnight,
after which the bacteria were centrifuged (7500xg, 15 min),
resuspended in PBS (1 x 10° CFU/mL), and used as transplant
material.

2.9. 168 rRNA gene expression analysis

Fresh feces were collected before mice were executed, snap-
frozen, and shipped to Majorbio Bio-Pharm Technology Co., Ltd.

(Shanghai, China) for library preparation, sequencing, and
analysis. An Illumina platform was used for DNA pyrosequencing
of the V3—V4 hypervariable region of the 16S rRNA gene.
Through clustering of operational taxonomic units, species
annotation, and abundance analysis, sequencing revealed the
species composition of the samples.

2.10.  Statistical analysis

All data are expressed as means + standard error of mean (SEM).
Unpaired Student’s t-test, one-way ANOVA, and two-way
ANOVA were performed using GraphPad Prism version 8.0 (San
Diego, CA, USA). A value of P < 0.05 was considered
statistically significant.

3. Results

3.1.  AMP alleviated intestinal inflammation and restored the
intestinal mucus barrier in acute colitis mice

To elucidate the effect of AMP on colitis, C57BL/6] mice were
administered 2.5% dextran sodium sulfate (DSS) for eight days to
construct an acute colitis model. The mice were then orally
administered normal saline or different doses of AMP for ten days
(Fig. 1A). Mice in the model group suffered from weight loss,
diarrhea, and rectal bleeding compared to the control mice, whereas
mice in the 400 mg/kg AMP group had less diarrhea and faster weight
recovery (Fig. 1B and C; Supporting Information Fig. S2A). AMP
(400 mg/kg) also considerably ameliorated colon shortening and
splenomegaly in mice with colitis but did not substantially improve
the thymus (Fig. 1D; Fig. S2B—S2D). In mice with DSS-induced
colitis, the intestinal mucus barrier was impaired, as reflected by its
reduced thickness and decreased number of goblet cells in the
proximal colon. AMP promoted MUC2 secretion and increased
goblet cell number, consequently increasing the thickness of the
intestinal mucus layer in a dose-dependent manner (Fig. IE—J).
Next, we investigated the effects of AMP on intestinal
inflammation. Histological assessment of H&E-stained colon
sections showed that mice in the DSS group exhibited loss of
epithelial crypts, inflammatory cell infiltration, and epithelial
damage in the distal colon, whereas 400 mg/kg AMP significantly
improved intestinal inflammation (Fig. 1K and L). Moreover,
400 mg/kg AMP downregulated the transcription and expression
of the pro-inflammatory cytokines TNF-« and IL-6 (Supporting
Information Fig. S3). These results showed that AMP improved
intestinal inflammation, with 400 mg/kg showing the best effect.
Therefore, we selected 400 mg/kg AMP for the follow-up study.
To investigate whether AMP improves goblet cell function, we
evaluated the expression of genes related to endoplasmic
reticulum (ER) stress and the O-glycosylation of MUC2. AMP
markedly affected the expression of the ER stress-related genes
Perk, Atf4, and Xbpls (Fig. 2A). It substantially promoted the
expression of the core 3 O-glycan genes B3gnt6, the core 1 O-
glycan genes Clgaltl, and the sialic acid transferase gene St3gal3,
respectively (Fig. 2B). Although «-1,6-fucosyltransferase (FutS)
was not altered in the mouse model, AMP promoted the
expression of this gene (Fig. 2B). In addition, MUC5ac is an
alternative secreted mucin that is closely associated with colitis
progression, with aberrant expression observed during colitis
development®®. However, this model revealed no significant
differences in the expression of Muc5ac in colon tissue (Fig. 2C).
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AMP alleviated intestinal inflammation in acute colitis mouse models. (A) C57BL/6 J mice were exposed to 2.5% dextran sodium

