
Journal of Advanced Research 52 (2023) 89–102
Contents lists available at ScienceDirect

Journal of Advanced Research

journal homepage: www.elsevier .com/locate / jare
Original Article
Live and pasteurized Akkermansia muciniphila decrease susceptibility to
Salmonella Typhimurium infection in mice
https://doi.org/10.1016/j.jare.2023.03.008
2090-1232/� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: foodscixiaodong@dlpu.edu.cn (X. Xia).
Jiaxiu Liu, Hongli Liu, Huanhuan Liu, Yue Teng, Ningbo Qin, Xiaomeng Ren, Xiaodong Xia ⇑
National Engineering Research Center of Seafood, School of Food Science and Technology, Dalian Polytechnic University, Dalian, Liaoning 116034, China
h i g h l i g h t s

� Pretreatment with AKK or pAKK
modulates S. Typhimurium infection.

� AKK enhances the gut barrier and
increases RegIII lectins secretion after
infection.

� pAKK stimulates antimicrobial
activity, ROS production, and
inflammasome activation in
macrophages and mice.

� AKK-altered gut microbiota plays a
partial role in attenuating infection.
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Introduction: The gut microbiome is vital for providing resistance against colonized pathogenic bacteria.
Recently, specific commensal species have become recognized as important mediators of host defense
against microbial infection by a variety of mechanisms.
Objectives: To examine the contribution of live and pasteurized A. muciniphila to defend against the
intestinal pathogen Salmonella Typhimurium in a streptomycin-treated mouse model of infection.
Methods: C57B6J mice were pretreated with phosphate-buffered saline (PBS), live Akkermansia mucini-
phila (AKK), and pasteurized A. muciniphila (pAKK) for two weeks, then mice were infected by S.
Typhimurium SL 1344. 16S rRNA-based gut microbiota analysis was performed before and after infection.
Bacterial counts in feces and tissues, histopathological analysis, gut barrier-related gene expression, and
antimicrobial peptides were examined. Co-housing was performed to examine the role of microbiota in
the change of susceptibility of mice to infection.
Results: AKK and pAKK markedly decreased Salmonella fecal and systemic burdens and reduced inflam-
mation during infection. Notably, further characterization of AKK and pAKK protective mechanisms
revealed different candidate protective pathways. AKK promoted gut barrier gene expression and the
secretion of antimicrobial peptides, and co-housing studies suggested that AKK-associated microbial
community played a role in attenuating infection. Moreover, pAKK had a positive effect on NLRP3 in
infected mice. We verified that pretreatment of pAKK could promote the expression of NLRP3, and
enhance the antimicrobial activity of macrophage, likely through increasing the production of reactive
oxygen (ROS), nitric oxide (NO), and inflammatory cytokines.
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Conclusion: Our study demonstrates that live or pasteurized A. muciniphila can be effective preventive
measures for alleviating S. Typhimurium-induced disease, highlighting the potential of developing
Akkermansia-based probiotics or postbiotics for the prevention of Salmonellosis.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Nontyphoidal Salmonella enterica subsp. enterica serovars is one
of human intracellular bacterial pathogens responsible for hun-
dreds of thousands of cases of acute gastroenteritis each year [1].
The infection cycle of the model nontyphoidal S. enterica serovar
Typhimurium (S. Typhimurium) involves the consumption of con-
taminated food by a susceptible mammalian host (including
humans and rodents), followed by acute intestinal inflammation
[2]. The mucosal immune response to S. Typhimurium infection
is complex and has been recently recognized to include activating
the inflammasome resulting in the secretion of pro-inflammatory
and anti-inflammatory factors [3]. The most thoroughly studied
inflammasome is the nod-like receptor family, Pyrin Domain Con-
taining 3 (NLRP3) inflammasome, which is crucial for host defense
against a variety of infections, including bacteria [4,5], viruses [6],
and protozoan parasites [7].

Gut microbiota colonized in the mammalian gastrointestinal
(GI) tract is an enormous community of microbes that extensively
interact with the intestinal immune system [8]. Host resistance to
enteric infection relies largely on the protective effects of the res-
ident gut microbiome through niche competition, antagonistic
metabolite production, or activation of host immunity to secret
antimicrobial peptides, which is known as ‘colonization Resistance’
(CR) [8,9]. The microbiota and its output metabolites are essential
components for the regulation or activation of host intestinal
immunity against bacterial pathogens through indirect, direct, or
both mechanisms [9-11]. Numerous studies have shown that some
commensal-metabolized metabolites produced by intestinal
microorganisms protect mice against infection, such as bile acids
against Clostridium difficile [12], SCFAs produced by Bacteroides
species against S. Typhimurium, Klebsiella pneumonia, and Escheri-
chia coli [13], and antigen A produced by Enterococcus faecium
against S. Typhimurium [14]. Meanwhile, intestinal microbiome
members can affect the function of mammalian intestinal epithe-
lial cells or immune cells by improving the expression of antimi-
crobial peptides (AMPs) or ROS production [10]. These findings
have emphasized the importance of commensal bacteria to the
host immune function and control of enteric pathogenesis.

A. muciniphila is a gram-negative, mucin-degrading anaerobe
bacterium, which has been increasingly recognized as a key medi-
ator of human health [15]. Since the discovery of A. muciniphila, an
increasing number of studies have shown strong associations
between A. muciniphila and metabolic disorders, such as obesity,
glucose metabolism, as well as intestinal immune functions [16-
19]. The potential mechanisms of action of A. muciniphila on health
include regulation of gut microbiota, improvement of tight junc-
tions, and reduction of inflammation. Meanwhile, specific cell com-
ponents or secreted substances from A. muciniphila contributing to
its beneficial effects have been identified, such as Amuc_1100 [20],
Amuc_2109 [21], Amuc_2172 [22], Protein 9 (P9)[23], and diacyl
phosphatidylethanolamine (PE) [24]. These substances may
explain the recent findings which demonstrated that pasteurized
A. muciniphila also exhibited positive effects on host health, some-
times being even more efficient than live bacterium [20].

