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Introduction

Akkermansia muciniphila attenuated
lipopolysaccharide-induced acute lung injury by
modulating the gut microbiota and SCFAs in micet
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Gut microbiota are closely related to lipopolysaccharide (LPS)-induced acute lung injury (ALI).
Akkermansia muciniphila (A. muciniphila) maintains the intestinal barrier function and regulates the
balance of reduced glutathione/oxidized glutathione. However, it may be useful as a treatment strategy
for LPS-induced lung injury. Our study aimed to explore whether A. muciniphila could improve lung injury
by affecting the gut microbiota. The administration of A. muciniphila effectively attenuated lung injury
tissue damage and significantly decreased the oxidative stress and inflammatory reaction induced by LPS,
with lower levels of myeloperoxidase (MDA), enhanced superoxide dismutase (SOD) activity, decreased
pro-inflammatory cytokine levels, and reduced macrophage and neutrophil infiltration. Moreover,
A. muciniphila maintained the intestinal barrier function, reshaped the disordered microbial community,
and promoted the secretion of short-chain fatty acids (SCFAs). A. muciniphila significantly downregulated
the expression of TLR2, MyD88 and NF-kappa B (P < 0.05). Butyrate supplementation demonstrated a sig-
nificant improvement in the inflammatory response (P < 0.05) and mitigation of histopathological damage
in mice with ALI, thereby restoring the intestinal butyric acid concentration. In conclusion, our findings
indicate that A. muciniphila inhibits the accumulation of inflammatory cytokines and attenuates the acti-
vation of the TLR2/Myd88/NF-kB pathway due to exerting anti-inflammatory effects through butyrate.
This study provides an experimental foundation for the potential application of A. muciniphila and butyrate
in the prevention and treatment of ALI.

dence rates of ALI and ARDS in patients over 15 years of age
are 78.9 and 58.7 cases per 100 000 people per year, respect-

Acute lung injury (ALI) is defined as acute, diffuse, and inflam-
matory lung injury characterized by a variety of pathogenic
factors, such as mechanical trauma, bacteria, and viruses
(such as SARS CoV-2), which can cause noncardiac edema,
hypoxemia, and the inflammatory infiltration of lung
diseases.” ALI is prone to developing into acute respiratory
distress syndrome (ARDS).> As previously reported, the inci-
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ively, and the mortality rates are 38.5% and 41.1%, respect-
ively, in the USA.> ALI and ARDS are characterized by severe
acute inflammatory reactions, leading to increased per-
meability of pulmonary capillaries, and injury of alveolar epi-
thelial cells and endothelial cells. Continuous and repeated
injury can induce tissue and cellular responses, which ulti-
mately lead to pulmonary fibrosis.* The current clinical treat-
ment of ALI/ARDS is symptomatic treatment, such as mechani-
cal ventilation and fluid management supplemented with glu-
cocorticoids, inhaled pulmonary vasodilators and extracorpor-
eal membrane oxygenation.® Currently, due to the lack of
effective treatment strategies, the prognosis of ALI/ARDS for
most patients is poor. Furthermore, studies have reported that
intestinal microbiota imbalance is associated with an
increased mortality rate caused by respiratory infections. In
particular, the gut-lung axis may have a crucial effect on the
pathological immune response to SARS-CoV-2.” Recently, dom-
estic and foreign scholars have noted that probiotic sup-
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plements can significantly improve symptoms, increase the
virus clearance rate, and rebuild the intestinal microbiota in
COVID-19 patients.®**° In summary, multiple research reports
suggest that the gut microbiota plays a crucial role in the pre-
vention and treatment of ALI.

Recently, the potential role of the gut microbiota and its
metabolites in the progression of ALI has gradually been
revealed. Our research team previously demonstrated extensive
alterations in the gut microbiota of COVID-19 patients, which
were closely related to their immune response and disease
severity.'™"® We proposed that the relative abundance of
microbes producing short chain fatty acids (SCFAs), such as
Bifidobacterium, Akkermansia muciniphila, etc., which are nega-
tively associated with changes in serum cytokines, was reduced
in COVID-19 patients and even those with critical illness, and
was associated with changes in serum cytokines.'?® Zhang et al.
reported that the concentrations of SCFAs and r-isoleucine in
the feces of COVID-19 patients were still significantly
decreased after the disease improved.'* Moreover, Wang et al.
revealed that succinic acid derived from the gut microbiota
exacerbated ALI induced by intestinal ischemia/reperfusion by
promoting polarization of alveolar macrophages.'®> Additionally,
an observational study revealed that the pulmonary micro-
biome can be treated as a potential marker to predict the clini-
cal outcome of critically ill patients, and provided a new pre-
ventive treatment target for ARDS."® In summatry, the gut-lung
axis may play a role in the pathogenesis of ALI, and previous
studies have shown that antibiotic cocktail (ABX)-induced
microbial depletion can alleviate symptoms of lipopolysacchar-
ide (LPS)-induced ALI in mice through the gut-lung axis."” A
four-blind clinical study indicated that probiotics (including 3
strains of Lactobacillus plantarum and 1 strain of Lactococcus
lactis) were more effective in improving lung infiltration, and
shortening the duration of digestive and nondigestive symp-
toms.® Probiotics (or products) can be used to regulate the
lung and intestinal microbiota, providing a new perspective
for the prevention and treatment of ALI. Unfortunately, only a
few probiotics have been proven to have protective effects on
ALIL

Akkermansia muciniphila (A. muciniphila) adheres to the
mucus layer, participates in the production of SCFAs, and
regulates gene expression related to lipid metabolism and
immune response."® Our research team has already found that
A. muciniphila plays a vital role in maintaining the balance of
intestinal microbiota, and its intervention could significantly
ameliorate resistance to Clostridium difficile infection,'® liver
injury induced by concanavalin A,*° and acetaminophen-
induced liver injury.”" Interestingly, A. muciniphila intervention
can reduce acetaminophen-induced oxidative stress and
inflammatory reactions by regulating the balance of reduced
glutathione/oxidized glutathione, enhancing the activity of
superoxide dismutase, maintaining the intestinal barrier func-
tion, reshaping the disturbed microbial community, and pro-
moting the secretion of SCFAs (mainly acetic acid, propionic
acid and butyric acid). Herein, the purpose of this study was to
investigate the effect of A. muciniphila on LPS-induced lung
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injury, and to determine the mechanism through integrated
multi-omics analyses, including 16S sequencing, transcrip-
tomics and metabolomics.