sulfate (DSS) for eight days, followed by administering different doses of AMP or purified water (DSS, n = 10) until being euthanized. Control
mice were only administered purified water (Con, n = 10). (B) Daily body weight changes after 2.5% DSS administration (¥, DSS group
compared to Control group). (C) Disease activity index (DAI). (D) Colon lengths (n = 8—10). (E) Alcian blue-stained sections of tissues and
feces. Images were taken at 40 x magnification (Scale bar: 40 pm, n = 5). The arrow indicates the mucus layer. (F) Mucus thickness. (G)
Representative pictures showing colon tissues stained with PAS/AB. Images were taken at 20 x magnification (Scale bar: 100 um, n = 6). (H)
Numbers of goblet cells in each crypt. (I) Immunostaining for MUC2 (green) in distal colon sections (Scale bar: 100 um, n = 3). (J) Muc2
expression in colon (n = 4-5). (K) Histopathological analysis of distal colonic tissue from mice with acute colitis. Images were taken at
15 x magnification (Scale bar: 100 um, n = 6). The black and blue arrows indicate inflammatory infiltrates and crypt injury, respectively. (L)
Histological score. The data are expressed as mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001.

Damage to the intestinal mucus layer may lead to microbial
invasion into crypts. This reduces the distance between intestinal
epithelial cells and gut microbes. This process will trigger
intestinal infection and inflammation”’. Therefore, we investigated
the invasion of gut microbes by measuring the distance between
the microbes and the surface of intestinal epithelial cells using
confocal imaging of Carnoy-fixed colon specimens. DSS
markedly reduced the distance between gut microbes and
intestinal epithelial cells, and AMP prevented the invasion of gut
microbes (Fig. 2D and E). In conclusion, these findings suggest

that AMP fortifies the intestinal mucus barrier in mice with DSS-
induced colitis.

3.2.  AMP improved mucus barrier function in chronic colitis
mice

Repeated epithelial damage and wound repair induced by several
cycles of DSS administration may cause a non-self-limiting
chronic form of colitis. In this study, we investigated the effects
of AMP in a mouse model of DSS-induced chronic colitis.
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AMP improved mucus barrier function in mice with colitis. (A) The expression of Atf4, Xbpls, and Perk in colonic tissues was

measured using real-time gPCR (n = 6). (B) The expression of B3gnt6, Clgaltl, St3gal3, and Fut8 in colonic tissues was measured using real-
time qPCR (n = 6). (C) Muc5ac expression in the colon (n = 6). (D) Mucin layer and intestinal bacteria were stained using anti-MUC?2 antibody
and EUB338 probe. Images were taken at 60 x magnification (Scale bar: 50 pm, n = 3). The arrow indicates the mucus layer. (E) The distance
between luminal microbiota and epithelial surface. Data are expressed as mean £+ SEM, *P < 0.05, **P < 0.01, ***P < 0.001.

C57BL/6J mice were administered three cycles of 2.5% DSS
through their drinking water. The mice were treated with AMP
after every DSS cycle (Fig. 3A). Consistent with the acute colitis
model, AMP-treated mice showed reduced susceptibility to DSS-
induced chronic colitis, with significant effects on DAI, fecal
water content, and colon length compared with control mice
(Fig. 3B and C; Supporting Information Fig. S4A). Additionally,
AMP improved the histopathology of the distal colon and reduced
the transcription of Tnfa and 116 (Fig. 3D and E; Fig. S4B). These
results suggest that AMP ameliorates intestinal inflammation in
mice with colitis.

Next, we investigated whether AMP restores intestinal mucus
barrier damage in this model. Intestinal mucus secretion was
reduced in the model group, whereas AMP markedly restored the
thickness of the intestinal mucus (Fig. 3F and G). Consistent with
the acute colitis model, AMP prevented the entry of gut microbes
into the intestinal epithelial cells (Fig. 3H and I). In addition, we
did not observe any adverse effects of AMP on the mouse host
(Supporting Information Fig. S5). Our results suggest that AMP
restores intestinal mucus barrier function to alleviate acute and
chronic colitis.

