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Solobacterium moorei promotes o

the progression of adenomatous polyps
by causing inflammation and disrupting
the intestinal barrier
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Abstract

Background Adenomatous polyps (APs) with inflammation are risk factors for colorectal cancer. However, the role
of inflammation-related gut microbiota in promoting the progression of APs is unknown.

Methods Sequencing of the 16S rRNA gene was conducted to identify characteristic bacteria in AP tissues and nor-
mal mucosa. Then, the roles of inflammation-related bacteria were clarified by Spearman correlation analysis. Further-
more, colorectal HT-29 cells, normal colon NCM460 cells, and azoxymethane-treated mice were used to investigate
the effects of the characteristic bacteria on progression of APs.

Results The expression levels of inflammation-related markers (diamine oxidase, p-lactate, C-reactive protein, tumor
necrosis factor-q, interleukin-6 and interleukin-1(3) were increased, whereas the expression levels of anti-inflammatory
factors (interleukin-4 and interleukin-10) were significantly decreased in AP patients as compared to healthy controls.
Solobacterium moorei (S. moorei) was enriched in AP tissues and fecal samples, and significantly positively correlated
with serum inflammation-related markers. In vitro, S. moorej preferentially attached to HT-29 cells and stimulated cell
proliferation and production of pro-inflammatory factors. In vivo, the incidence of intestinal dysplasia was significantly
increased in the S. moorei group. Gavage of mice with S. moorei upregulated production of pro-inflammatory factors,
suppressed proliferation of CD4" and CD8"cells, and disrupted the integrity of the intestinal barrier, thereby accelerat-
ing progression of APs.

Conclusions S. moorei accelerated the progression of AP in mice via activation of the NF-kB signaling pathway,
chronic low-grade inflammation, and intestinal barrier disruption. Targeted reduction of S. moorei presents a potential
strategy to prevent the progression of APs.
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Introduction

Colorectal polyps are precancerous lesions of the intes-
tinal epithelium that can progress to colorectal cancer
(CRC) and are mainly categorized as serrated polyps
or adenomatous polyps (APs), which have been asso-
ciated with 85% of all cancers of the colon and rectum
[1-3]. The recurrence rate of colorectal polyps is report-
edly 20-50% [4]. Other than regular colonoscopy and
removal, there are currently no effective therapeutic
drugs, thus early prevention is essential to reduce the risk
of progression from APs to CRC.

The risk of APs is associated with various lifestyle,
genetic, and environmental factors. Notably, unhealthy
lifestyle habits, such as smoking, alcohol consumption,
and regular consumption of high-fat, high-protein diets
can increase the prevalence of APs [5]. Each of these
factors is associated with compositional and functional
changes to the gut microbiota [6]. The initiation and
progression of CRC are related to the integrity of the
intestinal barrier and immune response elicited by dys-
biosis of the gut microbiota [7]. For example, loss of gut
barrier function due to enterotoxigenic bacteria, such as
Bacteroides fragilis, can induce activation of STAT3 and
NF-«B, which promote inflammation [8], enhance epi-
thelial permeability, and contribute to bacterial invasion
of the intestinal epithelium, ultimately leading to the for-
mation of APs and development of CRC [9].

Through improvements to analytical technologies,
it has become evident that changes to the gut microbi-
ome are associated with an increased risk of APs [10,
11]. For example, Shen et al. found that the proportion
of Proteobacteria was enriched in the gut microbiota of
adenoma patients, while Bacteroidetes were enriched in
healthy individuals [12, 13]. In contrast, Chen et al. found
that the abundances of Bacteroidetes, Enterococcus, and
Streptococcus species were increased in the gut of ade-
noma patients [14]. In addition, Lu et al. reported that
greater amounts of Firmicutes, Proteobacteria, Bacteroi-
detes, and Actinobacteria were associated with APs as
compared to normal mucosa [15]. However, Magnifesta
et al. found no overall changes at the phylum level in APs
as compared to adjacent healthy mucosa [16]. Nonethe-
less, at present, there is no uniform consensus on the
types of bacteria associated with the development of APs.
Considering the potential implications of APs, identifi-
cation of the characteristic bacteria would be useful for
diagnosis and possible therapeutic interventions.

In this study, comparisons of the differential bacte-
ria in AP tissues and normal mucosa were conducted
to identify the characteristic bacteria of AP tissues. The
roles of the characteristic bacteria in the progression
of APs to CRC were explored both in vitro and in vivo.
In vitro studies were conducted to explore the effects of
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characteristic bacteria on the proliferation of colorectal
cells and production of inflammatory factor. In addition,
in vivo studies were performed to investigate the effects
of characteristic bacteria on the expression profiles of
inflammatory factors, alterations to the proportions of
immune cells, and the ultimate effects on the intestinal
barrier. The results of this study provide useful references
for subsequent research on the relationship between
characteristic bacteria and progression of APs to CRC.

Materials and methods

Cohort recruitment and sample collection

Ethical approval was granted by the Human Research
Ethics Committee of China Agricultural University
(CAUHR-2021020). Prior to inclusion in this study, writ-
ten informed consent was obtained from all subjects. Tis-
sue specimens were obtained from 39 AP patients and 39
healthy individuals who underwent colonoscopy at The
Third Medical Center of PLA General Hospital (Beijing,
China). The inclusion criteria were age of 18—60 years
and confirmation of low-grade APs by colonoscopy and
pathological analysis, while the exclusion criteria were
a history of inflammatory bowel disease, irritable bowel
syndrome, diabetes, hypertension, any acute or chronic
coexisting illness, and neoadjuvant chemotherapy or
antibiotic treatment one month prior to surgery. All
patients received macrogol laxatives preoperatively. AP
tissues and adjacent normal mucosa located about 10 cm
away from the lesion were obtained from each patient
and collected in cryogenic vials under strict aseptic
conditions.