Methods

Strain and culture conditions

The probiotic strain Akkermansia muciniphila Muc™ was pur-
chased from ATCC (number: BAA-835), and cultured anaerobi-
cally in brain heart infusion (BHI) medium at 37 °C for 48 h.
The culture medium was centrifuged at 8000g for 10 min at
4 °C, followed by washing the precipitate twice and resuspen-
sion in PBS at 3 x 10° colony-forming units (CFU) per mL for
gavage.

Animal model and experimental design

The ALI model was induced by intratracheal administration of
LPS (derived from Escherichia coli 0111: B4, Sigma-Aldrich,
Poole, United Kingdom).> Twenty-four 6- to 8-week-old C57BL/
6 male mice (Shanghai SLAC Laboratory Animal Co. Ltd,
China) were housed in a specific pathogen-free (SPF) environ-
ment with a 12 h light/dark cycle and a constant temperature
of 22 + 2 °C. After one week of adaptive feeding, mice were ran-
domly divided into three groups (n = 8 per group) (Fig. 1A): NC
(PBS + saline) group, PC (PBS + LPS) group, and AKK (AKK +
LPS) group. The AKK group mice were treated with 0.2 ml of
freshly prepared A. muciniphila suspension daily, while the NC
and PC groups were administered 0.2 ml of PBS daily as a
placebo for 21 days. On day 22, mice in the LPS and AKK
groups were induced with 5 mg kg™" LPS, and mice in the NC
group received an equal volume of PBS. After 5 days, the mice
were euthanized and bronchoalveolar lavage fluid (BALF) was
collected by washing the left lung with PBS through a tracheal
tube. In addition, blood, lung and intestinal tissue samples
were collected for subsequent analysis.

Animal histopathological evaluation

After fixation of lung and intestinal tissue samples with neutral
formalin fixative for 24 hours, the tissues were embedded in
paraffin, cut into 2 pm sections and stained with hematoxylin
and eosin (H&E). Lung tissue sections were stained with anti-
bodies against F4/80, myeloperoxidase (MPO) and lymphocyte
antigen 6G (LY6G). Colon tissue sections were stained with
zonula occludens-1 (ZO-1) and occludin antibodies to assess
the intestinal barrier. Five representative fields of view were
randomly chosen at 40x magnification in each sample.
Quantification of the above staining was performed by calculat-
ing the percentage of positive area in the field of view using
Image]. Pathology scores were assessed in a double-blind
manner by two independent pathology professors.

Calculation of the W/D ratio of lung tissue

The right middle lobe of the mouse lung was collected,
removed and dried with absorbent paper for immediate
measurement of wet weight (W), and then dried in an oven at

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 A. muciniphila alleviated the lung injury induced by lipopolysaccharide. Experimental flowchart (A); changes in body weight (B) and lung dry
wet ratio in mice (C) and (D), representative images of HE staining in lung tissue (scale = 50 um); concentration of total protein (F), total cell count
(E), and LDH activity (G) in bronchoalveolar lavage fluid (BALF); data are presented as the mean + standard error of the mean (mean + SEM); com-
pared with the PC group, *p < 0.05, **p < 0.01, and ***p < 0.001. NC, PBS + saline group; PC, PBS + LPS group; AKK, A. muciniphila + LPS group. n =

8 each group.

70 °C for 72 hours for dry weight (D) measurement. Tissue
edema was assessed by calculating the W/D ratio.

Lung tissue ELISA

MDA and SOD concentrations in lung tissue were measured by
using a lipid peroxidation (MDA) assay kit and a superoxide
dismutase (SOD) assay kit. Instructions in the kit manual were
followed for operations.

BALF assay analysis

The collected BALF was centrifuged at 800g for 10 min below
4 °C and the supernatant was stored at —80 °C for subsequent
analysis. Erythrocytes in the cell precipitate were lysed and
later resuspended in 1000 pl PBS for cell counting using a
countess automated cell counter (Thermo Fisher Scientific).
The total protein content in BALF was determined using the
Pierce™ BCA protein assay kit. In addition, the levels of lactate
dehydrogenase (LDH), IL-1p and IL-6 in BALF were tested

This journal is © The Royal Society of Chemistry 2023

using ELISA kits by following the instruction manual for the
operation steps.

Analysis of serum parameters

The collected blood was centrifuged at 3000g for 15 min to
obtain serum for subsequent analysis. The LPS binding
protein (LBP) concentration was assessed using an enzyme-
linked immunosorbent assay (ELISA) kit. Serum inflammatory
cytokines were measured by the mouse cytokine 23-Plex assay
kit. All operations were carried out according to the kit
manual.

A. muciniphila quantification

DNA was extracted from feces by the DNeasy PowerSoil Pro kit
(Qiagen, Hilden, Germany). Primers (Table S1t) were used to
detect and quantify A. muciniphila in feces. The standard curve
was quantified using serial dilutions of isolated DNA.

Food Funct., 2023, 14,10401-10417 | 10403
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Quantification of SCFAs in colonic contents

Colonic contents were mixed with 300 pl of 50% acetonitrile-
water solution (v/v with internal standards [2H9]-pentanoic
acid, [2H11]-hexanoic acid). After the samples were ground
and extracted by sonication in an ice-water bath, samples were
centrifuged at 12 000 rpm and 4 °C for 10 min, and the super-
natant was diluted 5-fold with 50% acetonitrile-water solution
(v/v). The samples were later derivatized and analyzed by
UPLC-ESI-MS/MS for the qualitative and quantitative determi-
nation of the target metabolites.