3.3.  Enhanced mucus production played a crucial role in AMP-
mediated amelioration of colitis

MUC?2 is an essential component of the intestinal mucus layer,
and its deficiency leads to intestinal mucus barrier damage, sub-
sequently inducing spontaneous colitis®. As AMP restored MUC2
protein and mRNA transcription levels in mice with colitis, we
further investigated whether it improves intestinal inflammation
by restoring the intestinal mucus barrier. Therefore, Muc2™~
mice, which developed diarrhea and rectal bleeding at 6—8 weeks
old, were orally administered AMP for 30 days (Fig. 4A).
Muc2™’~ mice had lower body weight gain and a more
progressive increase in DAI, fecal water content, and colonic
atrophy than wild-type mice. Moreover, AMP did not
substantially affect this process (Fig. 4B and C; Supporting
Information Fig. S6A—S6C). Furthermore, Muc2™~ mice
exhibited intestinal goblet cell atrophy and thin mucus layers
(Fig. 4D and E; Fig. S6D and S6E), leading to inflammatory cell
infiltration and  pro-inflammatory  cytokine  secretion
(Fig. 4F—H). AMP did not increase the thickness of the intestinal
mucus layer and lost its effect on intestinal inflammation in the
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AMP alleviated intestinal inflammation in chronic colitis mice. (A) C57BL/6 J mice were exposed to three cycles of 2.5% DSS in

drinking water. These mice were orally administered with AMP (CH-AMP, n = 12) or purified water (CH-DSS, n = 12) after every cycle of DSS
administration until being euthanized. Control mice were only administered purified water (Control, n = 8). (B) DAL (C) Fecal water content
(n = 8—11). (D) Representative images of the H&E-stained colon sections. Images were captured at 15 x magnification (Scale bar: 100 pm,
n = 6). Black and blue arrows indicate inflammatory infiltrates and crypt injury, respectively. (E) Histological score. (F) Alcian blue-stained
sections of tissues and feces. Images were taken at 40 x magnification (Scale bar: 40 um, n = 6). The arrow indicates the mucus layer. (G)
Mucus thickness. (H) Mucin layer and intestinal bacteria following anti-MUC2 antibody and EUB338 probe staining. Images were taken at
60 x magnification (Scale bar: 50 um, n = 3). The arrow indicates the mucus layer. (I) Distance between luminal microbiota and the epithelial

surface. Data are expressed as mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

absence of Muc2 (Fig. 4D—H). These findings suggest that
enhanced mucus production plays a crucial role in the AMP-
mediated amelioration of colitis.

3.4. The effect of AMP on mucus production was dependent on
IL-10 but not on IL-22

IL-22 is a cytokine that triggers an immune response against gut
barrier damage. It improves the destruction of the colitis-
associated mucus layer by increasing mucin production®.
Therefore, we examined //22 transcription in mice with colitis.
AMP did not have a significant effect on //22 transcription in these
mice (Supporting Information Fig. S7A), indicating that it does
not promote mucus production via 1L-22.

IL-10 is another crucial anti-inflammatory cytokine that delays
the progression of colitis by inhibiting the release of

pro-inflammatory cytokines and maintaining the integrity of the
intestinal mucus barrier’'. In the present study, AMP promoted IL-
10 secretion in acute and chronic colitis models (Fig. S7B and S7C).

We used 1/10™"~ mice to evaluate the effect of AMP on mucus
production. We induced acute colitis by administering 2.5% DSS
to 1110~ mice for eight days (Fig. 5A). Weight loss, diarrhea,
rectal bleeding, and colonic swelling were observed in the 110"~
mice. However, AMP did not ameliorate these pathological
changes (Fig. 5B; Supporting Information Fig. SSA—S8D). AMP
lost its ameliorative effect on the intestinal mucus layer
(Fig. 5C-G). 1l 0~ mice exhibited more severe intestinal
inflammation and colonic histopathological damage than wild-
type controls. However, AMP did not substantially ameliorate
these symptoms (Fig. SSE—S8G). These findings further demon-
strate the role of IL-10 in mucus production and AMP-induced
amelioration of colitis.
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Figure 4