Blood samples were collected from healthy controls
and AP patients and centrifuged at 3000 X g for 15 min to
obtain serum [17]. Commercial kits were used to meas-
ure diamine oxidase (DAO) activity (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) and serum
levels of D-lactate (D-LA) (Beijing Solarbio Science &
Technology Co., Ltd., Beijing, China). Enzyme-linked
immunosorbent assay (ELISA) kits (Hangzhou Multi-
Sciences (Lianke) Biotech, Co., Ltd., Hangzhou, China)
were used to measure serum levels of C-reactive protein
(CRP), tumor necrosis factor-a (TNF-a), interleukin (IL)-
6, IL-1p, IL-4, and IL-10. All assays were conducted in
accordance with the manufacturers’ instructions.

Sequencing and analysis of the 16S rRNA gene

Sequencing of the 16S rRNA gene was conducted as
described elsewhere [7]. The biopsy tissue samples
were disinfected by soaking in betadine antiseptic solu-
tion for 3 min and washing three times with sterile
phosphate-buffered saline (PBS). Then, the surface tis-
sue was removed to eliminate mucosal microbiota and
other contaminants. The last wash buffer was analyzed
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by quantitative real-time polymerase chain reaction
(qRT-PCR) analysis and 16S rRNA gene sequencing to
confirm the absence of contamination. Sequencing of the
16S rRNA gene was performed by Majorbio Biomedical
Technologies Ltd. (Shanghai, China). The raw data were
analyzed with an online platform available at https://
cloud.majorbio.com [18-21].

Metagenomic shotgun sequencing

Fecal samples from healthy controls and AP patients
were immediately frozen and stored at -80 °C until use.
Whole-genome shotgun metagenome sequencing was
performed for taxonomic and functional analyses of
the gut microbiome. Library preparation and subse-
quent metagenomic sequencing were conducted with
the BGISEQ-500 platform (Beijing Genomics Institute,
Beijing, China) with 150-bp paired-end reads at BGI
Biotech Co., Ltd. (Shenzhen, China), targeting>20 Gb
of sequencing data per sample. The raw sequencing
data were processed using the Trimmomatic v0.36 tool
(https://github.com/usadellab/Trimmomatic/releases),
which included trimming of the adapters and deletion
of low-quality reads or base pairs. Then, the Bowtie 2
tool (https://bowtie-bio.sourceforge.net/bowtie2/index.
shtml) was used to remove host contamination by map-
ping against the reference human genome (version hg38)
[22, 23]. Subsequently, clean reads were constructed and
further taxonomically profiled using the MetaPhlAn4
computational  tool  (https://github.com/biobakery/
MetaPhlAn) with default parameters.

Bacterial strains and culture conditions

Solobacterium moorei (S.moorei) strains (German Collec-
tion of Microorganisms and Cell Cultures GmbH, Braun-
schweig, Germany) were maintained in medium 104
supplemented with hemin and vitamin K1 in an anaero-
bic jar (80% N,, 10% H,, 10% CO,) at 37 °C. Escherichia
coli MG1655 (E.coli) strain (American Type Culture Col-
lection, Manassas, VA, USA) was cultured in lysogeny
broth at 37 °C.

Cell culture

Colon cancer (HT-29) cells (American Type Culture
Collection) and normal colon immortalized epithelial
(NCM460) cells (Incell Corporation LLC, San Antonio,
TX, USA) were grown in Roswell Park Memorial Insti-
tute 1640 medium (Gibco, Carlsbad, CA, USA) and Dul-
becco’s modified Eagle’s medium (Gibco), respectively,
supplemented with 10% fetal bovine serum (Gibco) and
1% penicillin-streptomycin at 37 °C under an atmos-
phere of 5% CO,/95% air.
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Bacterial attachment assay

Colon cells (1x 10°) were grown in the wells of a 24-well
plate and co-cultured with bacteria for 2 h (multiplic-
ity of infection (MOI)=10) under anaerobic conditions.
Afterward, the medium was removed and the cells were
washed three times with PBS, lysed by the addition of
100 pL of ultrapure water for 20 min, and then homog-
enized by the addition 400 pL of medium. The attached S.
moorei colonies were recovered on enhanced clostridium
medium plates under anaerobic conditions and quanti-
fied. E. coli was used as a negative control.

Cell proliferation capacity assay

Cell proliferation capacity was measured with the Cell
Counting Kit-8 (Dojindo Laboratories Co., Ltd., Kuma-
moto, Japan). In brief, 1x10* colon cells were grown in
the wells of a 24-well plate and co-cultured with bac-
teria (MOI=100) for 2 h under anaerobic conditions.
Afterward, the medium was replaced with fresh medium
(10% FCS, 1% penicillin—streptomycin, and 20 pg/mL of
gentamycin were added). The proliferation capacity of
the cells was assayed at 0, 24, 48, and 72 h after the addi-
tion of WST-8 solution (2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
sodium salt) to the medium and incubation at 37 °C for
2 h under an atmosphere of 5% CO,/95% air. The optical
density of the supernatant at 450 nm was measured with
a spectrophotometer.

Measurement of inflammatory factors in cell supernatant
Colon cells (1x 10% were grown in the wells of a 24-well
plate and co-cultured with bacteria (MOI=100) for 2 h
under anaerobic conditions for 3 days. Afterward, the
levels of TNF-a, IL-6, IL-10, IL-4, and IL-10 in the super-
natant were measured with ELISA kits (Hangzhou Multi-
Sciences (Lianke) Biotech, Co., Ltd.) in accordance with
the manufacturer’s instructions.