Although A. muciniphila (either live or pasteurized) has been
extensively examined for its role in chronic disorders such as obe-
sity, diabetes, and cancer, the influences of AKK (especially pas-
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teurized AKK) on enteric infectious diseases have been rarely
explored. One previous study in 2013 has shown that A. mucini-
phila exacerbated inflammation induced by S. Typhimurium in
gnotobiotic mice supplied with simplified human intestinal micro-
biota (SIHUMI) [25]. In contrast, one recent study has reported that
A. muciniphila provides a protective effect against infection induced
by Citrobacter rodentium [26]. These studies indicated that A. muci-
niphila might be involved in intestinal bacterial pathogens
infection.

In this study, we used a mouse model of salmonellosis to dissect
the effects of live or pasteurized A. muciniphila on S. Typhimurium
infection. Live A. muciniphila administration reduced bacterial bur-
dens in vivo in a manner potentially related to the enhanced gut
barrier function and increased secretion of antimicrobial lectins.
In contrast, while pasteurized A. muciniphila administration also
ameliorated S. Typhimurium infection outcomes, we found that
this phenotype could be due to inflammasome activation, which
initiates innate immune responses, such as the activation of NLRP3
pathway. Our findings suggest protective mechanisms for live and
pasteurized A. muciniphila in S. Typhimurium pathogenesis and
provide insights into the pathways by which intestinal commen-
sals interact with both host and pathogen.

Materials and Methods

Ethics statement

All experimental procedures were performed according to the
Guide for Laboratory Animals of the National Institute of Health.
It was approved by the Animal Ethics Committee of Dalian
Polytechnic University (No DLPU2020004).

Animals

Six to eight-week-old male C57BL/6J mice (Specified pathogen-
free, SPF) were purchased from Changsheng (Liaoning, China) and
mice were maintained in SPF controlled environment (12 h day
light on and 12 h lights off, 24 ± 1 �C).

Salmonella strains

Salmonella enterica serovar Typhimurium strains used in this
study are streptomycin-resistant derivative of SL1344 strain,
which were purchased from the American Type Culture Collection
(ATCC). S. Typhimurium strains SL1344 harboring (green fluores-
cent protein) GFP plasmid was from our laboratory collection.
Two strains were cultured overnight at 37 �C before use.

Culturing of A. muciniphila and preparation of pasteurized A.
muciniphila (pAKK)

A. muciniphila (ATTC BAA-835) was cultured in a basal mucin-
based medium under an anaerobic chamber as previously
described [27]. A. muciniphila was cultured overnight at 37 �C
under strictly anaerobic conditions and stored at �80 �C. pAKK
was prepared as previously described [20]. Briefly, grown A. muci-
niphila was centrifuged at 12,000 g for 10 min to remove media,
rinsed twice and suspended in 0.01 M PBS, and pasteurized for
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30 min at 70 �C. Before use, A. muciniphila and pAKK were diluted
with 0.01 M PBS to a concentration of 2 � 108 CFU/200 lL.

Cell culture

Macrophages RAW 264.7 were purchased from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China). RAW 264.7
was cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco,
USA) containing 10% (v/v) fetal bovine serum (FBS, Hyclone, USA)
and 1% (v/v) double antibiotic solution (100 U/mL penicillin and
100 lg/mL streptomycin, Hyclone, USA) at 37 �C and 5% CO2.

Gentamicin protection assay

Macrophages RAW 264.7 were prepared as described in cell cul-
ture seeded at the plate, and incubated at 37 �C and 5% CO2 for
18 h. RAW 264.7 cells were pretreated with 1 lg/ml of LPS (Sigma,
USA), or with AKK and pAKK, both at the multiplicity of infection
(MOI) of 10 for 24 h. Then RAW 264.7 cells were infected for
45 min with S. Typhimurium followed by gentamicin treatment
for 1 h at 37 �C. Macrophages RAW 264.7 lysed in 0.1% (v/v) triton
buffer, and the lysate was plated on LB agar plates supplemented
with 100 lg/mL of streptomycin (SM). For further research, RAW
264.7 were exposed to 20 lM of NLRP3 inhibitor MCC950 (MCE,
USA) for 24 h before the treatment of pasteurized AKK for another
24 h.

S. Typhimurium infection model

Before infection, S. Typhimurium strains SL1344 was cultured
overnight in LB medium containing streptomycin. Mice were orally
gavaged with streptomycin (SM) with a dose of 25 mg/mouse 24 h
in advance before infection. Then, mice were infected with 107

CFU/100 lL of S. Typhimurium SL1344 by oral gavage. Mice were
distinguished by tail markings, and weight was tracked daily
throughout the whole test. At each time point, 2–3 fresh fecal pel-
lets were collected into sterile tubes, weighed, and homogenized in
1 mL 0.01 M PBS by a Mini-Beadbeater (BioSpec, USA). Fecal Sal-
monella burdens were determined by plating serial dilutions on
selective Xylose Lysine Desoxycholate (XLD) plates containing
200 lg/mL streptomycin.

Mice were euthanized and tissues were collected using sterile
dissection tools. Bacterial loads in the spleen, liver, mesenteric
lymph nodes (MLN), small intestine (SI), colon, and contents were
determined as described as bacteria burdens in feces.

ELISA analysis

The levels of cytokines were measured by ELISA Kits according
to the manufacturer’s instructions, including IL-6, IL-1b, IL-10,
TNFa, and IFN-c (Jiancheng, China), or lipocalin-2 and D-Lactate
(Mlbio, China).