Enhanced mucus production played a crucial role in AMP-mediated amelioration of colitis. (A) Littermate Muc2 ’~ mice were

administered daily with AMP (AMP, n = 6) or purified water (Muc2~"~, n = 7) for 30 days. Wild-type mice were only administered purified
water (WT, n = 6). (B) Body weight changes. (C) DAL (D) Alcian blue-stained sections of tissues and feces. Images were taken at
40 x magnification (Scale bar: 40 pm, n = 5). The arrow indicates the mucus layer. (E) Mucus thickness. (F) Histopathological analysis of distal
colonic tissue from mice with acute colitis. Images were taken at 15 x magnification (Scale bar: 100 um, n = 5). Black and blue arrows indicate
inflammatory infiltrates and crypt injury, respectively. (G) Histological scores. (H) The levels of TNF-«, IL-6, IL-10, and IL-22 expression in the
colons of mice (n = 5—7). The data are expressed as means = SEM, *P < 0.05, ***P < 0.001.

To further explore the immune mechanisms mediated by AMP
during colitis-induced intestinal injury, we evaluated IL-10-
producing immune cells in the colonic lamina propria of DSS-
induced acute colitis mice using flow cytometry. IL-10-positive
cells were markedly reduced in the colonic lamina propria
(Fig. 5H and I). AMP considerably increased the proportion of IL-
10-positive T and B cells in the lamina propria (Fig. 5J and K).
This suggests that AMP promotes IL-10 secretion by T and B cells
in the lamina propria of the colon. These results suggest that AMP
improves intestinal inflammation and mucus barrier function in an
IL-10-dependent manner.

3.5.  AMP improved gut microbiota dysbiosis and increased A.
muciniphila abundance

Mounting evidence supports the crucial role of the gut microbiota
in mucus production and IL-10 secretion. The intestinal mucus
layer provides adhesion sites and nutritional support for the gut
microbiota. Thus, damage to the intestinal mucus barrier function
can lead to changes in the composition of the gut microbiota’.
Therefore, we examined alterations in the gut microbiota to
further explore whether the effect of AMP on intestinal mucus and
IL-10 is associated with the gut microbiota.
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CD19

v

The effect of AMP on mucus production was dependent on IL-10. (A) Littermate I/70~"~ mice were treated with 2.5% DSS for eight

days. The mice were administered daily with AMP (AMP, n = 8) or purified water (110", n = 8). Wild-type mice were only administered
purified water (WT, n = 8). (B) Colon lengths (n = 8). (C) Muc2 expression in the colon (n = 8). (D) Alcian blue-stained sections of tissues and
feces. Images were taken at 40 x magnification (Scale bar: 40 um, n = 6). The arrow indicates the mucus layer. (E) Mucus thickness. (F) The
mucin layer and intestinal bacteria following anti-MUC2 antibody and EUB338 probe staining. Images were taken at 60 x magnification (Scale
bar: 50 um, n = 3). The arrow indicates the mucus layer. (G) The distance between the luminal microbiota and epithelial surface. (H, I) IL-10
expression in CD45™ cells from the lamina propria of the colon (n = 6). (J, K) IL-10 expression in CD3™ T cells and CD19" B cells from the
lamina propria of the colon (n = 6). A representative scatter plot and quantitative data are shown. Data are expressed as mean + SEM, *P < 0.05,

**P < 0.01, #*P < 0.001.

We performed high-throughput sequencing of the 16S rRNA
from fecal bacterial DNA isolated from mice with acute colitis.
The a-diversity of the gut microbiota was markedly reduced after
DSS administration. Furthermore, the evenness and diversity of
mice in the AMP group were higher than those in the DSS group
(Fig. 6A and B). Profiling of the gut microbiota through principal
coordinate analysis on Unweighted UniFrac and Bray—Curtis
metrics showed significant clustering and separation between
groups, with significantly altered fecal microbiota between the
control and DSS groups, and AMP reversed this trend (Fig. 6C and
D). Relative abundance analysis revealed that bacteria in the

phylum Verrucomicrobia were enriched in the AMP group
(Fig. 6E). At the genus level, DSS reduced the abundance of
Akkermansia, Adlercreutzia, Ileibacterium, and Monoglobus and
increased that of Dubosiella, Rikenellaceae_RC9_gut_group,
Romboutsia, and Bradyrhizobium (Supporting Information
Fig. S9).