RNA extraction and real-time fluorescence quantitative PCR
analysis

RNA was extracted from lung and ileal tissue using the
RNeasy plus mini kit (Qiagen, Valencia, CA, United States),
according to the manufacturer’s method. RNA was then con-
verted to cDNA using the PrimeScript RT master kit (Takara
Biomedicals, Kusatsu, Japan). Subsequently, mRNA was
carried out using Premix Ex Taq (Takara Biomedicals,
Kusatsu, Japan) in a ViiA7 real-time PCR system (Applied
Biosystems, Waltham, Massachusetts, USA). The mRNA
expression was measured, and the control for the target gene
expression level was the expression of Gapdh and f-actin. The
gene primer sequences used for RT-qPCR analysis are shown
in Table S1.}

16S rRNA sequencing

We collected mouse lung tissue and feces from which DNA
was extracted by the DNeasy PowerSoil Pro kit (Qiagen,
Hilden, Germany). The DNA extracted from lung tissue was
amplified using primers (Table S17}) for amplification of the
full length of the gene, followed by PCR amplification using
primers (Table S17) for the variable region V3 to V4 of the 16S
rRNA gene. The DNA derived from feces was amplified using
universal primers, which is shown in Table S1.f After
identification, the data were sequenced on the Illumina
NovaSeq6000 platform (Illumina Inc., CA, USA) and libraries
were constructed.

The data were imported into QIIME2 for processing. By
using the DADA2 plugin, the data were then clustered into
amplicon sequence variant (ASV) groups and classified accord-
ing to the Silva 138 database in QIIME2. Finally, the alpha
diversity and beta diversity were assessed through QIIME2 soft-
ware. The differences between taxa were also analyzed using
linear discriminant analysis (LDA) effect sizes (LEfSe).

Lung transcriptome analysis

Lung tissue RNA quantification, library creation and sequen-
cing were performed, as previously described.*” Differential
transcript analysis between groups was later performed using
the R package DESeq2, and the P values obtained were
adjusted to control for error incidence by using Benjamini and
Hochberg’s approach. Genes with P,q; < 0.05 by DESeq2 were
considered as having differential transcripts.
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Statistical analysis

Data were analyzed by SPSS 22.0 software (SPSS Inc., Chicago,
IL), and the results are expressed as the mean + standard error
of the mean (SEM). The normality of the data was first tested
by the Shapiro-Wilk test, and then the Mann-Whitney U test
(for nonnormal distributions) or Student’s ¢ test (for normal
distributions) was used to assess differences between the
groups. Results with P < 0.05 were considered statistically sig-
nificant. Images were prepared in GraphPad Prism 9.0 and R
(version 4.2).

Results

A. muciniphila effectively protected against LPS-induced lung
injury

We established a stable ALI mouse model by intratracheal
injection of 5 mg kg™' LPS. As shown in Fig. 1B, preinterven-
tion with A. muciniphila did not affect the body weight (BW) of
mice in 21 days (P > 0.05). Before sacrificing the mice, the BW
of mice in the PC group was again significantly lower than that
in the NC group (P < 0.001), while preintervention with
A. muciniphila maintained the BW of mice (AKK vs. NC, P >
0.05). The pathological changes in the lungs were estimated by
H&E staining (Fig. 1D). As shown in Fig. 1D, diffuse alveolar
and interstitial infiltration and alveolar wall and interstitial
thickening were observed in the PC group. Conversely, the
alveolar walls and interstation were thinner and the immune
cell infiltration was lower in the AKK group than in the PC
group. Additionally, the degree of pulmonary edema was ana-
lyzed by measuring the W/D ratio of the lung tissue. As shown
in Fig. 1C, the W/D ratio of the LPS-treated mice was higher (P
< 0.001), while the W/D ratio of the AKK group was lower than
that of the PC group (P < 0.01).

To assess the alveolar barrier integrity, BALF was collected
to measure the total protein levels (Fig. 1F), cell count
(Fig. 1E), and LDH activity (Fig. 1G). The cell count, total
protein level, and LDH activity in the PC group were signifi-
cantly increased (PC vs. NC, P < 0.01, P < 0.05, P < 0.05, respect-
ively), and the indicators mentioned above were all substan-
tially reduced in the AKK group (AKK vs. PC, P < 0.01, P < 0.05,
P < 0.05, respectively). Generally, A. muciniphila alleviates
inflammatory cell infiltration, pulmonary hydroncus, and the
permeability of the alveolar epithelial barrier in LPS-induced
mice.

A. muciniphila reduced LPS-induced inflammatory responses

The LPS-induced lung injury model was reported to be charac-
terized by both direct damage to capillary endothelial cells
and concomitant inflammatory response, the degree of which
can be evaluated by measuring inflammatory markers in the
alveolar lavage fluid and serum. First, cytokine chip technology
was utilized to test the levels of peripheral inflammatory
factors and chemokines in serum. As shown in Fig. 2C-F, the
levels of pro-inflammatory factors, including IL-1p (P < 0.001),
IL-6 (P < 0.001), MCP1 (P < 0.5) and MIP-1a (P < 0.001), were

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 A. muciniphila reduced inflammatory responses by lipopolysaccharide. IL-1p (A) and IL-6 (B) concentrations in bronchoalveolar lavage fluid
(BALF); serum levels of IL-1p (C) IL-6 (D), MCP1 (E), and MIP-1«a (F) (n = 8 each group). Representative images of MPO (G), Ly6G (H), and F4/80 ()
immunohistochemical staining (scale = 20 pm); n = 3 per group and five randomly selected visual fields. Data are shown as the mean + standard
error of the mean (mean + SEM); compared with the PC group, *p < 0.05, **p < 0.01, and ***p < 0.001. NC, PBS + saline group; PC, PBS + LPS

group; AKK, A. muciniphila + LPS group.

higher in the PC group than in the NC group. Additionally,
they were remarkedly decreased after intervention with
A. muciniphila (P < 0.05). Notably, the IL-1p (P < 0.001) and IL-6
(P < 0.001) levels were also higher in the alveolar lavage fluid
in the PC group than in the NC group (Fig. 2A and B), while
the levels of the above factors were much lower in the AKK
group than in the PC group (P < 0.05).