Histological analysis

Samples of the cecal tissues were collected and fixed in a 4% (v/
v) paraformaldehyde (PFA) solution to assess the severity of the
infection. Tissue sections were mounted on glass slides and stained
with hematoxylin and eosin (H&E) for histologic evaluation using
previously published criteria [14]. Each tissue section was micro-
scopically assessed for the extent of submucosal edema, preserva-
tion of epithelial integrity, and goblet cell retention, as well as for
polymorphonuclear cell infiltration into the lamina propria (each
category scored from 0 to 4). The overall scores represent the com-
bined pathological score reported for each sample. There are three
levels of inflammation: severe inflammation (scores � 12), moder-
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ate Inflammation (scores of 8 to 12), mild inflammation (scores of 4
to 8), and no inflammation (scores � 4).

Immunofluorescence staining

For immunofluorescence microscopy, the cecal section was
fixed with 4% PFA, then dehydrated with the gradients of ethanol.
The cecal section was permeabilized in PBS with 0.1 % (v/v) of
Tween 20 before being washed in an immunostaining washing
solution (Beyotime Biotechnology, China) and blocked for 1 h with
immunostaining blocking solution. Then, the cecal section was
incubated with primary antibodies overnight at 4 �C. The informa-
tion of primary antibodies was listed as follows: rabbit anti-Mucin
2 (1:250; Proteintech, China), rabbit anti-ZO-1 (1:250; Abclonal,
China), rabbit polyclonal anti-Claudin3 (1:500; Proteintech, China),
and rabbit polyclonal anti-Occludin (1:250; Proteintech, China).
After incubation, the cecal section was washed by washing solution
3 times, then incubated with secondary antibodies. The Alexa Fluor
488 (1:500; Beyotime Biotechnology, China) was used for Mucin 2
and ZO-1 staining, and Alexa Fluor 647 (1:500; Beyotime Biotech-
nology, China) was used for Claudin3 and Occludin. Cell nuclei
were stained with DAPI. Images were visualized using fluorescence
microscopy (Eclipse Ti-E, Nikon, Japan).

Immunoblotting

For protein extraction, cecum tissue was homogenized by bead
beating in RIPA buffer (Beyotime Biotechnology, China). Then the
concentration of proteins was tested by BCA Protein Assay Kit
(Solarbio, China), then the protein was diluted to 1 mg/ml using
SDS-PAGE loading buffer (Solarbio, China).

For SDS-PAGE, the sample loading volume is 10 lL per well,
then separated by Bolt 10% and 12% Bis-Tris Gel (Beyotime
Biotechnology, China) at a constant voltage (90 V) for 120 min
respectively. Then the sample was transferred to nitrocellulose
membranes (Life Technologies, USA) in ice at a constant current
300 mA for 90 min. The nitrocellulose membranes were incubated
with primary antibodies overnight at 4 �C. The information of pri-
mary antibodies was listed as follows: rabbit polyclonal anti-
Mucin 2 (1:1000; Proteintech, China), rabbit polyclonal anti-ZO1
(1:1000; Abclonal, China), rabbit polyclonal anti-Occludin
(1:1000; Proteintech, China), rabbit polyclonal anti-Claudin3
(1:5000; Proteintech, China), rabbit polyclonal anti-TLR4 (1:1000;
Abclonal, China), rabbit polyclonal anti-NLRP3 (1:1000; Abclonal,
China), rabbit polyclonal anti-Caspase-1 (1:1000; Abcam, USA),
rabbit polyclonal anti-IL-1b (1:1000; CST, USA), rabbit polyclonal
anti-iNOS (1:1000; Abclonal), mouse polyclonal anti- Reg3b
(1;1:1000; R&D, USA), rabbit polyclonal anti- Reg3c (1:1000;
Abclonal, China), and mouse or rabbits monoclonal anti-b-actin
(1:2000, Beyotime, China) for overnight. After incubation, mem-
branes were probed with secondary antibodies. The information
of primary antibodies was listed as follows: mouse monoclonal
anti-b-actin (1:2000, Beyotime Biotechnology, China) or rabbit
monoclonal anti-b-actin (1:2000, Beyotime Biotechnology, China)
for 1 h at room temperature. The band was detected by a Gel Imag-
ing System (Bio-Rad, USA) and was quantified by ImageJ software.

Microbiota analysis

Fecal samples were collected after treatment and stored at
�80 �C until analysis. Total bacterial DNA was isolated from fecal
samples in mice using the E.Z.N.A.� soil DNA Kit (Omega Bio-Tek,
U.S.) according to the protocol of the manufacturer. The hypervari-
able V3-V4 region of the microbial 16S rRNA gene was amplified by
PCR using primers 338F 50- ACTCCTACGGGAGGCAGCAG-30 and
806R 50-GGACTACHVGGGTWTCTAAT-30. Sequencing was
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performed using the Illumina MiSeq platform (Majorbio Bio-
pharm, China). Closed reference operational taxonomic units
(OTUs) were picked at 97% sequence similarity using the Research

database (version 7.1 https://drive5.com/uparse/) and aligned with
SILVA128/16S bacteria database for taxonomy information. The
sequencing data were analyzed on the free online platform of

Majorbio I-Sanger Cloud Platform (https://www.majorbio.com/).