We applied a linear discriminant analysis effect size to identify
significant differences in bacterial community dominance in
AMP-treated mice. Various microbes, including the mucus-
utilizing bacterium A. muciniphila, were significantly enriched
in AMP-treated mice (Fig. 6F). This finding was confirmed using
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Figure 6 AMP improved gut microbiota dysbiosis and increased A. muciniphila abundance. Fecal samples were collected from DSS-induced
acute colitis model mice on day 10 of administration, fecal genomic DNA was isolated, and 16S rRNA genes in the V3—V4 region were
sequenced. (A, B) Alpha diversity of gut microbiota evenness (simpsoneven index) and diversity (invsimpson index) from different mouse groups.
Mann—Whitney test was used to determine statistical significance (n = 6). (C, D) Bray—Curtis and Unweighted UniFrac Principal coordinate
analysis plot of the beta-diversity of gut microbiota composition in different groups. (E) Taxonomic distributions of gut microbiota composition at
the phylum level. (F) Differences in microbial taxa at all taxonomic levels between AMP-treated and DSS-treated mice. The Mann—Whitney test
was used, with P < 0.01 and LDA score >2.00 considered statistically significant. (G) The relative abundance of A. muciniphila in feces from
mice with acute colitis was assessed using qPCR (n = 4—6). (H) The relative abundance of A. muciniphila in feces from mice with chronic colitis
was assessed using gPCR (n = 6—8). Data are expressed as mean £ SEM, *P < 0.05, **P < 0.01, ***P < 0.001.

gPCR (Fig. 6G). Similarly, A. muciniphila abundance was reduced Lachnospiraceae hydrolyze diet-derived polysaccharides and play
in mice with DSS-induced chronic colitis; AMP significantly a probiotic role in colitis’>, whereas the Enterobacteriaceae
restored its abundance (Fig. 6H). proliferate abnormally in patients with colitis and exacerbate
We explored the effects of AMP on bacteria belonging to the intestinal inflammation®’. However, AMP did not affect the
Lachnospiraceac and  Enterobacteriaceae  families. The abundance of these bacteria (Supporting Information Fig. S10).
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These findings show that this polysaccharide restores
homeostasis in the gut microbiota and specifically regulates A.
muciniphila abundance in mice with colitis.

3.6.  The effect of AMP on mucus production and IL-10 secretion
was dependent on A. muciniphila

We treated mice with a cocktail of broad-spectrum antibiotics to
directly evaluate the role of gut microbes in the effect of AMP on
mucus production and IL-10 secretion (Fig. 7A). Two-week anti-
biotic treatment effectively depleted gut microbes (Supporting
Information Fig. S11A—S11D). Colitis was induced using DSS,
and then the mice were orally administered normal saline or AMP
for ten days (Fig. 7A). Monitoring of water consumption revealed
that the groups received comparable amounts of DSS water,
suggesting that the therapeutic effect of antibiotics was not due to
differences in DSS intake (Fig. SI1A and S11B).

Antibiotics reduced the severity of DSS-induced colitis compared
to non-antibiotic-treated controls, as evidenced by improvements in
body weight, diarrhea, rectal bleeding, visceral index, mesenteric
lymph node weight, and colon length (Supporting Information
Fig. S12). Similarly, the production of pro-inflammatory cytokines
was reduced in antibiotic-treated mice (Fig. 7B). Owing to the
therapeutic effect of antibiotics in mice with colitis, the
administration of AMP after antibiotic treatment did not improve
inflammation-related parameters. Therefore, we cannot confirm
whether AMP ameliorates inflammation-related indicators in mice
with colitis after the clearance of the gut microbiota.