Furthermore, immunohistochemical analysis was per-
formed using anti-F4/80, anti-MPO, and anti-Ly6G antibodies
to estimate the lung infiltration by macrophages and neutro-
phils (Fig. 2G-]). The staining results showed that LPS signifi-
cantly enhanced the recruitment of macrophages and neutro-
phils (NC vs. PC: P < 0.001, P < 0.001, P < 0.001, respectively),
while A. muciniphila significantly improved the infiltration of

This journal is © The Royal Society of Chemistry 2023

macrophages and neutrophils (AKK vs. PC: P < 0.01, P < 0.01, P
< 0.01, respectively). These results indicate that A. muciniphila
improved the pulmonary inflammatory response caused by
LPS.

A. muciniphila improved the gut barrier function and
inhibited lipopolysaccharide stimulation

The complex formed by the binding of LBP and LPS rapidly
binds to CD14 detected on the surface of cells, which induces
the production of cytokines.>® The concentration of serum LBP
was measured as a marker of systemic LPS exposure (Fig. 3E).
Tissue oxidative damage plays a critical role in LPS-induced
ALI mice. Compared to the NC group, the serum LBP levels in
mice in the PC group was substantially increased (P < 0.001).

Food Funct., 2023, 14,10401-10417 | 10405
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LPS group; AKK, A. muciniphila + LPS group.

In contrast, the serum LBP concentration in the AKK group
was lower (P < 0.05) than that in the PC group.

Systemic inflammation caused by lung injury resulted in
the destruction of the integrity of the intestinal barrier, which
allowed for the translocation of microbes and their products.>*
We used
expression levels of several typical intestinal barrier factors
(zO-1 and occludin) (Fig. 3A-D). The comparison between the
NC and PC groups showed that LPS significantly reduced the
levels of the ZO-1 (P < 0.001) and occludin (P < 0.01) proteins.
Notably, A. muciniphila led to significantly higher levels of
ZO-1 (P < 0.001) and occludin (P < 0.05) than in the PC group.
Moreover, there was lower expression of ZO-1 (P < 0.001), occlu-
din (P < 0.01), and MUC2 (P < 0.05) in the PC group than in
the NC group, while AKK caused significantly higher
expression levels of ZO-1 (P < 0.001), occludin (P < 0.01), and
MUC2 (P < 0.01) at the mRNA level in colonic tissue than in
the PC group (Fig. 3F). Briefly, A. muciniphila could ameliorate
intestinal barrier dysfunction, which was closely related to the
translocation of gut microflora.

immunofluorescence to measure the protein

10406 | Food Funct, 2023, 14,10401-10417

A. muciniphila reshaped the gut microbiota of mice

To further explore the effect of A. muciniphila intervention on
the gut flora of ALI mice, this study used 16S rRNA amplifica-
tion sequence analysis on the colon fecal DNA of mice from
each group. A total of 1917 371 sequences of raw reads were
captured from the sequencing of 24 samples. After quality fil-
tering of the sequences, the total reads of nonchimeric reads
in the NC, PC, and AKK groups were 431 808, 392181, and
505 190, respectively. Our study revealed that under LPS stimu-
lation, the alpha-diversity index (including Chaol index,
observed species indexes, Shannon index, and Simpson index)
of the gut microbiota was significantly lower (P < 0.05), while
the diversity index was higher (P > 0.05) in the AKK group than
in the PC group (ESI Fig. 1}). PCoA based on unweighted
UniFrac distances was carried out to evaluate the beta diversity
of the gut microbiota. Community structure tests among
different groups were performed with PERMANOVA analysis.
As shown in the ESI Fig. 2A,7 PC1 and PC2 explained 16.15%
and 8.35% of the variation observed, respectively. The
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microbial groups in the AKK, NC, and PC groups were signifi-
cantly separated (PERMANOVA, P = 0.001).

Microbial community abundance and composition also
shifted. The ESI Fig. 2Bt shows that 8 bacterial phyla signifi-
cantly differed among the groups. At the phylum level, com-
pared with the NC group, the relative abundances of
Bacteroidotas (57.09% vs. 66.29%, P > 0.05) and Fusobacteriata
(0.02% vs. 0.05%, P = 0.079) showed an increasing trend, while
the relative abundances of Campilobacterium (4.3% vs. 0.94%,
P = 0.014), and Actinobacteriota (0.33% vs. 0.11%, P = 0.002)

Bacteroidota

View Article Online

Paper

significantly decreased in the PC group. Compared with the
PC group, the relative abundance of Bacteroidota (66.299% vs.
46.4%, P = 0.003), Fusobacteriata (0.05% vs. 0.01%. P = 0.002),
and Cyanobacterium (P = 0.002) were significantly lower, while
the relative abundances of Firmicutes (23.47% vs. 42.65%, P =
0.002), Campilobacterota (0.94% vs. 5.03%, P = 0.04), and
Patescibactera (P = 0.025) were considerably higher in the AKK
group. The ratio of Firmicutes/Bacteroidotas (F/B) in the PS
group was lower than that in the NC group, as shown in
Fig. 4A (P > 0.05). The decrease in the ratio of F/B has been
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Fig. 4 A. muciniphila reshaped the lung and the gut microbiota of mice. (A) There was a significant difference in the Firmicutes/Bacteroidetes ratio