Fecal SCFA quantification

SCFA measurements and qualification were performed as
described previously [28]. 100 mg of feces were homogenized with
30 lL of 0.1 mol/L dilute sulphuric acid, 3 lL of internal standard
solution (2-methyl butyric acid), and 1 mL of diethyl ether by
Mini-Beadbeater (BioSpec, America) for the 40 s. After centrifuga-
tion at 12,000 g for 15 min, the fecal supernatant was collected.
Then the supernatant was centrifuged at 12,000 g for 15 min with
250 mg sodium carbonate again, and filtered by 0.22 lm mem-
branes (Millipore, USA) for use. SCFAs analysis was determined
by Agilent (Agilent, Japan) 7890/5975 single quadrupole GC–MS
with VF-WAXms capillary column (30 m � 25 mm � 0.25 lm).
0.1 lL of samples were injected into GC–MS and Helium was the
carrier gas at 1 mL/min. The inlet temperature was 260 �C and
the initial temperature of GC was 80 �C, ramped at 40 �C /min to
120 �C, then ramped at 10 �C /min to 200 �C and held for 2 min;
total run time was 15 min. The mass spectrometer used electron
ionization (70 eV) and the scan range was m/z 30–300 with a
2.5 min solvent delay. Standard curves were generated by linear
regression. Unknown concentrations in samples were determined
by the peak area integration of each SCFAs based on standard
curves.

RNA isolation and gene expression

Cecal tissue samples were homogenized by bead beating in Tri-
zol (Sangon, China) to extract RNA. cDNA was synthesized from
extracted RNA with the PrimeScriptTM Reverse Transcriptase Kit
(Takara, Japan). Quantitative PCR assays were performed with a
CFX Connect real-time PCR detection system (Bio-rad, USA) using
the TB Green� Premix DimerEraserTM Kit (Takara, Japan). Relative
gene expression was quantified by the 2-44ct method against the
endogenous control GAPDH. The primers used for real-time PCR
were acquired from Sangon and are listed in Table S1.

ROS and NO assay

RAW264.7 macrophages were seeded and grown in 96-well
plates. After cell adherence, macrophages were pretreated with
1 lg/ml of LPS (Sigma, USA), or AKK, and pAKK at MOI of 10 for
24 h in DMEM without FBS, then infected with S. Typhimurium
at MOI of 10 for 3 h. ROS and NO were detected before or after
the infection.

Annexin v staining

Cell apoptosis was performed by the Annexin V staining kit
(Beyotime, China) as the manufacturer’s protocol. RAW 264.7 cells
were pretreated by pAKK at MOI of 10 for 24 h, then infected by
Salmonella at MOI of 10 for 3 h before staining.

Statistical analysis

All data presented in this study are expressed as
mean ± standard error of the means (SEM). Statistical analyses
were carried out by SPSS 23.0. Statistical significance was deter-
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mined by one-way analysis of variance (ANOVA) or Kruskal-
Wallis test for multiple comparisons, and post-hoc Tukey test or
Mann-Whitney test for comparisons between two groups. Origin
2019b was used to draw all figures. The values *p < 0.05,
**p < 0.01, and ***p < 0.001 were considered statistically significant.
Results

Effect of AKK and pAKK on intestinal gene expression, microbial
community composition, and SCFA production before the infection

We first determined the effect of live and pasteurized AKK on
intestinal gene expression and microbiota composition in mice
before infection. Mice were orally gavaged with 0.01 M PBS, live
or pasteurized of A. muciniphila once a day for two weeks. Admin-
istration of AKK or pAKK led to a slight reduction in normal body
weight gain (Fig. 1A). Colon length showed similar length after
treatment compared to control (Fig. 1B). Next, we examined the
potential effect of AKK and pAKK on the expression of genes asso-
ciated with gut barrier function. Significantly higher levels of
expression of genes were detected in AKK-treated mice than
AKK- or PBS-treated mice, including Muc2 (Mucin2), Tjp1 (ZO-1),
Ocln (Occludin), and Cldn3 (Claudin3) in Fig. 1 D-G. We also exam-
ined the expression of the antimicrobial RegIII lectins, which
showed no significant difference among the three groups (Fig. 1H
and I). Both AKK and pAKK increased SCFAs production in feces,
especially acetic acid and propionic acid (Fig. 1J).

Then we examined the gut microbiota in each group of mice
using 16S rRNA sequencing. Shannon index was markedly
increased in AKK-treated mice in comparison with control
(Fig. 1K). Principal coordinate analysis (PCoA) showed clear sample
clustering of the AKK, pAKK, and PBS groups, indicating divergent
community composition across three groups (Fig. 1L). Through
the analysis of community composition, we found Bacteroidetes
and Firmicutes were the dominant phyla in all mice, while pAKK-
treated mice exhibited higher Bacteroidetes and lower Firmicutes
relative abundances than the other two groups (Fig. 1M and N).
The ratio of Firmicutes to Bacteroidetes was lower in pAKK-treated
mice than that in other groups (Fig. 1O). Meanwhile, we noted that
Prevotellaceae, Bacteroidaceae, and Tannerellaceae were richer in
pAKK-treated mice, and Bifidobacteriaceae and Erysipelotrichaceae
were richer in AKK-treated mice (Fig. 1P). By using Akkermansia-
specific primers, we showed that AKK supplementation increased
the fecal level of A. muciniphila about two-fold compared to control
mice (Fig. S1). Collectively, these results indicate oral supplemen-
tation of AKK or pAKK could influence intestinal barrier gene
expression and modify gut microbiota composition.
Pretreatment with AKK or pAKK modulates S. Typhimurium infection.

