Burns & Trauma, 2023, 11, tkad056
https://doi.org/10.1093/burnst/tkad056
Research Article

OXFORD

Research Article

The impact of gut microbiota changes on the
intestinal mucus barrier in burned mice: a study
using 16S rRNA and metagenomic sequencing

Xule Zha'', Sen Su'', Dan Wu', Panyang Zhang', Yan Wei’,
Shijun Fan’, Qianying Huang' and Xi Peng'%*

'Clinical Medical Research Center, Southwest Hospital, Third Military Medical University (Army Medical University),
Gaotanyan Street, Shapingba District, Chongqing, 400038, China and 2State Key Laboratory of Trauma, Burns and
Combined Injury, Southwest Hospital, Third Military Medical University (Army Medical University), Chongqging, 400038,
China

*Correspondence. pxIrmm@tmmu.edu.cn
"These authors contributed equally to this work.

Received 3 July 2023; Revised 29 October 2023; Accepted 6 November 2023

Abstract

Background: The gut microbiota is a complex ecosystem that plays a critical role in human health
and disease. However, the relationship between gut microbiota and intestinal damage caused
by burns is not well understood. The intestinal mucus layer is crucial for maintaining intestinal
homeostasis and providing a physiological barrier against bacterial invasion. This study aims to
investigate the impact of gut microbiota on the synthesis and degradation of intestinal mucus after
burns and explore potential therapeutic targets for burn injury.

Methods: A modified histopathological grading system was employed to investigate the effects of
burn injury on colon tissue and the intestinal mucus barrier in mice. Subsequently, 16S ribosomal
RNA sequencing was used to analyze alterations in the gut microbiota at days 1-10 post-burn.
Based on this, metagenomic sequencing was conducted on samples collected at days 1, 5 and 10
to investigate changes in mucus-related microbiota and explore potential underlying mechanisms.
Results: Our findings showed that the mucus barrier was disrupted and that bacterial translocation
occurred on day 3 following burn injury in mice. Moreover, the gut microbiota in mice was signif-
icantly disrupted from days 1 to 3 following burn injury, but gradually recovered to normal as the
disease progressed. Specifically, there was a marked increase in the abundance of symbiotic and
pathogenic bacteria associated with mucin degradation on day 1 after burns, but the abundance
returned to normal on day 5. Conversely, the abundance of probiotic bacteria associated with
mucin synthesis changed in the opposite direction. Further analysis revealed that after a burn injury,
bacteria capable of degrading mucus may utilize glycoside hydrolases, flagella and internalins to
break down the mucus layer, while bacteria that synthesize mucus may help restore the mucus
layer by promoting the production of short-chain fatty acids.

Conclusions: Burn injury leads to disruption of colonic mucus barrier and dysbiosis of gut
microbiota. Some commensal and pathogenic bacteria may participate in mucin degradation
via glycoside hydrolases, flagella, internalins, etc. Probiotics may provide short-chain fatty acids
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(particularly butyrate) as an energy source for stressed intestinal epithelial cells, promote mucin

synthesis and accelerate repair of mucus layer.
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Highlights

* The intestinal mucus barrier is significantly disrupted in the early stages after burn injury and there are alterations in the
composition of gut microbiota. Specifically, there is a notable decrease in the population of bacteria that promote mucus
production, coupled with a significant increase in the population of bacteria that break down mucus.

* Following burn injury, mucus-degrading bacteria may degrade the mucus layer through pathways such as glycoside hydrolases,

flagella, internalins and other means, while mucus-synthesizing bacteria may facilitate mucus restoration by promoting the

production of short-chain fatty acids.

Background

The gut microbiota refers to the microbial community in
the human intestinal tract, which includes bacteria, fungi,
viruses and other microorganisms, with bacteria being the
main component. There are an estimated 10-100 trillion bac-
teria in the human gastrointestinal tract, containing >1,500
species of bacteria [1,2]. The gut microbiota co-evolves and
co-exists within the human body, forming a relatively stable
ecosystem that has important impacts on the immune sys-
tem, metabolism, nutrition and other aspects of the host. A
large amount of basic and clinical research has confirmed
that the gut microbiota is closely related to the occurrence
of tumors [3], metabolic diseases [4], neurological diseases
[5] and inflammatory bowel disease [6]. In recent years,
the relationship between gut microbiota and organ damage
caused by burns, especially intestinal damage, has received
increasing attention. Damage to the intestinal mucosa caused
by burn stress, ischemia and hypoxia can lead to changes in
the intestinal microenvironment, resulting in disorders of the
diversity and abundance of gut microbiota. In turn, changes
in bacteria and their metabolites can affect the intestinal
function of the host, which has significant impacts on the
pathophysiology and prognosis after burn injury [7,8]. There
have been studies on changes in gut microbiota caused by
burn injury; however, research on the interaction between gut
microbiota and the intestinal mucus barrier after burn injury
has not been reported.