between the AKK and PC groups (p < 0.05). (B) Comparisons of the relative

abundances of intestinal microbiota between the three groups were per-

formed at the genus levels (n = 8 each group). (C) A NMDS based on weighted Unifrac dissimilarity analysis showed clear separation of the groups (p
< 0.05), with a stress value of 0.089. Comparisons of the relative abundances of lung microbiota between the three groups were conducted at the
phylum (D) and genus (E) level (n = 4-5 each group). Data are shown as the mean + SEM. Compared with the PC group, *p < 0.05, **p < 0.01, and
***p < 0.001. NC, PBS + saline group; PC, PBS + LPS group; AKK, A. muciniphila + LPS group.
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reported to be linked to inflammation. After AKK intervention
treatment, the F/B ratio significantly increased (0.96 vs. 0.37, P
= 0.001). At the genus level, the relative abundances of
53 genera (P < 0.05) were significantly different in the top
120 genera among the three groups. As shown in Fig. 4B, com-
pared with the NC group, the relative abundances of
Bacteroides, Ruminococcus, [Eubacterium]_coprostanoligen-
es_group and Klebsiella were observed to increase, while those
of Muribaculum, Lachnospiraceae_UCG-001, Roseburia, ASF356,
Dubosella, Butyricicoccus, and Helicobacter decreased in the PC
group. Compared with the PC group, the relative abundances
of Lachnospiraceae_NK4A136_group, Lactobacillus, Roseburia,
ASF356, UCG-009, Harryflintia and Helicobacter were increased
in the AKK group. Additionally, the relative abundances of
Bacteroides, Prevotellaceae_UCG-001, Alloprevotella, Parabacteroides,
Romboutsia, Ruminococcus, Prevotellaceae_NK3B31_group,
Klebsiella and [Eubacterium]_coprostanoligenes_group decreased
in the AKK group. As expected, the Akkermansia genus was
almost completely depleted in the PC group, while there was a
tendency of increased levels in the AKK group. Quantitative
PCR performed using on fecal DNA revealed that A. muciniphila-
treated mice had higher levels of A. muciniphila than mice in
the PC and NC groups (P < 0.001), which was presented in ESI
Fig. 3.1 Overall, the gut microbiota of the lung injury mice was
disrupted. Through intervention, the gut microbiota could be
reconstructed with differences in the enriched bacterial genera,
especially a decrease in the microbes closely related to the pro-
duction of SCFAs.

A. muciniphila reshaped the lung microbiota of mice

Furthermore, to analyze the relationship between lung micro-
biota alterations and the lung injury induced by LPS, we con-
ducted 16S rDNA analysis to evaluate the diversity of micro-
flora in the NC (n = 4), PC (n = 5) and AKK (n = 5) groups. No
difference was observed in the Chaol, good’s coverage,
observed OTUs, Shannon and Simpson indexes among the
three groups. NMDS based on weighted Unifrac dissimilarity
analysis showed clear separation of the groups (Anosim, NC vs.
PC, P=0.01; AKK vs. PC, R = 0.84, P = 0.01), with a stress value
of 0.089 (Fig. 4C). At the phylum level (Fig. 4D), the 5 most
dominant phyla were Proteobacteria, Firmicutes, Bacteroidota,
Actinobacteriota, and Acidobacteriota in the three groups. At the
genus level, the relative abundances of Lactobacillus and
Dubosiella showed an increasing trend (P < 0.05), while
Methylobacterium-Methylorubrum and Muribacter levels were
significantly lower in the AKK group than in the PC group
(Fig. 4E). Using LEfSe analysis, the differences in the lung
microbiota composition were identified. According to the
results (LDA score >4), the Firmicutes phylum, Erysipelotrichaceae
family, and genera including Muribaculaceae and Dubosiella
were enriched in the NC group, while the Proteobacteria phyla,
family members belonging to Streptococcaceae, Planococcaceae,
and Pasteurellaceae, and genera including Streptococcus and
Muribacter were enriched in the PC group (ESI Fig. 4Af).
Additionally, for the Firmicutes phyla, families including
Lactobacillaceae, Moraxellaceae, and Erysipelotrichaceae, and
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genera including Lactobacillus, Acinetobacter, and Dubosiella
were enriched in the AKK group. However, for the Proteobacteria
phyla, genus members including Muribacter and Methylobacterium_
Methylorubrum were enriched in the PC group (ESI Fig. 4B).
In summary, we concluded that the ecological balance of the
lung microbiota was disrupted in lung-injured mice and that
A. muciniphila reshaped the lung microbiota.

To investigate the relationship between pulmonary micro-
biota and intestinal microbiota, a Spearman correlation ana-
lysis was performed (ESI Fig. 5f). The presence of Muribacter
in the lungs of the PC group exhibited a positive correlation
with the relative abundances of various intestinal members,
including Bacteroides, Prevotellaceae UCG-001, Klebsiella,
Alloprevotella, Parabacteroides, and Prevotellaceae NK3B31_
group (P < 0.05). Conversely, the presence of Dubosella in the
lungs of the AKK group showed a negative association with
intestinal Bacteroides, Prevotellaceae_ UCG-001, and Klebsiella
(P < 0.05). The presence of Lactobacillus, which was found to
be more abundant in the lungs of the AKK group, exhibited a
positive correlation with the intestinal Lachnospiraceae_
NK4A136_group, Lachnospiraceae_UCG-001, and [Eubacterium]
_xylanophilum_group (P < 0.05). Meanwhile, it showed a nega-
tive correlation with Klebsiella in the intestine (P < 0.05). These
findings indicated that the manipulation of the gut microbiota
through probiotics maybe lead to alterations in the compo-
sition of the host lung microbiota.

A. muciniphila promoted the production of SCFAs by
regulating the gut microbiota

SCFAs are only produced by microbial fermentation in the
host. First, we conducted a targeted metabolomics analysis to
measure the concentration of specific SCFAs (acetic acid, pro-
pionic acid, isovaleric acid, butyric acid, isobutyric acid, and
valeric acid) in colonic contents (Fig. 5). Compared with the
NC group, the LPS intervention significantly reduced the con-
centrations of isobutyric acid and isovaleric acid (P < 0.05),
and the concentrations of propionic acid, valeric acid, and
acetic acid showed a downward trend. Compared with the PC
group, the levels of acetic acid, propionic acid, isovaleric acid,
butyric acid, isobutyric acid, and valeric acid in the AKK group
notably increased (P < 0.05), indicating that A. muciniphila can
promote the synthesis of SCFAs by the gut microbiota.