Although antibiotics protect mice with colitis from
inflammation, antibiotic treatment did not repair intestinal mucus
barrier damage in this study. Muc2 transcription (Fig. 7B) and
mucus thickness were reduced, and proximal colonic goblet cells
were damaged in the model group. However, antibiotics did not
have a therapeutic effect (Fig. 7C—F). Furthermore, 1110
transcription was reduced after antibiotic treatment, and AMP
could not reverse this trend (Fig. 7B). AMP did not protect the
intestinal mucus barrier (Fig. 7C—F), suggesting that its effect on
mucus production and IL-10 secretion is dependent on the gut
microbiota. These results indicate that AMP repairs the intestinal
mucus barrier by modulating the gut microbiota in mice with
colitis.

Our study showed that AMP substantially regulates the
abundance of A. muciniphila in acute and chronic colitis. A.
muciniphila abundance decreased sharply after broad-spectrum
antibiotic treatment, and AMP did not restore it (Fig. S11E). A.
muciniphila ameliorates intestinal inflammation and promotes
intestinal mucus secretion in DSS-induced acute colitis'’.
Therefore, we hypothesized that AMP may improve intestinal
mucus barrier function by regulating A. muciniphila abundance.
To test this hypothesis, we inoculated wild-type mice with A.
muciniphila via oral gavage and administered AMP after
inoculation (Fig. 7G).

Compared to the A. muciniphila group, gavage of A. mucini-
phila followed by AMP administration considerably restored
weight loss, diarrhea, rectal bleeding, and the shortened colon
length in mice with acute colitis (Supporting Information
Fig. S13). MUC2 protein and mRNA transcription levels were
significantly higher in AMP-treated mice than in A. muciniphila-
treated controls (Fig. 7H and I). In addition, the gavage of A.
muciniphila, followed by AMP administration, markedly
increased the thickness of the intestinal mucus layer (Fig. 7J and
K). Although AMP-induced promotion of IL-10 was lost

following gut microbial deletion, this effect was restored after
colonization with A. muciniphila (Fig. 7B and L).

These findings demonstrate that A. muciniphila plays a key
role in the effects of AMP on mucus production and IL-10
secretion. However, the mechanism by which AMP works
through A. muciniphila remains unclear.

3.7.  The effect of AMP on A. muciniphila was not mediated by
MUC2 and IL-18

In this study, AMP restored A. muciniphila abundance in DSS-
induced acute and chronic colitis. The intestinal mucus provides
nutrients for A. muciniphila growth; thus, mucus production
facilitates A. muciniphila  colonization. —Therefore, we
hypothesized that AMP restores A. muciniphila abundance by
promoting mucus secretion, and that A. muciniphila feeds back
into the intestinal mucus layer, ultimately thickening this layer and
forming a positive feedback loop. However, analysis of the gut
microbes of Muc2™~ mice revealed that AMP considerably
promotes A. muciniphila proliferation (Supporting Information
Fig. S14A), suggesting that the effect of AMP on A. mucini-
phila was not mediated by mucus.

Other factors that regulate A. muciniphila abundance include
IL-18, a cytokine that stimulates T cell-mediated IFN-y produc-
tion**. The abundance of A. muciniphila increased significantly in
1118 mice and recombinant IL-18 administration reduced A.
muciniphila colonization in Nlrp6~’~ mice®”. We evaluated 118
transcription in mice with DSS-induced acute colitis to investigate
whether AMP promotes A. muciniphila proliferation by modu-
lating IL-18 secretion. AMP did not inhibit ///8 transcription in
this study (Fig. S14B), suggesting that the promotion of A.
muciniphila growth by AMP was not mediated by IL-18.

As AMP promotes A. muciniphila growth in a way unrelated to
the pathways mentioned above, we hypothesized that AMP
directly promotes A. muciniphila growth.