Animal experiments

All animal studies were approved by the Animal Experi-
mentation Ethics Committee of China Agricultural Uni-
versity (approval no. AW82303202-5-2). Male C57BL/6 ]
mice (n=40; age, 8 weeks; Laboratory Animal Center of
Vital River Laboratory Animal Technology Co., Ltd., Bei-
jing, China) were housed in an air-conditioned room in a
standard animal care facility at a constant temperature of
22-25 °C and relative humidity of 60% under a 12-h light/
dark cycle and fed a standard diet for 1 week. A sche-
matic of the experimental design is provided in Fig. 4A.
All mice (excluding the control group) were treated
with a cocktail of broad-spectrum antibiotics (ampicil-
lin, 0.2 g/L; vancomycin, 0.1 g/L; neomycin, 0.2 g/L; and
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metronidazole, 0.2 g/L) in drinking water for 2 weeks
before intraperitoneal administration of azoxymethane
(AOM) at 10 mg/kg body weight (BW). At 3 days after
AOM administration, the mice were gavaged with PBS
(AOM group), 1x10® colony-forming units (CFU) of S.
moorei (S. moorei+AOM group), or 1x10® CFU of E.
coli (E. coli+ AOM group) every day for 8 weeks. After-
ward, the mice were anesthetized by CO, inhalation and
sacrificed by cervical dislocation.

Fluorescence in situ hybridization (FISH)

FISH was performed as described in previous reports
[24, 25]. Colon tissues were washed with PBS, fixed with
10% formalin solution, embedded in paraffin, and cut
into 5 um-thick slices, which were incubated overnight
at 50 °C with a fluorescein-conjugated probe against
S. moorei (5'~CCT TAC AAA CAA GAG CTT TTA
CA-3"). A nonspecific probe (5'-ACT CCT ACG GGA
GGC AGC-3’) was used as a negative control. Then, the
sections were incubated with an antibody (Ab) against
mucin 2 (Wuhan Servicebio Technology Co., Ltd,
Wuhan, China) at 4 °C for 12 h, followed by goat anti-
mouse IgG (H+L) cross-linked with an Alexa fluor'"
568-labelled secondary Ab (Thermo Fisher Scientific,
Waltham, MA, USA) at room temperature for 1 h.

Histopathological analysis

Colon tissues slices were stained with hematoxylin and
eosin for histologic diagnosis by an experienced pathol-
ogist who was unaware of the treatment allocation of
the mice. Inflammation was assessed by infiltration of
inflammatory cells into the epithelium, whereas dysplasia
was defined by the presence of hyperchromasia, nuclear
pleomorphism, increased nuclear-to-cytoplasmic ratios,
and atypical mitotic figures [24, 25].

Immunohistochemical analysis

Paraffin-embedded colon tissues on glass slides were
deparaffinized, antigen-retrieved, blocked, and incubated
with an Abs against Ki67 (Abcam, Cambridge, UK), clus-
ter of differentiation CD4 (Santa Cruz Biotechnology,
Inc., Dallas, TX, USA), and CD8 (Santa Cruz Biotech-
nology, Inc.) followed by an enzyme-conjugated second-
ary Ab. Afterward, the slides were counterstained with
hematoxylin and the chromogen 3,3’-diaminobenzidine.
The proliferation index was determined by the number of
Ki67 + cells in each crypt. At least 30 random fields of six
sections were analyzed for each tissue specimen (n==6).

Intestinal permeability assay

Intestinal permeability was evaluated using a fluo-
rescein isothiocyanate (FITC)-dextran probe (4 kDa,
Sigma-Aldrich Corporation, St. Louis, MO, USA).
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After fasting for 4 h, the mice were gavaged with the
FITC-dextran probe (600 mg/kg BW). At 4 h after gav-
age, blood was collected from the orbital venous sinus
and centrifuged at 3000 X g for 15 min to collect serum,
which was analyzed using a fluorescence spectrometer
(excitation, 485 nm; emission, and 535 nm). A stand-
ard curve of the FITC-dextran probe diluted in PBS
was generated. DAO activities and D-LA concentra-
tions were measured with commercial kits as described
above.

Alcian blue-periodic acid Schiff staining

Colon tissues were collected, fixed with Carnoy’s fixative
solution for no more than 12 h, dehydrated, embedded in
paraffin, and cut into sections, which were stained with
Alcian blue-periodic acid Schift (Beijing Solarbio Science
& Technology Co., Ltd.). The thickness of the mucosal
layer and number of goblet cells in at least 30 random
fields of six sections for each sample (n=6) were deter-
mined with Image]J software (https://imagej.net/ij/).

Western blot analysis

Western blot analysis was conducted to determine the
expression levels of proteins associated with APs. Total
proteins were isolated from tissues using radio immu-
noprecipitation assay (RIPA) lysis buffer containing 1%
phenylmethane sulfonyl fluoride (Beyotime Institute of
Biotechnology, Shanghai, China) and quantified using
a bicinchoninic acid assay kit (Beijing Solarbio Science
& Technology Co., Ltd.). Equal concentrations of pro-
teins were separated by electrophoresis and then trans-
ferred to polyvinylidene fluoride membranes (EMD
Millipore Corporation, Billerica, MA, USA), which
were probed with primary and secondary Abs against
ZO1 (Cat# 21773-1-AP, RRID: AB_10733242), Occlu-
din (Cat# GB111401, RRID: AB_2880820), Claudin-1
(Cat# 28674-1-AP, RRID: AB_2881190), B-actin(Cat#
20536-1-AP, RRID: AB_10700003), tubulin(Cat# 11224-
1-AP, RRID: AB_2210206) (all, Proteintech, Rosemont,
IL, USA),B-Catenin(Cat# ab32572, RRID: AB_725966),
p-Gsk3p (Cat# ab75745, RRID: AB_1310290), cyclin
D1 (Cat# ab134175, RRID: AB_2750906), E-cadherin
(Cat# ab231303, RRID:AB_2923285), NF-kB p65 (Cat#
ab16502, RRID:AB_443394), NF-kB p65 (phospho S536)
(Cat# ab76302, RRID:AB_1524028), IkB alpha antibody
(Cat# ab32518, AB_733068) and IxB alpha (phospho S36)
(Cat# ab133462, AB_2801653) (all, Abcam). The protein
bands were visualized with enhanced chemiluminescence
reagent (Beijing Solarbio Science & Technology Co., Ltd.)
and quantified with the Amersham" Imager 600 System
(GE HealthCare, Chicago, IL, USA).
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Measurement of inflammatory factor concentrations