To determine whether AKK and pAKK pretreatment can protect
mice from S. Typhimurium infection, we used a streptomycin-
treated oral model of S. Typhimurium intestinal infection. All mice
were pretreated with streptomycin for 24 h to enhance pathogen
colonization, and subsequently orally challenged with S. Typhi-
murium SL1344 once (Fig. 2A). AKK or pAKK-pretreated mice were
overall less susceptible to S. Typhimurium infection, as body
weight loss in these two groups was higher than that in PBS group
(Fig. 2B). Gross examination of organs from infected mice revealed
reduced splenomegaly in AKK and pAKK-treated mice, whereas
kidney and liver masses unchanged (Fig. S2A-C). Fecal S. Typhimur-
ium loads were consistently lower throughout the infection in
mice pretreated with AKK or pAKK than that in mice pretreated
with PBS (Fig. 2C).
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Fig. 1. AKK and pAKK treatment impacted tight junction protein expression, SCFA production, and gut microbial community composition in mice before infection. C57BL/6
mice were orally gavaged with PBS (CK). Live A. muciniphila (AKK) or pasteurized A. muciniphila (pAKK) for 14 days and euthanized on day 14. (A) Weight change. (B)
Representatives image of colon (left) and colon length (right). (C) Representative H&E stained cecal sections of mice. Images were taken at � 10 magnification. The mRNA
expression of (D) Cldn3 (Claudin3), (E) Ocln (Occludin), (F) Tjp1 (ZO-1), (G)Muc2 (Mucin2), (H) Reg3b, and (I) Reg3g. (J) Quantification of SCFAs derived from fecal contents. (K-
R) Microbial communities. (K) Shannon index and (L) PCoA analysis were shown. Each dot represented an individual in each group. (M) Relative abundance of bacterial phyla
in three representative animals per group. (N) Boxplots displaying the relative abundance fractions of Bacteroidetes and Firmicutes; (O) The ratio of Firmicutes to Bacteroidetes;
(P) The difference in the bacterial family among three groups. A-J: n = 5, K-P: n = 6. Statistical significance was determined by ANOVA or Kruskal-Wallis test for multiple
comparisons, and post-hoc Tukey test or Mann-Whitney test for comparisons between two groups. *, #p < 0.05, **, ##p < 0.01, and ***, ###p < 0.001.
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After infection, mice pretreated with AKK or pAKK also har-
bored significantly lower S. Typhimurium loads in extra-
intestinal tissues, such as the spleen, liver, kidney, MLN, and
intra-intestinal compartments, including the intestinal lumen
and colon (Fig. 2D-K). Significant difference in colon length was
observed after infection among all groups. Colons of AKK- or
pAKK-pretreated mice were longer than mice pretreated with
PBS (Fig. 2L). H&E staining displayed that AKK or pAKK treatment
markedly reduced inflammation compared to control (Fig. 2M).
AKK-pretreated mice exhibited an increased number of cecal gob-
let cells, suggesting AKK might have a positive effect on goblet cells
(Fig. 2N). We further probed the host response in each group by
profiling cytokine production in serum after infection (Fig. S2F-
93
H). The enhanced levels of cytokines (IL-1b, IL-6, IL-10, and IFN-
c) in PBS-treated mice reflected the increased systemic Salmonella
colonization in control group. Together, these results suggest that
both AKK and pAKK modulate the outcome and host response to
Salmonella-induced acute colitis.

Gut microbial community dynamics are altered by SM treatment in
AKK and pAKK-treated mice

After SM treatment, previously observed differences in
Shannon index were lost (Fig. 3A). PCoA showed the microbiota
were more similar among three groups compared to the situation
before infection (Fig. 3B). Phylum-level analysis revealed



Fig. 2. AKK and pAKK treatment alleviated S. Typhimurium infection in mice. (A) Experimental design. After the 14-day intervention, C57BL/6 mice were orally gavaged with
streptomycin, then challenged with 107 CFU/100 lL of S. Typhimurium SL1344. Here are two parts of the experiment. One part of the mice was sacrificed on day 23 for
monitoring the trend of weight change and fecal shedding of pathogens, and the other part of the mice was sacrificed on day 19 for the determination of organ and tissue
bacterial burdens and histopathology analysis. (B) Weight loss and (C) S. Typhimurium shedding in feces. S. Typhimurium burdens in tissues or intestinal contents, including
(D) liver, (E) spleen, (F) kidney, (G) MLN, (H) SI, (I) cecal content, (J) colon, and (K) colon content. (L) Representative image of colon (left) and colon length (right). (M)
Representative H&E stained cecal sections of mice (left) and associated histopathological scores after infection (right). Images were taken at � 10 magnification. (N) AB/PAS
stained cecal sections of mice (left) and the number of goblet cells per crypt (right). Images were taken at � 10 magnification. B-C: n = 6, D-N: n = 7 � 10. Statistical
significance was determined by ANOVA or Kruskal-Wallis test for multiple comparisons, and post-hoc Tukey test or Mann-Whitney test for comparisons between two groups.
*p < 0.05, **p < 0.01, and ***p < 0.001.
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Firmicutes and Actinobacteria as the dominant taxa, whereas the
proportion of Bacteroidetes was obviously reduced in all mice
after SM treatment (Fig. 3C and D), which was consistent with
the previous study which showed significant Bacteroidetes reduc-
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tion after streptomycin treatment [29]. Interestingly, despite the
overall drop, Bacteroidetes in AKK-pretreated mice were more
abundant (4.07%) than that in pAKK (0.28%) and SM group
(0.36%) (Fig. 3E).
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Fig. 3. AKK and pAKK modulated gut microbial community composition in the streptomycin-treated S. Typhimurium infection mice model. (A) Shannon index and (B) PCoA
analysis were shown. Each dot represented an individual in each group. (C) Differences in microbial taxa before and after treatment of streptomycin. (D) Relative abundance
of bacterial phyla in three representative animals per group. (E) Relative abundance of Bacteroidetes and Firmicutes. (F) Shannon index and (G) PCoA analysis were shown. Each
dot represented an individual in each group. (H) Relative abundance of bacterial phyla in three representative animals per group. (I) Quantification of fecal propionic acid. A-
H: n = 6, I: n = 5. Statistical significance was determined by ANOVA or Kruskal-Wallis test for multiple comparisons, and post-hoc Tukey test or Mann-Whitney test for
comparisons between two groups. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Then, we analyzed the gut microbiota from S. Typhimurium-
infected mice. We found a significant difference in the Shanon
index among groups, and PCoA showed the microbiota were still
similar after infection (Fig. 3F and G). Bacteroidetes, Firmicutes, Pro-
teobacteria, and Actinobacteria were predominant in all infected
mice (Fig. 3 H). Bacteroidetes produce SCFAs like propionate that
prevents S. Typhimurium colonization [28]. Therefore we quanti-
fied SCFAs levels in AKK and pAKK-treated mice, and found higher
levels of propionate in AKK-treated, compared to pAKK-treated or
control mice (Fig. 3I), while no difference was observed for other
SCFAs (data not shown). This suggests that AKK-mediated protec-
tion against S. Typhimurium could occur through a distinct mech-
anism from pAKK, and may involve the modulation of gut
microbial metabolism.
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AKK enhances the gut barrier and increases RegIII lectins secretion
after infection