A. muciniphila regulated lung transcriptional expression in
LPS-induced lung injury

To explore the important role of A. muciniphila in improving
LPS-induced lung injury in mice, we conducted a transcrip-
tome analysis of lung tissues harvested from the PC (n = 4), NC
(n = 3) and AKK (n = 3) groups. As shown in ESI Fig. 6,} there
were a total of 13 395 genes in the three groups and 351 genes
in the AKK and PC groups. The above results suggested that
the three groups had significantly different gene expression
patterns. The standard for differential genes was that the
absolute value of the log2-fold change was greater than 1, and
the P value was less than 0.05. Among these differentially
expressed genes (DEGs), 1687 and 1195 DEGs were signifi-

This journal is © The Royal Society of Chemistry 2023
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cantly upregulated and downregulated in the PC group com-
pared to the NC group, respectively. In comparison with the
PC group, 234 and 561 DEGs were significantly upregulated
and downregulated in the AKK group, respectively.
Furthermore, we mapped these genes to the KEGG pathway
database, and focused on overlapping pathways in the analysis.
Finally, 59 meaningfully inhibited pathways were identified,
determined by an adj-P < 0.05. In the top 20 pathways, the
immune response (toll-like receptor signalling pathway, NOD-
like receptor signalling pathway, osteoclast differentiation and
cytokine-cytokine receptor interaction), NF-kappa B signalling
pathway, and infection (Epstein-Barr virus infection, herpes
simplex infection, Legionellosis, Leishmaniasis, Malaria,
Pertussis, Salmonella infection, Staphylococcus aureus infection
and tuberculosis) were induced by A. muciniphila (Figure 6B).
Protein-protein interaction (PPI) networks were constructed by
mapping genes from the significantly inhibited pathways to
classify genes involved in lung protection. The key gene
network was explored using the cluster containing the highest
MCODE score (Table S31) on the PPI network after it was
formed, using MCODE of Cytoscape 3.10.0. The key hub genes
were as follows: TLR4, TLR2, chemokine ligand (Cxcl9, Ccl2,
Ccl20, Ccl4, Ccl9, Cer1, Cxcll, Cxcl13, Cxcl2, Cxcl3, Cxcl5,
Cxcl9), IL1b, IL12b, NCf2, NF-kB and others (Fig. 6C).
Undoubtedly, a close relationship existed between the lung
injury progression and inflammation.

A. muciniphila-induced antioxidant activity and inflammation

As LPS induces ALI, oxidative stress plays a considerable role.
MDA is a common product of lipid peroxidation, and SOD is
one of the most effective antioxidant enzymes for scavenging

This journal is © The Royal Society of Chemistry 2023

superoxide anion free radicals. MDA and SOD concentrations
in lung tissues were measured to assess the oxidative stress
markers. In comparison with the NC group, the MDA concen-
tration in lung tissue increased significantly (P = 0.005) after
LPS modelling, while the MDA concentration significantly
decreased (P = 0.02) after AKK intervention (Fig. 6D).
Additionally, compared with the NC group, the SOD activity
(SOD expressed as inhibition rate %) in the lung was signifi-
cantly reduced in the PC group (P < 0.001), while AKK induced
an increase (P < 0.001) (Fig. 6E). LPS enhanced the oxidative
stress response, and probiotic intervention alleviated the
response by inhibiting the MDA level and improving the SOD
activity. The above results suggest that oxidative stress plays an
important role in the progression of the lung injury.

Additionally, TLRs and NF-kB signalling pathways contrib-
ute significantly to inflammation. Accompanied with the NC
group, the mRNA expression levels of TLR2 (P < 0.001), TLR5
(P<0.01), MYDS88 (P < 0.01), and NF-kB (P < 0.001) were signifi-
cantly increased in the PC group, while A. muciniphila interven-
tion remarkably reduced TLR2 (P < 0.001), MYD88 (P < 0.01),
and NF-kB expression (P < 0.01) (Fig. 6F). Based on these
results, A. muciniphila improved the inflammatory microenvi-
ronment by suppressing the TLRs expression, which led to the
inhibition of NF-kB-mediated inflammation.

Butyrate supplementation alleviated LPS-induced lung injury

A. muciniphila can ameliorate LPS-induced lung injury in mice
by promoting the secretion of SCFAs, and the SCFAs result in
our study showed that the most significant increase in the
AKK group is butyric acid. To further investigate the protective
effect of SCFAs, we explored whether butyrate supplementation

Food Funct., 2023, 14,10401-10417 | 10409
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Fig. 6 The effect of A. muciniphila treatment on mouse lung transcriptome and its improvement in antioxidant activity and inflammation. (A)

Pathways were upregulated by LPS stimulation; (B) pathways were downreg

ulated by A. muciniphila treatment in the lung (n = 3—4 each group). (C)

Visualization of the cluster network with the highest MCODE score. The concentration of MDA (D) and SOD inhibition (E) in lung tissue was

measured by ELISA (n = 8 each group). (F) Relative lung mRNA expression (T
were normalized using B-actin levels. All data are shown as the mean + SE

LR2, TLR4, TLR5, MYD88 and NF-kappa b). Target gene expression levels
M; * represents p < 0.05, ** represents p < 0.01, and *** represents p <

0.001. NC, PBS + saline group; PC, PBS + LPS group; AKK, A. muciniphila + LPS group.

could ameliorate LPS-induced lung injury. We divided the
mice into 4 groups: NC (water + saline) group, NCB (butyric
acid + saline) group, LPS (PBS + LPS) group, and BAL (butyric
acid + LPS) group. The mice in the NCB and B groups were
supplemented with butyric acid (100 mM, Sigma, B103500,
USA) containing drinking water for 21 days, with fresh butyric
acid solution configured every 3 days, and the NC and LPS
groups received regular drinking water. On day 22, the LPS
and B group mice received ALI modelling consistently as
before, while the NCB and NC group mice were given the same
volume of saline as shown in Fig. 7A. Interestingly, butyric