Intestinal mucus is the first line of defense in the intestine,
playing an important physiological barrier function in main-
taining the stability of the gut environment and preventing
the invasion of bacteria and toxins. At the same time, the
mucus is also a place for bacterial colonization, and the
interaction between mucus and gut microbiota is crucial
for maintaining intestinal homeostasis [9,10]. Under normal
physiological conditions, the outer layer of mucus in the
colon not only provides a colonization site for symbiotic
bacteria, but also serves as a source of nutrition for cer-
tain bacteria. In contrast, the inner layer of mucus adheres
closely to intestinal epithelial cells and has a more compact

structure to prevent harmful microorganisms from invading
[11]. Conversely, the gut microbiota can also affect the devel-
opment and outcome of diseases by regulating the synthesis
and degradation of mucus. Studies have found that mucin-
degrading bacteria such as Ruminococcus and Bacteroides
are significantly increased in the intestine of patients with
inflammatory bowel disease [12,13]. In addition, pathogenic
bacteria such as Vibrio cholerae and Escherichia coli can
also degrade mucin to destroy the mucus layer, eventually
leading to inflammation [14,15]. In contrast, Lactobacillus
reuteri can increase the thickness of mucus in mice, thereby
alleviating colitis induced by dextran sulfate sodium [16,17].
In recent years, there has been growing interest in a bacterium
known as Akkermansia muciniphila, which has shown a
remarkable ability to both break down mucus and stimulate
mucus production. This bacterium has the unique capabil-
ity to utilize mucin as an energy source when the body is
experiencing malnutrition; therefore, it possesses the ability to
degrade mucus [18]. Additionally, studies have revealed that
when the colonic mucus layer is compromised due to a high-
fat diet, A. muciniphila can also promote mucin synthesis and
aid in mucus repair [19]. Therefore, the interplay between
gut microbiota and intestinal mucus has gradually become
a research hotspot in the regulation of intestinal homeostasis
in disease states.

Although several studies have confirmed disruption of the
gut microbiota composition in severe burns using 16S riboso-
mal RNA (rRNA) gene sequencing [8,20-22], it is still unclear
whether microbiota can affect the synthesis and degrada-
tion of intestinal mucus, due to the limitations of research
methods. Metagenomic sequencing is a technology for the
deep analysis of microbial communities based on 16S rRNA.
Unlike 16S rRNA sequencing, which mainly focuses on the
composition and diversity of microbial communities, metage-
nomic sequencing can provide comprehensive information on
bacterial genes, metabolism and function. Therefore, in this
study, we use both methods to analyze changes in the gut
microbiota post-burn and explore the mechanism by which
the gut microbiota affects the synthesis and degradation of
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intestinal mucus. The results showed that mucin-degrading
bacteria (including symbiotic and pathogenic bacteria) may
degrade mucin through glycoside hydrolases, internalins and
flagella, thereby exacerbating the destruction of mucus after
burn injury. In contrast, short-chain fatty acids (SCFAs),
derived from probiotics such as Lactobacillus and Bifidobac-
terium, may not only provide energy for the host under
stress conditions but also promote mucus repair after burn
injury. Our study provides a theoretical basis for finding new
therapeutic targets for burn injury and provides ideas for
exploring new burn treatment drugs and methods.

Methods

Animals

Healthy adult male BALB/c mice (6-8 weeks) were pur-
chased from HFK Bioscience Co., Ltd (Beijing, China). The
animals were kept in a specific pathogen-free environment
at 25+2°C under a photoperiod of 12 h light/12 h dark.
Notably, the animals were acclimated to the environment for
1 week before the experiment.

Experimental models

In this study, we used a burn injury model as previously
described [8]. Briefly, male BALB/c mice were randomized
into the following two groups: the burn group and the control
group. The dorsal surface of anesthetized mice was shaved.
Mice in the burn group were immersed in 90.0°C water for
10 s to cause 30% total body surface area (TBSA) burn.
TBSA was calculated by the Meeh formula [23]. Lactated
Ringer’s solution (1.5 ml kg™' % TBSA™") and buprenorphine
(1 mg/kg body weight) were used for fluid resuscitation
and analgesia after burn injury, respectively. The mice in the
burn group were housed individually in sterile cages. The
same experimental procedure was performed on control mice,
except that the control mice were exposed to 37°C water.

Histopathology

The mice were euthanized by cervical dislocation. Then, the
abdomen of each mouse was aseptically dissected with scis-
sors and forceps, and the distal colon was obtained. The tissue
samples were fixed in 5 ml of methanol-Carnoy’s fixative for
a minimum of 3 h at room temperature and embedded in
paraffin. The tissue was cut into 5 um sections by a paraffin
slicer (Leica, Wetzlar, Germany), and then stained with hema-
toxylin and eosin following the manufacturer’s instructions.
The slices were examined by light microscopy (Olympus,
Tokyo, Japan). The histological examination was performed
by a scoring system as previously validated and described,
as follows: tissue damage, 0 (none) to 3 (extensive mucosal
damage); crypt architecture, O (normal) to 5 (crypt abscesses);
inflammatory cell infiltration, 0 (occasional infiltration) to 3
(transmural infiltration); goblet cell depletion, 0 (normal) to 3
(>50% depletion). Crypt lengths (0-4) were measured using
CellSens software (Olympus, Tokyo, Japan).

The mucus and goblet cells in paraffin-embedded colon
sections were analyzed by Alcian blue/periodic acid Schiff
(AB/PAS) staining. The samples were stained with Alcian blue
staining solution for 15 min and rinsed with water until col-
orless, and then stained with 0.5%—1% periodic acid solution
for 15 min and rinsed with water for 5 min. Thirdly, the tissues
were stained in Schiff reagent at room temperature for 30 min
in the dark and rinsed for 5min. Finally, the tissues were
dehydrated with gradient ethanol (75, 95 and 100% ethanol,
respectively) for 5 min and xylene transparent for 5 min. The
slices were examined by light microscopy (Olympus, Tokyo,

Japan).

Fluorescence in situ hybridization

Fluorescence in situ hybridization was performed as previ-
ously described in detail [24]. Briefly, the tissue sections were
directly labeled with the Cyanine 3-conjugated universal
bacterial probe EUB338 (5-GCTGCCTCCCGTAGGAGT-
3/, Invitrogen). After probing and hybridization, the slices
were restained with 4’,6-diamidino-2-phenylindole. Coim-
munostaining with anti-mucin 2 (MUC2) (ab272692,
Abcam) was performed.