in serum and colon tissues

The concentrations of inflammatory cytokines (TNF-q,
IL-6, IL-1pB, IL-4, and IL-10) in serum and colon tissues
were measured using ELISA kits (Hangzhou Multi-
Sciences (Lianke) Biotech, Co., Ltd.) in accordance with
the manufacturer’s instructions. Serum was collected
by centrifugation of whole blood at 3000 x g for 10 min
at 4 °C. Colon tissues were homogenized in RIPA buffer
(Beyotime Institute of Biotechnology) supplemented
with a protease inhibitor cocktail (Beyotime Institute
of Biotechnology) and then centrifuged at 12,000 X g for
30 min at 4 °C. The optical density of the supernatant
was measured at 570 nm.

gRT-PCR analysis

The gene expression levels of pro-inflammatory
cytokines (TNF-a, IL-6, and IL-1P) and tight junction
proteins (ZO1, occludin, and claudin-1) in the mouse
colon were quantified by qRT-PCR. In brief, total RNA
was isolated with RNA extraction kit (Qiagen GmbH,
Hilden Germany) and reverse transcribed into com-
plementary DNA using All-In-One 5X RT MasterMix
(Applied Biological Materials Inc., Vancouver, BC,
Canada) and the primers listed in Table 1. The amount
of S. moorei in mouse fecal samples was quantified by
qRT-PCR. In brief, S. moorei DNA was extracted from
mouse fecal sample using the TIANamp Bacteria DNA
Kit (Tiangen Biotech (Beijing) Co., Ltd., Beijing, China)
in accordance with the manufacturer’s instructions.
The amount of S. moorei in the mouse fecal samples
was determined in reference to a standard curve.

Table 1 Primer sequences of RT-PCR

Gene Name Forward 5'-3" Reverse 5’-3’

TNF-a CCCTCACACTCAGATCAT GCTACGACGTGGGCTACAG
CTTCT

IL-6 TAGTCCTTCCTACCCCAA TTGGTCCTTAGCCACTCCTTC
TTTCC

I-13 GAAATGCCACCTTTTGAC TGGATGCTCTCATCAGGACAG
AGTG

GAPDH CCGAGAATGGGAAGC TTCTCGTGGTTCACACCCATC
TTGTC

Z01 GCCGCTAAGAGCACAGCAA TCCCCACTCTGAAAATGAGGA

Occludin TTGAAAGTCCACCTCCTT CCGGATAAAAAGAGTACG
ACAGA CTGG

Claudin-1 TGCCCCAGTGGAAGATTT CTTTGCGAAACGCAGGACAT
ACT
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Measurement of hydrogen sulfide (H,S) concentrations

in colon tissues

The amount of H,S in mouse colon tissues was quantified
using a colorimetric assay kit (Elabscience Bionovation
Inc., Houston, TX, USA) in accordance with the manu-
facturer’s instructions.

Statistical analysis

All statistical analyses were performed using IBM SPSS
Statistics for Windows, version 25.0. (IBM Corporation,
Armonk, NY, USA) and Prism 8 software (GraphPad
Software, Inc., San Diego, CA, USA). The student’s ¢-test
was used for comparisons of two groups and one-way
analysis of variance (ANOVA) for comparisons of three
or more groups. A probability (p) value <0.05 was consid-
ered statistically significant. The data are presented as the
mean * standard deviation (SD).

Results

Description of the study cohort

The characteristics of the 39 AP patients and 39 healthy
controls (age, sex, body mass index [BMI], alcohol
use, smoking status, and disease history) are shown in
Table 2. The mean age of the AP patients and healthy
controls was 54+ 9.8 and 53 + 9.6 years, the percentage
of males was 79.5% and 76.9%, and the mean BMI was

Table 2 Patient characteristics

AP patients (n=39) Healthy
controls
(n=39)
Age (mean,£SD) 54498 53+96
Sex (n, males, %) 31[79.5] 30[76.9]
BMI 257430 254430
Alcohol intake status (n, %)
Active 20[51.3] 19[48.7]
Quit 10 [25.6] 91[23.1]
Never 9[23.1] 111[28.2]
Smoking status (n, %)
Active 11[28.2] 10 [25.6]
Quit 2[5.1] 2[5.1]
Never 26 [66.7] 27169.2]
Probiotic use 0[0] 01[0]
Antibiotic exposure 01[0] 01[0]
Localization of polyps (n, %)
Cecum (right) 1[2.6] /
Colon Ascendes (right) 50128] /
Colon Transversum (right) 10 [25.6] /
Colon Descendens (left) 6[154] /
Sigmoid (left) 15 [38.5] /
Rectum (left) 2[5.1] /
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25.7+3.0 and 25.4+3.0, respectively. A BMI>25 was
considered overweight. About 50% of the AP patients
and healthy controls consumed alcohol and about 70%
were non-smokers. There were also no reports of anti-
biotic or probiotic use in the last month. The propor-
tions of APs observed on the right and left side of the
colon were 41% and 59%, respectively.
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Increased intestinal permeability and pro-inflammatory
factors in AP patients and healthy controls

DAO activity and serum concentrations of D-LA and
inflammatory factors (CRP, TNF-a, IL-6, IL-1B, IL-4,
and IL-10) were measured to assess potential relation-
ships between immune-related markers and the pres-
ence of APs. DAO activity was significantly higher in the
AP patients compared to healthy controls (5.85+1.02 vs.
5.09+1.05 U/L, respectively, p<0.01, Fig. 1A). Similarly,

(©)

C-reactive protein (mg/L)

—
n
~—

IL- (pg/mL)