AKK and pAKK could plausibly influence several host intestinal
functions which are critical for defense against Salmonella infec-
tion. First, we determined changes in gut barrier-related proteins
after infection. Similar to our observations in uninfected mice,
AKK-treated mice had higher levels of gene expression and
increased tight junction proteins than pAKK or PBS-treated mice
(Fig. 4A-F). We also directly visualized the distribution of tight
junction proteins by immunofluorescence, and the results were
consistent with RT-PCR and immunoblotting (Fig. 4G). We next
examined the expression of lipocalin-2 (Lcn2), an innate immune
protein and inflammatory marker. Oral administration of AKK
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Fig. 4. Influence of AKK and pAKK on the expression of tight junction proteins and RegIII lectins in Salmonella-infected mice. The mRNA expression of (A) Cldn3, (B) Ocln, (C)
Tjp1, and (D) Muc2. (E) Western blots for tight junction proteins. (F) Quantification of bands in E. (G) Immunofluorescence image of tight junction proteins. The blue color
represents colonic cells stained with DAPI, the red color represents Cldn3 and Ocln stained with Alexa Fluor 647, and the green color represents Tjp1 and Muc2 stained with
Alexa Fluor 488. Images were taken at � 10 magnification. (H) The mRNA expression of Lcn2. (I) Lipocalin-2 levels determined by ELISA. The mRNA expression of (J) Reg3b
and (K) Reg3g. (L) Western blots of RegIII proteins. (M) Quantification of bands in L. n = 3 � 5. Statistical significance was determined by ANOVA for multiple comparisons and
post-hoc Tukey test for comparisons between two groups. *p < 0.05, **p < 0.01, and ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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and pAKK decreased Lcn2 expression in the cecum compared with
PBS-treated mice (Fig. 4H and I). Since RegIII lectins are important
for killing invading bacteria, we analyzed the expression of two
members belonging to the RegIII family. We observed that AKK
treatment strengthened transcript- and protein-level expression
of Reg3b and Reg3c in contrast to our observations in uninfected
mice (Fig. 4J-M). As pAKK did not exert such broad effects on gut
barrier function markers, these data indicate that AKK may specif-
ically counteract S. Typhimurium pathogenesis by promoting the
expression of tight junction proteins and antimicrobial RegIII
lectins.
Pasteurized AKK activates NLRP3 and induces the expression of IL-1b.

To investigate whether AKK or pasteurized AKK was associated
with inflammasome activation during the period of S. Typhimurium
infection, we assessed the relative mRNA expression of NLRP3 and
associated inflammatory caspases. TLR4, NLRP3, caspase-1and IL-
1b were significantly upregulated in the cecum of pAKK-treated
but not AKK-treatedmice (Fig. 5A-D). Similar results were observed
in protein expression (Fig. 5E and F), suggesting that in contrast to
AKK’s effects on gut barrier function, pAKK may instead selectively
enhance inflammasome activity to augment host defense.
Fig. 5. Effect of AKK and pAKK on inflammasome expression and production of caspas
Caspase-1, and (D) IL-1b. (E) Western blots of inflammasome-related proteins. (F) Quantifi
multiple comparisons and post-hoc Tukey test for comparisons between two groups. *p
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pAKK stimulates antimicrobial activity, ROS production, and
inflammasome activation in macrophages

Beyond the effects on intestinal microbiota and gut barrier
function, we hypothesized AKK and pAKK might play roles in host
defense by stimulating the activity of innate immune cells such as
tissue-resident macrophages. To test this hypothesis, RAW246.7
macrophages were pre-cultured with pAKK or AKK at different
MOI for 24 h. No adverse effect was observed when MOI was lower
than 10 (Fig. S3 A-D). Then, co-cultured cells were infected with S.
Typhimurium SL1344 for 45 min, treated with gentamicin for
60 min, and plated on LB agar plates to count. Macrophages treated
with pAKK and AKK resulted in lowered intracellular S. Typhimur-
ium burdens, suggesting pAKK and AKK enhanced the antimicro-
bial function of macrophages (Fig. 6A and B). pAKK seemed to
exert a stronger effect than AKK at the same MOI (Fig. 6C). Then
we tested the effect of different treatment times on antimicrobial
activity of macrophages, and found no significant difference was
observed for pAKK (Fig. 6D). When the incubation time of macro-
phages extended from 60 min to 120 min, S. Typhimurium burdens
in cell gradually decreased as the time increased (Fig. 6E). GFP-Sal-
monella was used to visualize the S. Typhimurium burdens in cell,
we observed decreased fluorescence intensity in pAKK- or
AKK- treated macrophages (Fig. 6F-6G).
e-1 and IL-1b in infected mice. The mRNA expression of (A) TLR4, (B) NLRP3, (C)
cation of bands in E. n = 3 � 5. Statistical significance was determined by ANOVA for
< 0.05, **p < 0 0.01, and ***p < 0.001.