16S rRNA sequencing and bioinformatics analysis
Fresh fecal pellets were respectively collected from 10 burn
mice and 10 control mice over a period of 10 days. The
samples were immediately frozen in liquid nitrogen and then
transferred into a —80°C cryogenic freezer for cryopreserva-
tion until DNA extraction. Microbial DNA was extracted
using a QIAamp Fast DNA Stool Mini Kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s instructions. The
qualified DNA samples were stored at —80°C. The V3-V4
region of the bacterial 16S rRNA gene was amplified using
primer pairs 338F (5'-ACTCCTACGGGAGGCAGCAG-3')
and 806R (5'-GGACTACHVGGGTWTCTAAT-3') by a Bio-
Rad T100 PCR thermocycler (Bio-Rad, Hercules, USA). The
PCR product was extracted from a 2% agarose gel and
purified using a DNA gel extraction kit (Omega, Atlanta,
USA). Purified amplicons were pooled in equimolar amounts
and paired-end sequenced on an Illumina MiSeq PE300 plat-
form/NovaSeq PE250 platform (Illumina, San Diego, USA)
according to the standard protocols by Majorbio Bio-Pharm
Technology Co. Ltd (Shanghai, China).

A DADA?2 plug-in (or Deblur plug-in) in the QIIME2 pro-
cess was used to reduce the noise of the optimized sequence
after quality control concatenation to obtain the amplicon
sequence variants (ASVs). Based on the ASV information,
alpha diversity indices including Chao richness and Shannon
index were calculated with Mothur v1.30.1. The similarity
among the microbial communities in different samples was
determined by principal component analysis (PCA) based on
Bray—Curtis dissimilarity using the Vegan v2.5-3 package.
Python-2.7 software was used to analyze the community
composition of different groups at phylum and genus levels.
The significance level of species abundance differences was
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evaluated based on the Wilcoxon rank-sum test using R-3.3.1
(stat) software.

Linear discriminant analysis (LDA) effect size (LefSe) anal-
ysis was conducted using the relative abundance of indicator
microorganisms in burned and control mice at phylum to
genus level (http://huttenhower.sph.harvard.edu/galaxy/root?
tool_id=lefse_upload). Taxonomy levels were incorporated
into all groupings within the text files, which were formatted
according to the required structure. An ‘all-against-all’ strat-
egy was adopted for multiclass analysis, with the factorial
Kruskal-Wallis test and pairwise Wilcoxon signed-rank test
for all groupings set at a Monte-Carlo (alpha=0.05). The
results are presented as cladograms and included taxa with
an LDA threshold of >3.5 for the analyses.

Metagenomic sequencing and bioinformatics analysis
Total genomic DNA was fragmented to an average size of
~400 bp using Covaris M220 (Gene Company Limited,
China) for paired-end library construction. A paired-end
library was constructed using NEXTFLEX Rapid DNA-
Seq (Bioo Scientific, Austin, TX, USA). Adapters containing
the full complement of sequencing primer hybridization
sites were ligated to the blunt-end of fragments. Then,
metagenomic sequencing was performed on an Illumina
NovaSeq 6000 platform (Illumina Inc, San Diego, CA, USA)
at Majorbio Bio-Pharm Technology Co., Ltd (Shanghai,
China) according to the manufacturer’s protocols. The low-
quality reads (length <50 bp or with a quality value <
20 or having N bases) were removed from the raw data
by fastp, and high-quality paired-end reads and single-end
reads were retained. Metagenomics data were assembled
using MEGAHIT v1.1.2. Contigs with a length > 300 bp
were selected as the final assembly result, and the contigs
were used for further gene prediction and annotation. Open
reading frames from each assembled contig were predicted
using Prodigal v2.6.3. The predicted open reading frames
with a length> 100 bp were retrieved and translated into
amino acid sequences. A non-redundant gene catalog was
constructed using CD-HIT v4.7 with 90% sequence identity
and 90% coverage. High-quality reads were aligned to the
non-redundant gene catalogs to calculate gene abundance
with 95% identity using SOAPaligner software.

Representative sequences of non-redundant gene catalog
were aligned to the NR database with an e-value cutoff
of 1le™ using Diamond for taxonomic annotations. Kyoto
Encyclopedia of Genes and Genomes (KEGG) annotation was
conducted using Diamond against the KEGG database (http:/
www.genome.jp/keeg/) with an e-value cutoff of 1e™.

A circos map was generated at pathway level 1 from the
KEGG database using Circos-0.67-7 (http://circos.ca/).

Statistical analysis

GraphPad Prism v.9.5.1 and SPSS 18.0 software were used
for other statistical analyses and graphing. The quantitative
data were subjected to normality test by the Shapiro-Wilk

test, and Levene’s test was used to determine the homogeneity
of variance. Normally distributed data are presented as the
mean =+ standard deviation (SD) and non-normal distributed
data are presented as median (P25 to P75) (lower quartiles
to upper quartiles). In order to exclude the time factor, the
method of matching the burn group and the control group
at the same time point was adopted to study the changes
of gut microbiota after burn in mice. Comparisons between
the two groups were performed using independent samples
t-test or Wilcoxon rank sum test. In all analyses, a two-tailed
p < 0.05 was considered to indicate a statistically significant
difference; *p < 0.05, **p < 0.01 and ***p < 0.001.