Fig. 1 Intestinal permeability and concentrations of inflammatory factors in healthy controls and AP patients. A DAO activity in human serum.
B D-LA concentrations in human serum. € CRP concentrations in human serum. D-H Serum concentrations of TNF-a D, IL-6 (E), IL-1B F, IL-4 G,
and IL-10 H in the healthy controls and AP patients. The data are expressed as the mean +SD (n=29). *p <0.05 and **p <0.01 (two-tailed unpaired

Student’s t-test)



Yu et al. Journal of Translational Medicine (2024) 22:169

serum concentrations of D-LA were significantly higher
in the AP patients than the healthy controls (5.36 +2.54
vs. 4.11+2.54 pmol/L respectively, p<0.05, Fig. 1B).
Meanwhile, serum concentrations of the pro-inflamma-
tory factors CRP, TNF-a, IL-6, and IL-1p were higher
in the AP patients than the healthy controls by 195.7%
(p<0.01), 24.5% (p<0.01), 16.8% (p<0.05), and 5.6%
(p<0.05), respectively. Serum concentrations of the anti-
inflammatory factors IL-4 and IL-10 were lower in the
AP patients than the healthy controls by 34.1% (p <0.01)
and 22.7% (p<0.01) respectively (Fig. 1C-H). These
results indicate that AP patients had elevated intestinal
permeability, increased serum levels of pro-inflammatory
factors, and decreased serum levels of anti-inflammatory
factors as compared to the healthy controls.

S. moorei was enriched in AP tissues and positively
associated with intestinal permeability and inflammation
The microbiota taxonomic profile of the AP tissues and
matched normal mucosal specimens was assessed by
sequencing of the V3-V4 region of the 16S rRNA gene.
Since the amount of some tissue specimens was insuffi-
cient for sequencing, only 28 APs and 32 normal mucosal
specimens were sequenced. Overall, 572 and 596 unique
operational taxonomic units (OTUs) were identified from
the AP tissues and normal mucosal specimens, respec-
tively (Additional file 1: Fig. S1).

The alpha diversity index revealed that the normal
mucosal specimens had greater bacterial diversity and
richness as compared to the AP tissues, although these
differences were not statistically significant (Additional
file 1: Table S1). Principal coordinates analysis (PCoA)
based on the relative abundance of OTUs revealed a
slight separation of the normal mucosa and AP tissues
based on the first two principal component scores, which
accounted for 15.76% and 9.63% of the total variations
(Fig. 2A), suggesting that the presence of APs may have
caused changes to the structure of the gut microbiota.

The most common phyla of the two groups included
Firmicutes, Proteobacteria, Bacteroidetes, Actinobac-
teria, and Fusobacteriota (Fig. 2B). At the genus level,
the dominant bacteria identified in the APs and normal
mucosal specimens were Escherichia-Shigella, Rumi-
nococcus_torques_group, Bacteroides, and Actinobacter
(Fig. 2C). LEfSe (linear discriminant analysis effect size)
analysis was performed to identify the characteristic bac-
teria of the AP tissues and histograms of the LDA scores
(>1.5) were generated to determine the differential bac-
terial taxa in the APs and normal mucosal specimens.
The results showed that pathogenic bacteria (e.g., Lep-
totrichia and Solobacterium) were enriched in AP tissues
(p<0.05), while the probiotics Weissella (p=0.048) and
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Brevibacterium (p=0.005) were enriched in healthy con-
trol tissues (Fig. 2D and Additional file 1: Fig. S2).

The results of the Wilcoxon test (Fig. 2E) revealed
that S. moorei was significantly increased in the AP tis-
sues by 178% as compared to the normal mucosal speci-
mens (p=0.010). The Spearman correlation test was
used to explore the relationship between characteristic
bacteria in AP tissues and inflammation-related mark-
ers. As shown in Fig. 2F, only S. moorei was significantly
and positively correlated with the inflammation-related
markers, especially DAO activity (R*>0.8, p<0.01) and
serum TNF-a (R?>>0.8, p<0.01). In addition, S. moorei
was significantly negatively correlated with the anti-
inflammatory factors IL-4 and IL-10 (R*<-0.8, p<0.01).
These results suggest that S. moorei was associated with
increased intestinal permeability as well as pro-inflam-
matory factors.

In addition, the characteristics of bacterial flora in
fecal samples from both healthy controls and AP patients
were examined (Additional file 1: Fig. S3). As shown in
Additional file 1: Fig. S3A, the results of PCoA showed
that there was no significant difference in B diversity
at the genus level between the AP patients and healthy
controls (p=0.4). The most common phyla in the fecal
samples were Bacteroidetes, Firmicutes, Proteobacteria,
Actinobacteria, and Fusobacteriota (Additional file 1:
Fig. S3B), while the dominant genera were Phocaeicola,
Bacteroides, Prevotella, and Faecalibacterium (Addi-
tional file 1: Fig. S3C). LEfSe analysis revealed that Blau-
tia, Anaerotignum, and Anaerobutyricum were enriched
in the fecal samples of the healthy controls, while Meg-
asphaora, Clostridiaceae_unclassified, Rikenellaceae_
unclassified, and Solobacterium were enriched in the
fecal samples of the AP patients (Additional file 1: Fig.
S3D). In summary, S. moorei was enriched in both tissues
and feces of AP patients, and S. moorei showed a positive
correlation with pro-inflammatory factors, implying that
S. moorei may have the potential to promote the develop-
ment of APs.

S. moorei preferentially induces proliferation of colorectal
cells and promotes inflammation

The attachment properties of S. moorei were investi-
gated in vitro using CRC HT-29 cells and normal colon
mucosal epithelial NCM460 cells. The bacterial attach-
ment assay revealed that S. moorei attached more read-
ily to NCM460 and HT-29 cells than E. coli (Fig. 3A).
Notably, S. moorei preferred attachment to HT-29 cells
(p<0.01).