10410 | Food Funct., 2023, 14,10401-10417

acid supplementation significantly improved the body weight
(Fig. 7B), W/D ratio (Fig. 7C) and degree of lung fibrosis
(Fig. 7J) in the BAL group mice compared to those with the
LPS group. In addition, butyric acid intervention improved the
integrity of the alveolar barrier, as shown in Fig. 7D-F. We
measured the total protein levels, total cell counts, and LDH
activity in BALF, and the above indexes were significantly
reduced on mice in the BAL group (P < 0.05). Meanwhile,
butyric acid treatment improved the inflammatory response on
mice in the BAL group. As shown in Fig. 7G and H, the levels
of IL-1p (P < 0.01) and IL-6 (P < 0.001) in alveolar lavage fluid

This journal is © The Royal Society of Chemistry 2023
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were elevated in the LPS group, whereas the levels of the above improved the levels of serum pro-inflammatory factors IL-1p,
factors were much lower in the BAL group than in the LPS IL-6 and TNF-a (Fig. 7I) (P < 0.05). We also found that butyric
group (P < 0.05). In addition, butyric acid intervention acid supplementation would have no effect on mice in the NC
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group (P > 0.05). These results suggest that lung oedema and Furthermore, Fig. 8A shows that the administration of
alveolar epithelial permeability can be improved with butyrate butyric acid through drinking water resulted in an increase in
supplementation, and pulmonary and systemic inflammatory the concentration of cecum butyric acid. The LEfSe method
response. was employed to examine the significant changes in key phylo-
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Fig. 8 Effect of butyrate supplementation on the gut microbiota of mice. (A) The concentration of butyric acid in cecum contents. (B) LEfSe ana-
lyses identified the differentially abundant taxa between the four groups. (C) The differential species branching diagram between the four groups.
Data are presented as the mean + SEM; compared with the LPS group, *p < 0.05, **p < 0.01, and ***p < 0.001. NC, water + saline group; LPS, water
+ LPS group; BAL, butyric acid + LPS group; NCB, butyric acid + saline group; n = 8 each group. LEfSe, linear discriminant analysis effect size.
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genetic types following butyric acid treatment, using an LDA
threshold greater than 4. The NC group exhibited enrichment
of the genus of Lachnospiraceae_NK4A136_group and
Candidatus_Saccharimonas, while the LPS group showed
enrichment of the genus Prevotellaceae_ UCG_001 and
Eubacterium_Coprostanogenes_group. The BAL group demon-
strated enrichment of the genus Ligilactobacillius, and the NCB
group exhibited enrichment of the family Ruminococcaceae,
genus Helicobacter, Alistipes and Prevotelaceae_ NK3B31_group
(Fig. 8B). These findings suggested that butyric acid did not
completely alter the structure of the gut microbiota, but rather
increases the abundance of probiotics in ALI mice.

Discussion

Numerous studies have indicated that disorders of the gut®®
and lung®® microbiota exacerbate ALI, which is attributed to
the microbiota and its metabolic byproducts.>” Moreover, the
main direction of crosstalk is from the gut to the lungs, but it
is still possible for communication to occur in the opposite
direction.”” A. muciniphila is also known to have high anti-
inflammatory and antioxidative stress properties, and promote
colonization of the colon by SCFA-producing bacteria in
mice.”® Multiple research studies have found that
A. muciniphila plays an important role in numerous diseases,
such as liver steatosis, obesity, cancer immunotherapy, and
gut barrier and intestinal inflammation.?® There is insufficient
evidence to determine whether A. muciniphila is protective
against ALI. Our research showed that A. muciniphila adminis-
tration significantly attenuated LPS-induced ALI by reducing
serum LBP levels, regulating lung oxidative stress, and alleviat-
ing lung inflammation partly by remodeling the composition
of the gut microbiota and increasing the colonic butyrate con-
centrations. In this context, the use of probiotics might rep-
resent a useful strategy for maintaining the balance of the gut
microbiota and inhibiting lung inflammation to improve ALL
Unquestionably, inflammation has a critical effect on ALI/
ARDS, which can directly or indirectly lead to damage to the
alveolar epithelium and pulmonary microvascular endo-
thelium, even increasing microvascular permeability, and
resulting in refractory hypoxemia.**" Thus, inflammatory cell
influx, cytokine release, and protein leakage are key events in
ALL***®  Surprisingly, we discovered that A. muciniphila
decreased the levels of inflammatory mediators and improved
permeabilization of the alveolocapillary barrier. Our findings
were consistent with the finding that inhibiting inflammation
contributed to mitigation of pulmonary tissue injury.>>*?
Local tissue injury and microbial infection activate immunolo-
gic cells, which produce inflammatory cytokines, such as IL-1p
and IL-6, causing more severe mucosal injury.** IL-6 was
reported to drive the differentiation of Th17 cells by activating
STAT3, thereby enhancing neutrophil recruitment and redu-
cing the bacterial burden.?® Our study revealed key hub genes,
including TLR4, TLR2, chemokine ligand, and NF-kB, in the
transcriptome analysis. Toll-like receptors (such as TLR4/

This journal is © The Royal Society of Chemistry 2023
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TLR2, etc.) expressed on immune cells (especially macro-
phages) activate the immune system and inflammation,
driving lung injury, which participates in the loss of the
barrier integrity and bacterial translocation.***” Multiple lung
cells, including macrophages, DCs, and activated endothelial
and vascular smooth muscle cells have been shown to highly
express TLR2.*7° Our results suggested that AKK significantly
reduced the expression of TLR2 and TLR5, but not TLR4.
Following attachment to LBP, LPS toll-like receptors mediate
inflammatory reactions.*' In the LPS-induced ALI model,
TLR2/Myd88/NF-kB activation (p65 subunit phosphorylation)
induces MCP-1, TNF-a, IL-6, and IL-1p secretion.*>*® The
inhibited LBP played a vital role in reducing the expression of
pro-inflammatory factors.** To a certain extent, modifying the
gut microbiota can reduce the levels of serum pro-inflamma-
tory factors and LPS, and play a role in the prevention and
treatment of ALL.*" Additionally, observed that
A. muciniphila increased the expression of intestinal ZO-1 and
occludin, as well as the production of SCFAs, indicating that
its anti-inflammatory properties are closely related to the
repair of damaged intestinal barrier function, which is consist-
ent with previous reports.*®