Results

Burn injury results in colonic damage and disruption of
the mucus barrier in mice

In this study, we utilized an enhanced histopathological grad-
ing system to assess the impact of burn injury on the colons
of mice. The histological examination of hematoxylin and
eosin staining revealed that the colonic crypts were shortened,
collapsed and infiltrated by inflammatory cells on day 3 post-
burn in mice (Figure 1a—c), indicating colonic tissue damage
induced by burn injury. The AB/PAS staining results demon-
strated a significant decrease in colonic mucin content on day
3 following burn injury in mice, which suggests that burn
injury disrupts the colonic mucus barrier, resulting in subse-
quent intestinal damage (Figure 1a, d). To further evaluate the
effects of burns on the mucus layer of the colon, immunos-
taining with MUC2 antibody (green) was conducted on the
distal colon of mice at days 1, 3 and S post-burn. Additionally,
universal 16S rRNA probes (red) were employed for in situ
hybridization analysis to examine the spatial distribution of
bacteria within the tissue. The results showed that the colon
mucus layer of normal mice was divided into outer and inner
layers, with bacteria existing only in the outer layer while
the inner layer was bacteria-free (Figure 1e). The inner mucus
layer of the colon was damaged, and the structure of the outer
mucus layer became looser, allowing bacteria to penetrate
the inner layer on day 1 post-burn (Figure 1e). The mucus
layer of the colon was destroyed completely, and bacteria
could adhere directly to the colonic epithelium on day 3
post-burn (Figure 1e). However, the mucus layer of the colon
was regenerated both internally and externally, allowing for
effective isolation of bacteria in the outer mucus layer on
day 5 post-burn (Figure 1e). These findings suggest that the
integrity of the mucous barrier in mice was compromised
during the initial 3 days post-burn and began to gradually
recover from the fifth day postburn.

Diversity analysis of gut microbiota in mice after burn
injury

Intestinal mucus serves as the niche for colonization of gut
microbiota, and mutual modulation between the mucus and
microbiota is essential to maintain intestinal homeostasis.
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Figure 1. The effect of burn injury on colonic tissue and intestinal mucus barrier. (a) hematoxylin and eosin (HE) and Alcian blue/periodic acid Schiff (AB/PAS)
staining of the distal colon in mice on day 3 after burn injury. The yellow line indicates the height of the crypt. Aggregation of basal lymphocytes is indicated
by a black arrow. Scale bars: 50 or 100 «m. (b) The histological score of the colonic tissue was calculated from colon sections (n=5 per group); **p <0.01. (c)
The height of colonic crypts was measured in mice from the control and burn groups (n=5 per group); **p <0.01. (d) The number of goblet cells was counted
based on AB/PAS-stained colon sections (n=5 per group); **p <0.01. (e) Immunostaining of colon sections was performed using antibodies against mucin 2
(MUC2) (green) and fluorescence in situ hybridization with a bacterial 16S ribosomal RNA (rRNA) gene probe (EUB338, red) at days 1, 3 and 5 post-burn. The
white dashed line delineates the inner mucus layer (I) and the outer mucus layer (O). Nuclei were stained with 4’,6-diamidino-2-phenylindole (blue). Scale bar:
50 um
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Figure 2. Diversity of gut microbiota at days 1, 3, 4, 5, 6 and 10 post-burn. (a, b) Chao1 and Shannon index were used to measure alpha diversity post-burn;
*p < 0.05. (c) Principal component analysis (PCA) analysis of gut microbiota post-burn. PC1 and PC2 represent the two selected principal coordinate components,
and the percentage represents the contribution value of the principal coordinate components to the difference in sample composition. Each circle represents a

sample. 1d, 3d, 4d, 5d, 6d and 10d represent days 1, 3, 4, 5, 6 and 10, respectively

Our findings demonstrated that the integrity of the mucus
barrier may be compromised by burn injury, while the barrier
gradually recovers over time. To assess the changes of gut
microbiota during this period, we collected fecal samples
from mice at days 1-10 after burn injury for 16S rRNA
sequencing. Alpha diversity analysis showed a significant
increase in Chao index from day 1 to day 6 post-burn
(Figure 2a), as well as a significant elevation in Shannon
index from day 1 to day 3 post-burn (Figure 2b), indicat-
ing a marked increase in both community abundance and
diversity following burn injury. PCA revealed good overall
sample repeatability between the burn and control groups.
Significant differences were observed between the burn and

control groups during the first 3 days following burn injury
(p =0.001). However, no significant inter-group difference
was observed 5 days after burn injury (p > 0.05), suggesting
a gradual normalization of the gut microbiota as burn injury
progressed (Figure 2c).

Taxonomic composition analysis of the gut microbiota
in mice after burn injury

The Venn diagram in Figure 3a shows the shared and
unique ASVs in the control and burn groups. A significant
increase in the number of ASVs was observed from the
first to fourth day after burn injury, followed by a gradual
decrease in ASVs (Figure 3a). The results indicated that burn
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Figure 3. Severe burn altered the composition of gut microbiota. (a) Venn diagram of the composition of amplicon sequence variants (ASVs) in gut microbiota.
(b) Bar-plot analysis shows relative abundance of the top ten microbial communities at the phylum level. The x-axis represents the group information and
the y-axis represents relative abundance of specific bacterial phyla. (c) Relative abundance of microbial community at the genus level; *p <0.05, **p <0.01.
(d) Linear discriminant analysis (LDA) effect size (LefSe) analysis of gut microbiota composition differences comparing burn and control mice. Different
colored nodes represent the significantly enriched microbial taxa in the corresponding groups that have a significant impact on inter-group differences.