3.8.  AMP directly promoted A. muciniphila growth by
upregulating the expression of microbial genes and regulating cell
growth and energy metabolism

Bacteria were cultured in vitro to further elucidate the effects of
AMP on A. muciniphila. AMP promoted bacterial growth
(Fig. 8A) in the BHI medium supplemented with mucin.
Moreover, A. muciniphila grew slowly in the absence of mucin in
the BHI medium but grew faster in AMP-containing media
(Fig. 8B).

Next, we used RNA-sequencing on AMP-treated A. mucini-
phila to investigate changes in microbial gene expression. The
quality and quantity of sequencing data demonstrate the accuracy
and reproducibility of our RNA-Seq results (Supporting
Information Tables S2 and S3). Principal component analysis
revealed significant differences between the control and AMP
groups, indicating that A. muciniphila function changes globally
(Fig. 8C; Supporting Information Table S4). In total, 64 differ-
entially expressed genes (DEGs) were found between the two
groups. Of these, the expression of 40 genes mainly related to
cell growth and energy metabolism was upregulated in the AMP
group (Fig. 8D).

Cluster of orthologous gene (COG) enrichment analysis was
performed on the DEGs to elucidate their biological function, with
significant functional differences between upregulated and
downregulated genes. The COG functions enriched in the genes
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layer. (D) Mucus thickness. (E) Representative images of the PAS/AB staining of proximal colon sections of different treatment groups. Images
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whose expression was upregulated included cell wall, membrane, Gene ontology terms enriched among the genes whose
and envelope biogenesis; translation; carbohydrate transport; and expression was upregulated included ATP hydrolysis activity
metabolism. These genes were indicators of increased bacterial (GO:0016887) and carbohydrate transport (GO:0008643). More-
growth (Fig. 8E). The transcriptomic data indicated that the over, Kyoto Encyclopedia of Genes and Genomes pathway
expression of genes associated with carbohydrate metabolism was enrichment analysis showed that the citrate cycle (map00020) was
upregulated in the AMP group (Supporting Information Fig. S15). significantly enriched (Supporting Information Table S5). These
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Figure 8 AMP directly promoted A. muciniphila growth by upregulating the expression of microbial genes that regulate cell growth and energy

metabolism. (A) Growth curves showing the effects of different concentrations of AMP on A. muciniphila. (B) Growth curves showing the action
of AMP on A. muciniphila in the mucin-free medium. (C) Scatter plot of principal component analysis. (D) Volcano plot of genes sequenced under
Control and AMP conditions. (E) COG annotations of DEGs among DEGs whose expression was upregulated (red) and downregulated (blue).
Data are expressed as mean + SEM, n = 3 for each group. *P < 0.05, ***P < 0.001.

results suggest that AMP directly promotes A. muciniphila growth
by regulating microbial genes.

4. Discussion

The 2019 consensus guidelines on the management of IBD,
published by the British Society of Gastroenterology, recognized
herbal remedies as complementary and alternative therapies for
adults with IBD*°. Polysaccharides are common natural active
ingredients in herbal medicines and have a wide range of bio-
activities such as anti-oxidative stress®’, anti-inflammatory**, and
lipid-modulating effects. Additionally, they have received exten-
sive attention as potential therapeutic agents for IBD. The present
study revealed that AMP mainly comprises galactose, rhamnose,
arabinose, galacturonic acid, and glucuronic acid. Among these
monosaccharides, galactose, arabinose, and rhamnose are closely
associated with the immunological activity of polysaccharides.
The gut microbiota maintains intestinal homeostasis and
activates the host immune system. Sellon et al.’® reported that
1110~ mice raised in a conventional SPF environment developed
IBD, whereas those raised in a germ-free environment did not
exhibit signs of intestinal inflammation. This indicates that the
development of intestinal inflammation requires the gut micro-
biota. Therefore, research targeting the gut microbiota for treating
intestinal inflammation has made considerable progress. Clinical
studies have demonstrated the efficacy of probiotics and fecal
transplantation in alleviating clinical symptoms and reducing
inflammation in patients with IBD****. Herbal medicines can
inhibit intestinal mucosal inflammation in patients with IBD by

modulating the gut microbiota, restoring intestinal mucosal im-
mune balance and exerting therapeutic effects against IBD. This
suggests that herbal medicine could be a promising therapeutic
strategy for treating IBD, as it regulates the gut microbiota****. In
the present study, our microbial analyses showed that AMP
restored gut microbiota homeostasis and modulated A. mucini-
phila abundance in mice with colitis.