Next, S. moorei and E. coli were each co-cultured with
colon cells to assess cell proliferation. The cells were co-
cultured with S. moorei or E. coli (MOI=100) for 2 h/
day under anaerobic conditions for 3 days. As shown in
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Fig. 2 Bacterial composition of normal mucosa and AP tissues. A PCoA plot of unweighted Unifrac distances. R? and p values were calculated
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Fig. 3B—C, after 48 h of co-culture, S. moorei significantly
increased proliferation of both NCM460 and HT-29
cells (both, p<0.05) as compared to the controls. Simi-
lar results were obtained after 72 h of co-culture. How-
ever, there was no significant difference in proliferation
of colorectal cells co-cultured with E. coli and the control
group.

Finally, concentrations of the inflammatory factors
were quantified in the supernatants after co-culture of

S. moorei or E. coli with colorectal cells. As shown in
Fig. 3D-M, TNF-a concentrations were significantly
higher in the supernatants of NCM460 and HT-29 cells
with S. moorei than the control and E. coli groups (both,
p<0.05). Likewise, the IL-6 concentration in the super-
natant of HT-29 cells co-cultured with S. moorei was
significantly higher than the control and E. coli groups
(p<0.01 and <0.05, respectively). There was no signifi-
cant difference in the concentration of IL-1p between
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Fig. 3 Effects of S. moorei on proliferation and inflammation of NCM460 and HT-29 cells. A Level of attachment of S. moorei to colon epithelial
NCM460 cells and colon cancer HT-29 cells (MOI=10 for 2 h). £. coli was used as a negative control. B Proliferation capacity of NCM460 cells after S.
moorei treatment. E. coli was used as a negative control. C Proliferation capacity of HT-29 cells after S. moorei treatment. E. coli was used as a negative
control. D-H Concentrations of TNF-a (D), IL-6 (E), IL-13 (F), IL-4 G and IL-10 H in the supernatant of NCM460 cells after S. moorei treatment.

1-M Concentrations of TNF-a (G), IL-6 (H), and IL-13 (I), IL-4 (G) and IL-10 (H) in the supernatant of HT-29 cells after S. moorei treatment. Data are
presented as the mean + SD of three biological replicates (n=3). *p <0.05 and **p <0.01 (one-way ANOVA)

the two groups. Notably, the concentrations of the anti-
inflammatory factors IL-4 and IL-10 were significantly
decreased in the S. moorei group as compared to the
control NCM460 and HT-29 cell groups (both, p<0.05).
Collectively, these results indicate that S. moorei may
contribute to the development of APs by stimulating cell
proliferation and the production of pro-inflammatory
factors.

S. moorei aggravated colon dysplasia in mice
A mouse model of AOM-induced colorectal lesions was
created to determine whether S. moorei accelerates the

progression of APs. A schematic of the animal experi-
ment was shown in Fig. 4A. In brief, microbiota-depleted
mice received a single gavage of S. moorei (1x10%) at
3 days after AOM treatment (10 mg/kg BW), while the
negative controls were gavaged with nonpathogenic E.
coli (1x10% CFU) or PBS. The FISH results showed that
S. moorei colonized the mucosal layer and intestinal epi-
thelial cells of mice with S. moorei (green fluorescence
indicated by white arrows in Fig. 4B). Only the mucus
layer (red) and nucleus (blue) were detected in con-
trol, AOM, and E.coli groups, and no colonization by S.
moorei (green) was detected in any of the three groups
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(Additional file 1: Fig. S4). The results of qRT-PCR analy-
sis confirmed that S. moorei colonized the mouse colon
after 8 weeks of gavage (Additional file 1: Fig. S5).

Finally, histological analysis of the whole intestinal
tract of each mouse was conducted to assess the degree
of damage among the treatment groups. As shown in
Fig. 4C, the colon tissues of mice in the AOM group
exhibited hyperchromasia, mild heterogeneity of the
intestinal mucosal glands (with enlarged lumens), mild
atypical hyperplasia, and inflammation, similar to the
mice exposed to E. coli. However, the colon tissues of
mice exposed to S. moorei showed intestinal crypt loss,
high-grade atypical hyperplasia, and inflammation. As
shown in Fig. 4D, Additional file 1: Fig. S6, and Addi-
tional file 1: Table S2, the composite histology score was
significantly higher in the S. moorei group than the AOM
and E. coli groups (2.70+£0.95, 1.30+ 1.16, and 1.30 + 1.06,
respectively, p<0.01). In addition, the number of Ki67-
positive cells, as a marker of cell proliferation, was sig-
nificantly greater in the S. moorei group than the normal
control and AOM groups (p<0.01, Fig. 4E, F). Also, the
protein expression levels of B-catenin and cyclin D1
(Wnt-related proteins) were significantly upregulated
in the S. moorei group (Fig. 4G, H). While expression of
p-Gsk3B (Wnt antagonist) was significantly decreased
in the AOM group as compared to the control group,
there was no significant difference between the S. moorei
and AOM groups. Notably, accumulation of B-catenin
triggers activation of the Wnt signaling pathway. These
results suggest that S. moorei may promote the develop-
ment of lesions and abnormal cell proliferation in mice
by activating the Wnt signaling pathway.

S. moorei disrupted intestinal barrier function in mice
To determine whether S. moorei impacts intestinal bar-
rier function, several parameters including the thickness
of the mucosal layer, number of goblet cells numbers,
expression of tight junction proteins and adherent junc-
tion proteins in the mice colon were assessed. As shown
in Fig. 5A—C, fluorescence of FITC-dextran, DAO activ-
ity, and serum levels of D-LA were significantly higher in
the S. moorei group than the control and AOM groups,
indicating that S. moorei induced disruption of intesti-
nal integrity and increased permeability. As shown in
Fig. 5D-F, the mucosal layer thickness and number of
goblet cells in the intestinal epithelium was decreased in
the AOM group as compared to the control group, while
there was no significant difference between the E. coli
and AOM groups. Collectively, these results demonstrate
that S. moorei could disrupt the intestinal barrier of mice,
thereby increasing intestinal permeability.