LDA score > 3.5

injury led to changes in the quantity of gut microbiota.
Additionally, the abundance of gut microbiota in mice
after burn injury was analyzed at the phylum level. The
community composition analysis revealed that Firmicutes
and Bacteroidetes in the control group accounted for ~68.8
and 20.85% of the total bacteria, respectively (Figure 3b,
Figure S1, see online supplementary material). On the first

day after burn injury, there was a significant decrease in
the abundance of Firmicutes to 38.48% and a significant
increase in the Bacteroidetes to 43.39%. These changes
gradually returned to normal levels compared to the control
group over the following 3 days after the injury (Figure S1).
Verrucomicrobia is present at a very low abundance,
accounting for only ~0.9% of the total microbiota in normal
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mice. Compared to the control group, the abundance of
Verrucomicrobia rapidly increased to 7.88% 1 day after
burn injury, followed by a trend of decreasing and then
increasing over the next 3-5 days (Figure 3a, Figure S1).
Further observation of burned mice at the genus level
revealed that Lactobacillus, Muribaculaceae, Bacteroides and
Lachnospiraceae were the top four species in terms of relative
abundance (Figure S2, see online supplementary material).
Lactobacillus significantly decreased from day 1 to day 3
in burned mice, while Muribaculaceae significantly increased
during the same period. Lachnospiraceae showed a significant
increase in abundance from day 1 to day § after burning,
while Bacteroides showed a significant increase in abundance
on the first day after burning (Figure 3c). Our findings
indicated that the composition of gut microbiota in burned
mice was disrupted from day 1 to day 3 after burn injury,
followed by a gradual restoration toward normalcy 3 days
after burn injury. LEfSe analysis was performed to identify
biomarkers within the gut microbiota of the control and
burn groups. Lactobacillus was higher in the control group,
while Muribaculaceae, Bacteroides and Lachnospiraceae
were enriched significantly in the burn group (Figure 3d).
Additionally, the abundance of Akkermansia in burned mice
changed in accordance with that of the Verrucomicrobia,
to which it belongs (Figure 3c, Figure S3, see online supple-
mentary material). As is commonly recognized, Akkermansia
has been closely linked to the formation and degradation of
mucus, while Lactobacillus, as one of the most commonly
used probiotics, plays a crucial role in promoting mucus
production. Thus, we speculate that gut microbiota including
Akkermansia and Lactobacillus may play an important role in
the disruption and restoration of gut mucus after burn injury.

The gut microbiota is implicated in the degradation
and restoration of intestinal mucus following burn
injury

Samples from the first, fifth and tenth day after burn injury
were subsequently selected for metagenomic sequencing to
explore the impact of gut microbiota on the intestinal mucus
barrier at the gene and functional levels. The compositional
changes in the gut microbiota in burned mice at the phylum
and genus levels, as determined by metagenomic sequencing
data (Figure S4, see online supplementary material), were
similar to the results obtained from 16S rRNA sequencing.
Next, we analyzed the abundance changes in bacteria asso-
ciated with mucin synthesis and degradation at the species
level based on metagenomic data. Our findings revealed a
noteworthy increase in the abundance of A. muciniphila on
post-burn day 1 compared to that of the control group, and
the increased level returned to normal on days 5 and 10
(Figure 4a). We propose that this elevation in abundance is
primarily attributable to the initial stress response triggered
on the first day after burn injury. This response prompts
the significant secretion of a large amount of stored mucus
from goblet cells, which serves to resist unfavorable factors.
Further analysis indicates that the abundance of Akkermansia

exhibited a dynamic trend within 3-5 days after burn injury
(Figure 3c, Figure S3). We postulate that the reduction in A.
muciniphila abundance on day 3 after burn injury may be
attributed to the disruption of the intestinal mucus layer. As
the mucus content continues to decrease, it may stimulate the
proliferation of A. muciniphila to promote mucin synthesis
and maintain the stability of the intestinal mucus.

In addition, a range of symbiotic and pathogenic bacteria
also contribute to mucus degradation. Our results indicate
that pathogenic bacteria, such as E. coli, Clostridium fimetar-
ium, Vibrio parabaemolyticus and Listeria monocytogenes,
as well as symbiotic bacteria including Barnesiella intestini-
hominis, Ruminococcus gnavus, Bacteroides thetaiotaomi-
cron, Bacteroides fragilis, Lachnospiraceae bacterium 284
and Lachnospiraceae bacterium 2_1_46FAA, all significantly
increased in abundance on the first day after burn injury
when participating in mucus degradation (Figure 4a). Fur-
ther research showed a significant reduction in the abun-
dance of Lactobacillus intestinalis, Lactobacillus jobnsonii,
Lactobacillus gasseri, Ligilactobacillus murinus, Limosilac-
tobacillus reuteri of the Lactobacillus and Bifidobacterium
pseudolongum of the Bifidobacterium on day 1 after burn
injury, compared to that of the control group. However,
the abundance of these bacteria subsequently recovered to
normal levels by days 5 and 10 after burn injury (Figure 4b).
Our findings indicate that the abundance of bacteria involved
in promoting mucin synthesis may be regulated by the mucus
content in the intestinal lumen. We speculate that on the
first day after burn, a significant influx of mucus occurs in
the intestine, which inhibits the growth of these bacteria.
However, as the disease progresses and the mucus content
gradually decreases, there is an increase in the abundance of
these bacteria, which stimulates mucin synthesis.