In ALI, lung oxidative stress and inflammation cause cellu-
lar damage.’® After LPS stimulation, the level of antioxidant
stress in the lungs was significantly reduced, which was
characterized by a decrease in SOD activity and MDA levels.
This is consistent with previous research reports, and suggests
a close relationship between oxidative stress and ALL"" As a
natural antioxidant, SOD scavenged free radicals, which was
treated as a vital defense mechanism.*® Measurement of lipid
peroxidation is usually based on MDA, the end product of
lipid peroxidation.*® Our study showed a significant decrease
in MDA levels and an increase in SOD activity in the AKK
group, which was a marker of alleviation of the lung oxidative
stress response. This may be attributed to the reshaping of the
bacterial community structure and a decrease in intestine-
derived LPS levels. A. muciniphila significantly reduced LBP
levels, may have blocked the production of reactive oxygen
species induced by LPS, and even alleviated inflammatory reac-
tions. Previously published data support this conclusion.”®

Accumulating studies have investigated the roles of gut-
lung axis and treatment with prebiotics in lung disease.’* As
noted in the literature, A. muciniphila has been found to
improve LPS-induced lung injury.>>® A. muciniphila induced
significant improvement in both the F/B ratio and the relative
abundance of A. muciniphila in our study. Moreover, this study
found that Kiebsiella was enriched in animals with LPS-
induced ALI Klebsiella proliferate abnormally and colonize the
gut, aggravating the inflammation in inflammatory bowel
disease.>® Interestingly, well-known SCFA-producing bacteria,
including Lachnospiraceae_NK4A136_group,> Lactobacillus,”®
Roseburia,”” and ASF356,°® are inversely related to systemic
inflammation. In addition, we found that treatment with
A. muciniphila caused a significant elevation in the levels of
SCFAs, such as acetic acid, propionic acid, isovaleric acid,
butyric acid, isobutyric acid, and valeric acid. Butyrate and

we
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acetate are helpful for intestinal function in a variety of ways,
including improving the intestinal barrier, improving the
microbiota in the intestine, regulating the immune system,
and promoting gastrointestinal motility.>” Furthermore, pro-
pionic acid significantly inhibited the production of pro-
inflammatory cytokines, while enhancing the production of
anti-inflammatory cytokines.>® Butyrate has been extensively
identified as an inhibitor of the HDAC enzyme that alleviates
lung injury by suppressing the expression of NF-kB p65.%°
Based on these results, it is hypothesized that A. muciniphila
rebuilds the intestinal flora structure and promotes SCFA pro-
duction, which is necessary for mitigating the pathological fea-
tures of lung damage.

Furthermore, the administration of butyrate as a sup-
plement demonstrated notable protective effects, leading to a
significant enhancement in the integrity of the alveolar
barrier. This subsequently resulted in a reduction in both pul-
monary and systemic inflammatory reactions, as evidenced by
the decreased levels of pro-inflammatory factors, such as IL-1p,
IL-6, and TNF-a. Additionally, the provision of energy to colon
cells through butyrate supplementation effectively safeguarded
the intestinal mucosa against the infiltration of bacteria into
the bloodstream, thereby mitigating the initiation of inflam-
matory responses. This finding is supported by previous
research.®” The study provides undeniable evidence that the
supplementation of butyrate significantly enhances the pres-
ence of Ligilactobacillius, a well-regarded probiotic.> This
finding aligns with previous research that suggests an increase
in Proteobacterium abundance in the intestine is indicative of
an unstable microbial community, serving as a crucial indi-
cator for assessing gut microbiota disorders.”® Overall, the
observed disappearance of the regulatory effect of butyrate on
the gut microbiota of ALI mice suggests that the adjustment of
intestinal microbiota in these mice is challenging.

Numerous studies have shown that the microbiome in the
respiratory tract contributes to a variety of lung diseases, such
as idiopathic pulmonary fibrosis, asthma and lung cancer.®*
Recent studies have examined whether ALI is correlated with a
change in the gut microbiota,”™*® but few have investigated
the difference in the lung microbiota in lung injury.
Composition analysis of the lung microbiota showed that the
abundance of Firmicutes significantly increased after treat-
ment, while Proteobacteria abundance significantly increased
after LPS exposure in our study. Lung flora disturbance in
numerous lung diseases was characterized by the increased
relative abundance of Proteobacteria, while the abundance of
Firmicutes decreased.®® After acute stress, the excessive pro-
duction of pro-inflammatory cytokines leads to higher levels of
ROS and reactive nitrogen, further resulting in the accumu-
lation of nitrate in lung tissue, with pathogens (such as
Pseudomonas aeruginosa) thriving at sites of inflammation.®*%”
Firmicutes, including Erysipelotrichaceae and Lactobacillaceae,
are butyrate-producing taxa,®® which may be related to the
modulation of the microbiota composition.

Generally, our results indicated that the microbiota, includ-
ing that of the colon and lung tissue, may be a key factor in
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the development of inflammation and oxidative stress in LPS-
induced pulmonary tissue and provided evidence that
damaged microbiota may affect pulmonary inflammation and
oxidative stress during LPS exposure. We also observed that
A. muciniphila repaired the damaged intestinal barrier, which
was related to the remodeling of the gut microbiota and the
enhancement of SCFA secretion. The butyric acid supplemen-
tation experiment further confirmed the efficacy of
A. muciniphila in reducing ALI, led by changes in intestinal
butyric acid concentration. This study provided a deeper
understanding of the underlying mechanisms of lung inflam-
mation and oxidative stress during LPS exposure, and indi-
cated that A. muciniphila had a positive impact on lung inflam-
mation and oxidative damage.
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