As compared to the control group, the protein expres-
sion levels of ZO1 and occludin were decreased by 74.2%
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(p<0.01) and 56.7% (p<0.01), respectively, in the AOM
group, while there was no significant change to claudin-1
levels (Fig. 5G, H). Meanwhile, protein levels of ZO1,
occludin, and claudin-1 were significantly decreased in
the S. moorei group by 82.6% (p<0.01), 73.7% (p<0.01),
and 51.3% (p<0.05), respectively, as compared to the
control group. These results were in agreement with the
mRNA levels (Additional file 1: Fig. S7). ZO1, occludin,
and claudin-1 protein levels were decreased in the S.
moorei group as compared to the AOM group, but only
the difference in claudin-1 protein levels were statistically
significant (p<0.05), while there was no significant dif-
ference between the E. coli and AOM groups. Similarly,
E-cadherin protein levels were significantly decreased
in the S. moorei group as compared to the control and
AOM groups (Fig. 51, J). Taken together, these results
demonstrate that S. moorei may have exacerbated dis-
ease susceptibility in mice by disrupting intestinal barrier
function.

S. moorei promotes the production of pro-inflammatory
factors by producing H,S and activating the NF-kB
signaling pathway

Concentrations of pro-inflammatory factors (TNF-a,
IL-6, IL-1B) and anti-inflammatory factors (IL-4, IL-10)
were measured in mouse serum (Fig. 6A-E) and colon
tissues (Fig. 6G-K) to assess inflammatory responses.
The results showed that the expression levels of all three
pro-inflammatory factors were significantly increased
in both serum and colon tissues of mice in the S. moorei
group as compared to the control group (p<0.01), and
TNF-a and IL-6 levels were significantly increased in
the serum and tissues as compared to the AOM group.
In colon tissues (Fig.S8), the mRNA expression levels
of TNF-a and IL-1P were significantly higher in the S.
moorei group than the control group (p<0.01). In addi-
tion, the anti-inflammatory factors IL-4 and IL-10 were
significantly reduced both in the serum and colon tissues
of mice in the S. moorei group as compared to the AOM
group.

CD4*' and CD8" cells are important components of the
immune response in the intestinal tract. To further inves-
tigate the effect of S. moorei on inflammation in mice,
immunohistochemical staining was used to detect altera-
tions to the proportions of CD4" and CD8™ cells in the
colon tissues of mice. As shown in Fig. 6L—M, the pro-
portion of CD47 cells were significantly reduced in the
AOM group as compared to the control group (p<0.01).
As compared to the AOM group, exposure to S. moorei
reduced the proportion of CD4" cells, although this dif-
ference was not statistically significant. Changes to the
proportions of CD8" cells in the mouse colon among
the groups are shown in Fig. 6N-O. As compared to the
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control group, AOM treatment significantly reduced
the proportion of CD8* cells (p<0.01). The proportion
of CD8" cells was significantly reduced in the S. moorei
group as compared to the AOM group (p<0.01). These
results suggest that S. moorei may promote polypogenesis
by suppressing proliferation of CD4*and CD8™ cells.

Previous studies have shown that H,S disrupts the
intestinal barrier and induces production of pro-inflam-
matory factors, thereby promoting progression of CRC.
In addition, S. moorei is reported to cause halitosis via
production of H,S. Therefore, H,S produced by S. moorei
could promote the development of colorectal polyps.
Therefore, changes to the expression levels of proteins
associated with the NF-«B signaling pathway, as well as
the concentration of H,S in tissues, were assessed. As
shown in Fig. 6P, the expression levels of the NF-kB-
related proteins p-NF-kB65, NF-kB65, and p-IkB/IkB
were significantly upregulated in the S. moorei group,
which imply activation of the NF-kB signaling pathway
(Fig. 6Q-R). As shown in Fig. 6S, the H,S content was
significantly higher in the S. moorei group than the con-
trol group. Together, these results suggest that exposure
to S. moorei may increase the expression levels of pro-
inflammatory factors by inhibiting proliferation of CD4"
and CD8" cells and activation of the NF-kB signaling
pathway.

Discussion
APs are a precursor to CRC. Growing evidence sug-
gests that the progression of APs to CRC is related to
the composition of the microbiome and chronic inflam-
mation, which increase epithelial permeability, produce
reactive oxygen species, and damage DNA [26]. Vari-
ous ecological studies have focused on the identification
and characterization of bacteria in health and disease
[26—29]. However, the specific inflammation-related bac-
teria associated with progression of APs remain unclear.
Inflammation induced by dysbiosis of the gut bacteria
frequently involves activation of pro-inflammatory sign-
aling pathways, as well as disruption of the gut barrier.
Therefore, the focus of the present study was the roles
of the characteristic bacterium S. moorei in progression
of APs and effects on the intestinal barrier, intestinal
inflammation, and proportions of immune cells in mice.
Notably, S. moorei was significantly enriched in the AP
tissues and fecal samples, and positively associated with
inflammation-related markers, suggesting that increased
intestinal permeability and infiltration of inflammatory
factors probably provide opportunities for coloniza-
tion of S. moorei. Solobacterium is classified in the fam-
ily Erysipelotrichaceae within the phylum Firmicutes and
comprises only one unique validated species, namely S.
moorei, which is a Gram-positive anaerobic commensal
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bacterium of the oral and gut microbiota [30, 31]. Moreo-
ver, S. moorei, which produces H,S and appears to alter
the composition of oral bacteria, is reportedly enriched
in the stool of patients with low-grade CRC [32]. The oral
microbiome is closely related to the development of CRC
[33]. Recent studies have shown that oral bacteria (e.g.,
Porphyromonas gingivalis, Fusobacterium nucleatum,
and Streptococcus) can invade human epithelial cells and
promote the progression of CRC [34]. These bacteria can
also disrupt intestinal barrier function, promote produc-
tion of pro-inflammatory cytokines, and increase gut
permeability [35]. S. moorei is also reportedly involved
in the pathogenesis of periodontitis, gingivitis, and blood
stream infections [36—39]. In addition, the abundance of
S. moorei was reportedly significantly higher in the feces
of patients with high-grade APs than in normal controls
[40]. However, it is unclear whether S. moorei promotes
the development of APs.