To further verify that the abundance changes in bacteria
associated with mucin synthesis and degradation may be
related to the integrity of the mucus layer, based on the
changes in the mucus layer of burned mice (Figure 1e), the
control 1 day, control 5 day and burn § day groups, with an
intact inner mucus layer, were classified as the inner mucus
group (IMG), while the burn 1 day group, with the absence
of the inner mucus layer, was classified as the inner mucus
absent group (IMAG). Six bacterial species from the mucus-
associated bacteria described above were randomly selected
to compare their relative abundance within the IMG and the
IMAG. Statistical analysis showed a significant increase in
the relative abundance of A. muciniphila, C. fimetarium, B.
thetaiotaomicron and L. bacterium 2_1_46FAA in the IMAG,
while B. pseudolongum and L. jobnsonii were significantly
decreased (Figure S5, see online supplementary material), fur-
ther suggesting the possible correlation between their abun-
dance changes and the mucus layer.

Bacteria may degrade intestinal mucus through
various mechanisms after burn injury

Next, we performed KEGG enrichment analysis based on
the results of metagenomic sequencing to investigate the
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Figure 4. The relative abundance of mucus-associated bacteria was significantly altered post-burn. (a) Changes in the relative abundance of mucus-degrading
bacteria (commensal and pathogenic bacteria) in mice 1, 5 and 10 days after burn injury. (b) Changes in the relative abundance of mucus-synthesis bacteria
(probiotics) in mice 1, 5 and 10 days after burn injury. 1d, 5d and 10d represent days 1, 5 and 10, respectively. * p<0.05, **p < 0.01

underlying mechanisms by which gut microbiota affects
mucus layer. The functions in the KEGG database are divided
into the following three levels: pathway level 1, pathway
level 2 and pathway level 3. The PCA analysis based on
KEGG pathway level 1 showed that the samples on the first
day after burn injury were noticeably separated from the
other samples, indicating that the function of gut microbiota
was significantly affected the first day after burn injury
(Figure Sa). Biological metabolic pathways are classified into
six categories at the first level of the KEGG database. Among
them, metabolism and human diseases were significantly
impacted 1 day after burn injury in mice, whereas they recov-
ered to normal at days 5 and 10 (Figure 5b, ¢). To explore the
mechanism of bacterial mucus degradation in mice after burn
injury, we focused on these two metabolic pathways. One of
the important ways in which bacteria degrade mucus, as

reported by previous studies, is through glycoside hydrolases,
including sialidases, N-acetylglucosaminidases and galactosi-
dases. Further analysis revealed that the galactose metabolism
(ko00052) and glycosaminoglycan degradation (ko00531)
signaling pathways in the metabolism pathway were signifi-
cantly affected after burn injury. Specifically, the abundance
of alpha-galactosidase (3.2.1.22: K07406, K07407), beta-
galactosidase (3.2.1.23: K01190, K12308) and alpha-N-
acetylglucosaminidase (3.2.1.50: K01205) was significantly
elevated in mice at day 1 after burn injury, while there was
no significant difference compared to that in normal mice
at days 5 and 10 post-burn (Figure 5d, Table S1, see online
supplementary material). In addition, the abundance of inter-
nalin A (K13730), which in involved in mucus degradation,
was significantly elevated in the bacterial invasion of epithe-
lial cells (ko05100) signaling pathway of the human diseases
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Figure 5. The impact of burn injury on gut microbiota function was revealed by metagenomic sequencing. (a) Principal component analysis (PCA) analysis
of control mice and burn mice based on Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway level 1. PC1, PC2 and PC3 represent the top three
principal component factors that affect the functional composition of the sample, and the percentage represents the contribution value of the principal coordinate
components to the difference in sample functional composition. (b) Circos plot illustrating the correlation between different samples and their corresponding
functions. The left half circle represents the sample group, and the right half circle represents the distribution of functions in different samples at the clustering
level. (c) Alterations in biological metabolic pathways at the first level of the KEGG database after burn injury in mice. (d) Changes in the abundance of glycoside
hydrolases, internalins and flagella-related enzymes after burn injury. 1d, 5d and 10d represent days 1, 5 and 10, respectively; *p < 0.05, **p < 0.01

metabolic pathway (Figure 5d, Table S1). The adhesion and
degradation of mucins by the flagella of certain symbiotic
and pathogenic microbiota in the gut have been a subject of
special interest [25]. Therefore, we focused on investigating
the alterations in the signaling pathways related to flagella
formation after burn injury. Our data demonstrated a
significant impact on flagellar assembly (ko02040) at day
1 after burn injury, with an increased abundance of flagellar
biosynthesis protein FlhA (K02400), flagellin (K02406),
flagellar protein FLiO/FliZ (K02418), flagellar hook-length
control protein FliK (K02414), hook-associated protein

1 flgK (K02396) and flagellar protein FliS (K02422)
(Figure 5d, Table S1). Based on our observations, we
speculate that mucin-degrading bacteria may exacerbate
mucin degradation after burn injury through mechanisms
involving glycoside hydrolases, internalins and flagella.