Fig. 6. Effect of AKK and pAKK on antimicrobial activity of macrophage and its NO and ROS production. The numbers of intracellular Salmonella in macrophages pretreated
with (A) pAKK at different MOI for 24 h, (B) AKK at different MOI for 24 h, (C) pAKK or AKK at the same MOI for 24 h, and (D) pAKK or AKK at an MOI of 10 for 6 h or 24 h. (E)
The antimicrobial kinetics of macrophages. (F) The fluorescence intensity of GFP-S. Typhimurium SL1314. (G) Representative image of GFP-S. Typhimurium. (H-N)
Macrophages were pretreated with pAKK or AKK for 24 h, then infected with S. Typhimurium SL1314 for 3 h. After that, (H) ROS, (I) NO, (K) IL-1b, and (L) IL-6 were measured.
(J) Western blotting (up) and band quantification (down) of iNOS. (M) Western blotting (left) and band quantification (right) of NLRP3. (N) Immunofluorescence image of
NLRP3. (O) The number of intracellular Salmonella in macrophages pretreated with MCC950 for 24 h before pAKK treatment. Statistical significance was determined by
ANOVA for multiple comparisons and post-hoc Tukey test for comparisons between two groups.*p < 0.05, **p < 0.01, and ***p < 0.001.
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To test whether the exposure to AKK or pAKK altered the
phagocytosis capacity of macrophages and reduces Salmonella
uptake, we determined the phagocytosis rates and bacterial uptake
using 0.9% of neutral red and GFP-Salmonella respectively. Our
results showed phagocytosis capacity markedly increased after
treatment in comparison to the control (Fig. S3E and F). The apop-
tosis of cells between control and pAKK group was similar, indicat-
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ing cell death was not the cause of increased antimicrobial activity
(Fig. S3G and H). Intestinal macrophages can respond to intracellu-
lar bacteria by producing factors such as ROS, NO, cytokines, and
antimicrobial peptides [30]. pAKK or AKK-treated macrophages
produced more ROS and NO than untreated macrophages in both
steady-state or infection conditions (Fig. 6H and I). Consistent with
increased NO production, the primary NO synthetic enzyme,
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inducible NO synthase (iNOS) was upregulated in treated cells
(Fig. 6J). Meanwhile, we also found that pAKK and AKK increased
the level of IL-1b and IL-6 (Fig. 6K and L).

One host factor that could connect increased ROS production to
inflammatory cytokine release is the activation of the NLRP3
inflammasome [31]. As we found a higher level of NLRP3 expres-
sion in pAKK-treated mice (Fig. 5), then we treated macrophages
with pAKK for 24 h, and found a higher NLRP3 expression in com-
parison with the untreated macrophages (Fig. 6M and N). The
enhanced antimicrobial activity of macrophages induced by pAKK
Fig. 7. The protective effect of AKK was transferable through gut microbiota to co-hous
AKK-treated mice (AKK) for 14 days, then all mice were orally gavaged with streptomycin
(C) S. Typhimurium shedding in feces throughout the infection. S. Typhimurium burdens i
Representative H&E stained cecal sections of mice (left) and histopathological scores (ri
lactate in serum, (L) Lipocalin-2, (M) IL-6, (N) TNF-a, and (O) IL-1b in cecum, n = 3. Statis
Tukey test for comparisons between two groups. *p < 0.05.
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was partly abolished by NLRP3 inhibitor MCC950, suggesting pAKK
stimulation of antimicrobial activity is partly NLRP3-dependent.

AKK-altered gut microbiota play an important role in attenuating
infection

To investigate whether the protective effects of AKK are in part
mediated by gut microbiome, AKK-treated mice and naïve mice
were co-housed for 2 weeks for natural microbiota transfer, then
all mice were challenged with S. Typhimurium as mentioned
ed naïve mice. (A) Experimental design. Naïve mice (co-AKK) were co-housed with
before challenging with 107 CFU/100 lL of S. Typhimurium SL1344. (B) Weight loss.
n tissues, including (D) liver, (E) kidney, (F) MLN, (g) spleen, (H) SI, (I) colon, n = 5. (J)
ght). Images were taken at � 10 magnification. The cytokines production of (K) D-
tical significance was determined by ANOVA for multiple comparisons and post-hoc
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earlier (Fig. 7A). All mice started to lose body weight after infec-
tion, and weight change was the same among the two groups
(Fig. 7B). Importantly, naïve mice cohoused with AKK-treated mice
showed no significant differences in Salmonella intestinal coloniza-
tion or systemic dissemination (Fig. 7C-I) in contrast to AKK-
treated mice. There was little difference between AKK-treated or
cohoused naïve mice in histological inflammation scores or cecal
cytokine levels, supporting the idea that co-housed naïve mice
were protected similarly to AKK-treated mice (Fig. 7J-O). These
data indicate that AKK-induced protective phenotype is trans-
ferrable and is at least partly mediated by gut microbiota.
Discussion

Since its discovery, A. muciniphila has now been recognized as
an important mediator of host metabolism and immunity in sev-
eral pathogenic contexts, and extensively studied for its health-
promoting benefits including ameliorating metabolic disease and
boosting immunotherapy [23,24]. However, in the setting of
Salmonella infection, the role of A. muciniphila is not precisely
known. Here we investigated the role of A. muciniphila during the
infection induced by S. Typhimurium. We found both live and pas-
teurized A. muciniphila significantly reduced S. Typhimurium
intestinal expansion, systemic colonization, and disease severity
in mice. Profiling the host response to AKK and pAKK revealed dis-
tinctive candidate pathways of protective effects, with AKK likely
enhancing gut barrier function, and pAKK likely promoting inflam-
masome activation and cytokines production.