In vitro studies we found that S. moorei more readily
adhered to both CRC HT-29 cells and normal NCM460
cells than the non-pathogenic E. coli controls. Cell adhe-
sion is often the first step in the pathogenesis of bacterial
infections. For example, Peptostreptococcus anaerobius
can rapidly adhere to CRC cells [41]. In the present study,
exposure to S. moorei increased cell proliferation and
production of pro-inflammatory factors and decreased
production of anti-inflammatory factors as compared to
the controls. A mouse model of AOM-induced APs was
selected to investigate the role of S. moorei in vivo. AOM
and its precursor 1,2-dimethylhydrazine are commonly
used to induce dysplasia during the progression to colon
cancer [42]. In general, CRC occurs in a stepwise fashion
beginning with abnormal cell proliferation and dyspla-
sia, leading to the development of APs, which is widely
considered a precursor to CRC [43]. Staining for Ki67
and proteins associated with the Wnt signaling path-
way confirmed S. moorei infection and hyperprolifera-
tion of colon cells. The Wnt-B-catenin signaling pathway,
which is frequently activated in CRC, can be augmented
by pathogenic bacteria [44, 45]. For instance, the FadA
protein of F. nucleatum binds to E-cadherin of colon
epithelial cells and activates -catenin signaling, leading
to increased expression of cyclin D1 and Chk2, thereby
promoting tumorigenesis [46, 47]. Taken together, these
results demonstrate that S. moorei could accelerate the
development of APs in mice.

The occurrence of CRC is associated with the break-
down of the intestinal barrier. The thickness of the
mucosal layer and number of goblet cells and tight junc-
tions are often used to evaluate intestinal barrier function
[48, 49]. In the present study, the thickness of the mucosal
layer and the number of goblet cells were decreased in
the AOM group, which were exacerbated by treatment
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with S. moorei. After AOM treatment, destruction of the
mucosal layer facilitated invasion of S. moorei, which can
reportedly decompose mucus and produce H,S, resulting
in mucus disruption and inflammation, which contrib-
ute to the development of CRC [50]. The tight junction
proteins ZO1, occludin, and claudin-1, and the adhesion
junction protein E-cadherin play vital roles in maintain-
ing cell-to-cell integrity. Thus, the loss of these proteins
has been associated with the pathophysiology of a vari-
ety of gastrointestinal disorders, such as inflammatory
bowel disease syndrome and even CRC. In the present
study, protein expression levels of ZO1, occludin, clau-
din-1, and E-cadherin were significantly decreased in the
S. moorei group as compared to the control group. As
compared to the AOM group, S. moorei treatment signif-
icantly reduced the protein expression levels of claudin-1
and E-cadherin. Moreover, occludin protein expression
was downregulated in the colorectal tissues of patients
with ulcerative colitis (UC) and Crohn’s disease, as was
claudin-1 protein expression in the colon of patients with
UC [51]. These results indicate that S. moorei aggravates
damage to the intestinal barrier.

Chronic inflammation is an established risk fac-
tor for CRC and many pro-inflammatory mediators are
positively associated with the incidence of colorectal
adenoma. For example, the pro-inflammatory factors
TNEF-a, IL-6, and IL-1B promote tumor growth, inva-
sion, and metastasis [52]. Serum TNF-q, IL-6, and IL-1f
levels have also been associated with the poor progno-
sis of CRC [53]. As compared to healthy controls, CRC
patients have higher serum levels of IL-6, which can acti-
vate genes associated with the proliferation of CRC cells
[54]. In addition, IL-4 and IL-10, as anti-inflammatory
factors, are important for maintaining gastrointestinal
homeostasis and reducing the risk of CRC [55-58]. In the
present study, serum levels of pro-inflammatory factors
were increased, while those of anti-inflammatory factors
were decreased in AP patients. Also, S. moorei elicited
inflammatory responses both in vivo and in vitro. CD4"
and CD8* cells play important roles in cancer immu-
nomodulatory and immunosurveillance [56]. Therefore,
the effects of S. moorei on the proportions of CD4* and
CD8" cells were investigated. Previous studies have
reported that Faecalibacterium prausnitzii, a beneficial
bacterium in the gut, can prevent intestinal inflamma-
tion by inducing proliferation of CD4* and CD8* cells
[59, 60]. The results of the present suggest that S. moorei
induced intestinal inflammation and inhibited prolif-
eration of CD4* and CD8" cells. The NF-kB signaling
pathway is involved in the production of proinflamma-
tory factors. S. moorei, as an oral pathogen, can produce
H,S, a substance that causes bad breath. H,S produc-
tion is associated with activation of the NF-kB signaling
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pathway. In addition, up-regulation of p-NF-kB-p65 is
reported to reduce expression of tight and adhesion junc-
tion proteins [61]. Meanwhile, decreased expression of
E-cadherin causes the accumulation of B-catenin, which
promotes activation of the Wnt signaling pathway and
progression of APs [47].

Conclusion

In summary, the characteristic bacteria S. moorei in AP
tissues was correlated with inflammation-related mark-
ers. Colonization of AP tissues by S. moorei resulted in
inflammasome activation, damage to the intestinal bar-
rier, and suppressed proliferation of CD4* and CD8*
cells, which ultimately promotes progression of APs.
Hence, targeted reduction in S. moorei populations in the
oral cavity and gut could reduce tumor development and
progression. Nevertheless, there were some limitations
to this study. For example, although the role of S. moorei
in the progression of APs was established, the underlying
pathogenic mechanisms remain unclear. Thus, further
investigations of probiotic or antibiotic treatments are
warranted to verify the pathogenesis of S. moorei.
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