The gut microbiota may provide energy to the host and
facilitate post-burn mucus repair through SCFAs

Currently, there is a limited understanding of the mechanisms
by which probiotics promote mucus repair. One of the key
mechanisms by which probiotics promote mucus secretion
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and increase mucin thickness is through SCFAs (acetate,
butyrate, propanoate etc.), the important metabolic products
of the gut microbiota [26]. Butyrate serves as the primary
energy source for intestinal epithelial cells [27]. Inter-group
differential analysis revealed that the abundance of key
enzymes involved in the butyrate synthesis pathway, including
3-hydroxybutyryl-CoA dehydrogenase (1.1.1.157: K00074),
enoyl-CoA hydratase (4.2.1.17: K01692, K01715), butyryl-
CoA dehydrogenase (1.3.8.1: K00248) and acetate CoA-
transferase (2.8.3.8: K01034,K01035,K19709), significantly
increased on the first and fifth days after burn injury.
(Figure 6a and b, Table S2, see online supplementary mate-
rial). This finding was consistent with changes in the
abundance of butyrate-producing bacteria. Our results
suggest that the host may need to synthesize butyrate to
provide a large amount of energy at days 1 and 5 post-
burn, and butyrate synthesis returns to normal on day 10
postburn. Under anaerobic conditions, pyruvate is converted
into acetyl coenzyme A (acetyl-CoA) by pyruvate formate
lyase, which is then metabolized to acetate through the
phosphotransacetylase (Pta)-acetate kinase (AckA) pathway.
Additionally, acetyl-CoA hydrolase catalyzes the production
of acetate from acetyl-CoA. We found that the abundance
of key enzymes involved in the Pta-AckA pathway, including
phosphate acetyltransferase (2.3.1.8: K15024, K13788) and

acetate kinase (2.7.2.1: K00925), as well as acetyl-CoA
hydrolase (3.1.2.1: K01067), was significantly reduced on
day 1 post-burn (Figure 6a and b, Table S2). Meanwhile,
succinyl-CoA synthetase (6.2.1.4: K01899, K01900) and
acetate kinase, which are involved in the synthesis of pro-
pionate, showed similar trends (Figure 6a and b, Table S2).
This indicates that the synthesis of acetate and propionate
was significantly reduced on day 1 post-burn but returned
to normal levels at days 5 and 10 postburn. Overall, we
speculate that the host is in a stressed state on day 1 postburn
and requires a significant amount of butyrate to maintain
normal intestinal homeostasis. During the recovery phase
(days 5 and 10 postburn), acetate, propanoate and butyrate
may promote mucus repair.

Discussion

Intestinal mucus is the first barrier of the intestinal mucosa
and damage to the mucus barrier after burns is an important
factor in aggravating intestinal injury. It is currently believed
that the bidirectional regulatory effect of mucus and gut
microbiota is crucial to maintaining intestinal homeostasis
[28]. In this study, the changes in gut microbiota, especially
mucus-related microbiota, at different stages of burns
were comprehensively analyzed using 16S rRNA gene
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sequencing and metagenomic sequencing, and the mecha-
nisms that affect intestinal mucus were explored. Our findings
demonstrated that the composition of gut microbiota is
altered significantly following burn injury, with changes
in the relative abundance of Firmicutes, Bacteroidetes,
Verrucomicrobia, Proteobacteria and Actinobacteria, and
most notably Firmicutes and Bacteroidetes. Furthermore,
some symbiotic and pathogenic bacteria may degrade mucin
through glycoside hydrolase, internalins and flagella, while
probiotics such as Lactobacillus and Bifidobacterium may
promote mucus synthesis through SCFAs.

Firmicutes and Bacteroidetes are the most predominant
classes in the gut microbiota [29,30]. Our results indicated
a significant decrease in the abundance of Firmicutes and
a significant increase in Bacteroidetes in mice on day 1
following burn injury, while the abundance of both phyla
had largely returned to normal levels on day 3 after burn
injury, suggesting that severe burn injury can disrupt the gut
microbiota, and that the gut microbiota gradually recovers
to normal levels as burn injury progresses. The studies by
Feng et al. and Beckmann et al. are consistent with our
findings, however, the former found that dysbiosis of the
microbiota can last for up to 3-5 days after burn injury [8,20].
Furthermore, we found that the abundance of Verrucomi-
crobia was significantly increased by nearly 9-fold the first
day after burn injury, despite its low abundance under nor-
mal physiological conditions. Akkermansia, a representative
genus of Verrucomicrobia, is a unique probiotic. Studies have
demonstrated its ability to utilize mucin from host mucus to
provide energy under conditions of malnutrition, showcasing
its characteristic of mucin degradation [31]. Additionally,
Akkermansia can promote mucin synthesis to accelerate the
repair of mucosal damage caused by a high-fat diet-induced
disruption of the colonic mucus layer [19,32]. In our findings,
Akkermansia initially increased, followed by a decrease, and
then an increase again from day 1 to day 5 after burn
injury in mice. We hypothesized that goblet cells are under
stress on the first day following burn injury in mice, leading
to the excessive secretion of mucin stored in cells and the
consequent accumulation of mucin in the intestinal lumen. At
that time, the abundance of Akkermansia greatly increases to
degrade the excessive mucin and to maintain the stability of
the intestinal mucus layer. Three days post-burn, there was
a notable decrease in mucins in the intestinal lumen, which
subsequently caused a reduction in Akkermansia abundance.
The continuous decrease in mucus content may stimulate the
gradual proliferation of Akkermansia to promote mucin syn-
thesis. The experimental results confirmed that Akkermansia
may play a dual role in degrading mucin and promoting
mucin synthesis according to changes in intestinal mucin
levels, which is crucial for maintaining the stability of the
intestinal mucus barrier after burn injury.