A. muciniphila penetrates and interacts with the intestinal
mucus layer to maintain homeostasis. Moreover, the intestinal
mucus barrier function is closely associated with various intes-
tinal inflammatory diseases, such as intestinal infections, IBD,
and colorectal cancer®™*’. Inflammation in the colon is often
accompanied by damage to the mucus barrier function, which
leads to increased intestinal permeability and consequent in-
flammatory damage to the intestinal epithelial cells*®. Restora-
tion of intestinal mucus barrier function by herbal
polysaccharides has been reported. Ganoderma lucidum poly-
saccharide®, Serratula chinensis polysaccharide®, and Eucom-
mia ulmoides polysaccharide-modified SeNP>' promoted MUC?2
secretion and increased the number of goblet cells in a mouse
model of colitis. However, the specific pathways and mecha-
nisms by which herbal polysaccharides promote MUC2 secre-
tion remain unknown. Our study elucidated the mechanism
through which AMP improves the intestinal mucus barrier
function.

The present study demonstrated that AMP alleviates intestinal
mucus barrier damage in DSS-induced acute and chronic colitis
mice. AMP could not restore intestinal mucus barrier function and
lost its effect on intestinal inflammation in the absence of Muc2. It
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indicates that AMP does not directly exert anti-inflammatory ef-
fects but acts by restoring intestinal mucus barrier function.

IL-10 is primarily secreted by T cells, B cells, DCs, and
macrophages and is a pleiotropic cytokine with potent anti-
inflammatory  properties’>. It helps MUC2 folding by
upregulating the expression of genes involved in this process and
ER stress in adverse conditions of goblet cells’®, which maintain
the mucus barrier and prevent inflammation by sustaining MUC2
production and secretion. When IL-10 signaling was inhibited,
mice developed more severe ER and goblet cell dysfunction®.

We found that TL-10 secretion was increased in Muc2 ™~ mice,
which has also been reported previously *. The authors found that
both pro- and anti-inflammatory immune responses were activated
in the intestines of Muc2 ™~ mice. Based on the close correlation
between IL-10 and MUC2, we proposed that as Muc2™~
mice manifested thinner mucus barrier and colon inflammation,
Muc2™~ mice using a compensatory mechanism to promote IL-
10 secretion, which may facilitate proper folding of other mu-
cins, alleviate colon inflammation and maintain low-grade
inflammation in the absence of MUC2.

Based on the current study, it could be proposed that promoting
intestinal IL-10 secretion to facilitate proper MUC2 folding may be
an effective strategy for restoring the intestinal mucus barrier in co-
litis. A. muciniphila promoted IL-10 secretion in a previous study’”.
The present study showed that AMP promoted IL-10 secretion from
intestinal immune cells by increasing A. muciniphila abundance in
mice with colitis, which regulated MUC2 secretion, improved the
intestinal mucus barrier, and exerted a therapeutic effect on colitis.

To our knowledge, this study is the first to report the specific
mechanism through which plant polysaccharides fortify the in-
testinal mucus barrier and to prove that A. muciniphila plays a
vital role in this effect. Our study showed that AMP, a plant
polysaccharide, fortifies the intestinal mucus barrier by
maintaining gut microbiota homeostasis. Our findings prove that
targeting the intestinal mucus barrier is a promising strategy for
treating intestinal inflammation.

5. Conclusions

Our study demonstrated that AMP promoted IL-10 secretion by
restoring A. muciniphila abundance in mice with colitis, thereby
promoting MUC?2 secretion, improving intestinal mucus barrier
function, and ultimately ameliorating intestinal inflammation in
mice with colitis.
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