The mucin constantly replenished by goblet cells, is highly gly-
cosylated and linked proteins, which create a viscous hydrogel to
protect the intestinal epithelium from resident microorganisms
[32]. A fortified mucin layer could reduce bacteria motility and trap
them in mucus meshwork. Meanwhile, an earlier study reported
that accelerated mucin turnover was beneficial for clearing the
invading bacteria when infected [33]. Mucin 2-deficient mice are
highly susceptible to intestinal infection, indicating mucus layer
plays a crucial role in defending against enteric pathogens [34].
A. muciniphila could restore gut barrier function and improve the
mucin secretion of goblet cells in metabolic disorders or
DSS-induced colitis [35]. High expression of Mucin 2 or other
tight-junction protein was observed before and after infection in
AKK-treated mice. This observation is consistent with A. muciniphi-
la’s known function as a mucin-degrading bacterium, which can
remodel the mucus layer in the intestine and stimulate mucus pro-
duction of goblet cells. This supports the notion that AKK prevents
infection partially from the improved gut barrier function.

AMPs produced by these host cells, such as RegIII lectins, are
innate immune effectors in recognizing and killing invasive bacte-
ria [36,37]. RegIII lectins could bind glycans like Mucin 2, making it
easy to bind pathogen lipopolysaccharides, strengthen the mucus
layer function, and exert its bactericidal action [38]. Before infec-
tion, Reg3b and Reg3c expression were not significantly altered
by AKK or pAKK treatment, while were both strongly induced after
the S. Typhimurium challenge in AKK-treated mice. Therefore, the
effects that we observed on barrier gene expression and RegIII pro-
duction in AKK-treated mice may synergistically promote host
defense.

A likely mechanism of colonization resistance has been linked
to enhanced SCFAs production by the gut microbiota. SCFAs could
limit pathogen expansion in several ways, including effects on
intracellular pH, virulence gene expression, and stimulation of
macrophage phagocytosis [30,39,40]. SCFAs, such as acetate and
propionate, were significantly induced by AKK and pAKK treatment
before infection, while propionate was only higher in feces of
AKK-treated mice after infection. Meanwhile, Bifidobacteriaceae
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and Bacteroidetes were relatively enriched in AKK group before or
after antibiotic treatment. Traditional probiotics, such as Bifidobac-
terium, have previously been linked to increased production of
SCFAs [41]. In another study, Bacteroidetes provide colonization
resistance against S. Typhimurium by the production of high-
level propionate, indicating the role of specific microbial species
in mediating pathogen resistance [28]. It is therefore plausible that
A. muciniphila may support host defense through a similar
mechanism.

Administration of both AKK and pAkk influenced the composi-
tion of the gut microbiota, and co-housing experiment indicated
that microbial community transfer from AKK-treated mice might
provide a protective effect on infection. Similarly, the mice
received resistant communities during the cohousing reversed
the susceptibilities to C. rodentium infection,[42]. These findings
suggest that gut microbiota is likely indispensable to providing
resistance in the host against infection.

A previous report has indicated A. muciniphila exacerbated the
infection of Salmonella in germ-free mice with SIHUMI [25]. The
difference between microbial community composition and mouse
infection conditions could account for the opposing phenotypes we
observed. The idea that a single commensal like A. muciniphila
could divergently impact infection outcomes by the same patho-
gen depending on microbial and host context require further study,
and future investigations should clarify the conditions where A.
muciniphila is most likely to provide protection and act as a candi-
date probiotic. Though pAKK did not affect the expression of bar-
rier genes or RegIII family members, we found that it might
influence TLR-mediated regulation of the NLRP3 inflammasome
in immune cells. Previous studies have verified that inflamma-
somes are required in response to the infection induced by
pathogens, viruses, and parasites [5,7,31,43]. A key function of
inflammasome activation is the stimulation of host cell death by
apoptosis and pyroptosis, which in some cases constitutes a host
defense strategy to restrict the replication and survival of patho-
genic bacteria [44,45]. NLRP3 as a member of the NLR family acti-
vates the expression of caspase-1 and IL-1b when it is achieved by
downstream activation of caspase-1, which induces the release of
IL-1b and eventually causes host cell death [5,46,47]. NLRP3 defi-
ciency exacerbates infection induced by pathogenic microorgan-
isms, such as bacteria, viruses, and fungi [5,7,31]. Akkermansia
supplementation increased the expression of NLRP3 in a DSS colitis
model [48], similarly in this study pAKK treatment upregulated the
NLRP3, and we found antimicrobial activity in macrophage
decreased when NLRP3 was pharmacologically inhibited. Together,
our data suggest that the protective phenotype caused by pAKK
could be due to the enhancement of antimicrobial NO and ROS pro-
duction as well as the regulation of cytokine levels.
Conclusion

In conclusion, we demonstrate that both live and pasteurized
forms of A. muciniphila could alleviate Salmonella infection in mice.
Live A. muciniphila plays an important role in regulation of
intestinal microbial communities to decrease the dissemination
of Salmonella via enhancing the intestinal barrier, promoting the
expression of RegIII lectins, and producing SCFAs. Pasteurized A.
muciniphila might activate the expression of NLRP3 and IL-1b as
well as enhance NO and ROS production in macrophages to protect
mice from Salmonella infection. The limitation of this study is that
it remains undetermined which components or metabolites could
mainly account for the beneficial effects induced by A. muciniphila.
Detailed cell component analysis and metabolomic analysis are
necessitated to pinpoint the main active substances and to
decipher more potential mechanisms in future studies.
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