Further studies found that the abundance of symbiotic
bacteria and pathogenic bacteria was significantly increased
in the early stage after burn injury and participated in
the degradation of intestinal mucus. Png et al. validated
that Ruminococcus can utilize MUC2 as the sole carbon

source by degrading it [33]. In addition, the colonization of
B. thetaiotaomicron in mice is dependent on mucin [34].
Early studies proved that B. fragilis can bind intestinal
mucin [35]. In addition to commensal bacteria, pathogenic
bacteria mentioned in this study can directly or indirectly
regulate goblet cell function and mucin expression, thereby
inhibiting mucin synthesis or promoting mucin degradation
[12,36,37]. The mechanisms underlying the degradation
of mucins by commensal and pathogenic bacteria may
include various factors such as glycoside hydrolases, flagella,
internalins and others. Published data have shown that A.
muciniphila, B. thetaiotaomicron, Bifidobacterium bifidum,
and others can degrade mucins through glycoside hydrolases
[38]. Furthermore, some pathogenic bacteria, such as
L. monocytogenes, can synthesize a toxin protein called
internalins, which interacts with MUC2 to disrupt mucin
structure [39]. In addition, several microbes have evolved to
adhere to and penetrate the mucin layer using extracellular
appendages such as flagella [25]. Studies have found that
flagella and flagellins of enteropathogenic E. coli and
enterohemorrhagic E. coli can bind to intestinal mucin and
penetrate the mucin layer to infect epithelial cells [40]. Our
results showed a significant increase in the abundance of
flagellins and internalins after burn injury, indicating that
some microbes may disrupt intestinal mucus through these
factors. Thus, we propose that disrupted gut microbiome after
burn injury may degrade mucin and disrupt the intestinal
mucus barrier through various factors such as glycoside
hydrolases, flagella and internalins.

The decrease in probiotic abundance after burns is
another important factor leading to damage of the intestinal
mucus barrier. In addition to A. muciniphila, the abundance
of Lactobacillus and Bifidobacterium also significantly
decreased. Studies have found that these two probiotics can
inhibit the excessive proliferation and adhesion of pathogenic
bacteria to intestinal epithelial cells through competitive
inhibition, thereby suppressing gut derived infections [41].
Additionally, administering these two probiotics separately
or in combination can alleviate the intestinal inflammatory
response and promote mucin synthesis [42]. They are
currently the most widely used bacterial strains in clinical
treatment. Studies have revealed that facilitating the synthesis
of SCFAs is one of the pivotal mechanisms by which
probiotics maintain the intestinal mucus barrier [43-45].
SCFAs, also known as volatile fatty acids, are fatty acids
that generally have six carbon atoms or fewer and include
acetate, propionate and butyrate [46]. Acetate is considered
the most abundant SCFAs in animal bodies, while butyrate
is the principal source of energy for intestinal epithelial cells
[47]. Our findings indicated that the alterations in these three
SCFAs exhibited distinct patterns. Specifically, on the first day
after burns, the abundance of butyrate-producing bacteria
was significantly augmented, and the abundance of enzymes
implicated in butyrate biosynthesis, including butyryl-CoA
dehydrogenase, 3-hydroxybutyryl-CoA dehydrogenase and
enoyl-CoA hydratase, was markedly elevated. This tendency
persisted until the fifth day after burn injury and the
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abundances subsequently returned to baseline levels on day
10. In contrast, the activities of enzymes responsible for
acetate synthesis, namely, acetyl-CoA hydrolase, phosphate
acetyltransferase and acetate kinase, were conspicuously
diminished on day 1 post-burn, which persisted until day 5
before returning to normal. Furthermore, the crucial enzymes
involved in propionate biosynthesis exhibited a similar trend.
This observation implies that the exigency of butyrate syn-
thesis in intestinal epithelial cells outstrips that of acetate and
propionate following burns. Reducing acetate and propionate
synthesis to ensure butyrate synthesis is beneficial for improv-
ing intestinal epithelial cell energy metabolism. The afore-
mentioned results indicate the existence of a tightly regulated
symbiotic mechanism between microbes and the host. Gut
bacteria have the ability to accurately regulate the abundance
of bacterial populations and relevant metabolic enzymes in
response to the host’s demands, which helps to alleviate
damage to intestinal epithelial cells and maintain the integrity
of the intestinal mucus barrier. In addition to providing the
necessary energy to intestinal epithelial cells, butyrate can
promote mucus synthesis and maintain the intestinal mucus
barrier through various direct or indirect pathways. Butyrate
has been reported to accelerate the transcription of MUC2
by promoting histone acetylation of the MUC2 promoter
[48]. Additionally, butyrate can also accelerate the repair
of the damaged intestinal mucus barriers by activating the
Wingless/Integrated-Extracellular Signal Regulated Kinase
signaling pathway to promote MUC2 synthesis [27]. Through
this study, the changes in SCFAs after burn injury were clar-
ified, and the differences in the synthesis of butyrate, acetate
and propionate by gut microbiota and their underlying patho-
physiological significance were discovered. These findings
highlight the importance of focusing on the supplementation
of butyrate, rather than acetate and propionate, when
administering SCFA preparations to patients with burn injury.

In this study, we predicted the function and mechanism of
mucin-related bacteria through 16S rRNA and metagenomic
sequencing. In future studies we will isolate bacterial strains
from the mouse intestine that promote mucin synthesis and
explore the mechanism of these bacterial strains in regulating
mucin synthesis. These studies will lay the foundation for fur-
ther optimization and development of microbial preparations
that can effectively promote mucin synthesis and maintain the
integrity of the intestinal mucus barrier.

Conclusions

To summarize, colonic injury and intestinal mucus barrier
disruption are caused by burns in mice, accompanied by dys-
biosis of gut microbiota. Various mucin-degrading bacteria,
including symbiotic and pathogenic bacteria, may degrade
mucins through glycoside hydrolases, flagella, internalins etc.,
leading to damage to the intestinal mucus barrier. However,
probiotics such as Lactobacillus and Bifidobacterium may
provide energy to intestinal epithelial cells under stress condi-
tions via SCFAs (especially butyrate), which promote mucin

synthesis and accelerate the repair of damaged intestinal
mucus barrier.
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